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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bod

ies

(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been

established has the right to be represented on that committee. International organizations
non-goverhmental, in liaison with ISO, also take part in the work. ISO collaborates closely with
Internationgl Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Internationpl Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main ftask of technical committees is to prepare International Standards. Draft International Standa
the technical committees are circulated to the member bodies for voting. Publication as
Internationgl Standard requires approval by at least 75 % of the member bodies casting.a-vote.

In other cjrcumstances, particularly when there is an urgent market requirement for such documents
technical gommittee may decide to publish other types of normative document;

— an ISOQ Publicly Available Specification (ISO/PAS) represents an agréement between technical experts
an ISQ working group and is accepted for publication if it is approved by more than 50 % of the memb
of the |parent committee casting a vote;

— an ISO Technical Specification (ISO/TS) represents an agreement between the members of a techn
commiittee and is accepted for publication if it is approved by 2/3 of the members of the committee cast

e years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS
confirmed,|it is reviewed again after a further_three years, at which time it must either be transformed into
Internationpl Standard or be withdrawn.

Attention i$ drawn to the possibility that'some of the elements of this document may be the subject of pat
rights. ISO| shall not be held responsible’for identifying any or all such patent rights.

ISO/TS 23(165 was prepared ®y-Technical Committee ISO/TC 213, Dimensional and geometrical proqg
specifications and verification.
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Introduction

This Technical Specification belongs to the general Geometrical product specification (GPS)

series of

documents (see ISO/TR 14638). It influences chain link 5 of the chains of standards on size, distance, radius,

angle, form, orientation, location, run-out and datums in the general GPS matrix.

Fo
th

more detailed information about the relationship of this Technical Specification to other standz
GPS matrix model, see Annex D.

IS
no
sp
te
th

sp

10360-2 deals with the application of the ISO 14253-1 decision rule, which proves confo
-conformance of a coordinate measuring machine (CMM) that is accepted ror’ re-verifig
cification. In turn, this decision rule is based on a statement of the measurementuncertainty inc
ing, and hence requires a full evaluation of the test uncertainty. This uncertainty’expresses ho
test is, and hence how narrow the safety margins need to be set in order to_ make a rational dg
cified confidence level.

Us
An

Lial practice in CMM measurement familiarizes metrologists and practitioners with measurement
y possible effect which may affect the measurement result is considered and quantified as an

comtributor, and eventually summed up to achieve the combined uncertainty. The purpo
m{asurement is to gather quantitative information on a given' measurand, and the uncertainty
expresses how reliable that information is.

he case of a performance test of a CMM, the purpdse of the measurement is to investigate
formance rather than the form or size of a material\standard, which is calibrated and therefore
advance. The uncertainty being evaluated in this-Case quantifies how accurate the test is. The t
quality of the CMM by comparing the measurement test values with the known calibrated va
terial standards of size (probing error, P or error of indication, E), and not through the
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rove that a
udget, the

the test is

performed by a CMM manufacturer, the latter, as the tester takes responsibility for any |mperfect|on in the test

implementation with the test uncertainty — which narrows the acceptance zone —, and, as the ma

takes responsibility for any imperfection of the CMM regarding any large values of the probing err

error of indication, E.
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TECHNICAL SPECIFICATION ISO/TS 23165:2006(E)

Geometrical product specifications (GPS) — Guidelines for the
evaluation of coordinate measuring machine (CMM) test
uncertainty

1 | Scope
This Technical Specification gives guidance for the application of the test described in 1SO 10360-2, by
explaining the evaluation of the test uncertainty required for ISO 14253-1.
2 | Normative references

The following referenced documents are indispensable for the application of this document. |For dated
references, only the edition cited applies. For undated references, the latest edition of the peferenced
do¢ument (including any amendments) applies.

W

ISO 1:2002, Geometrical Product Specifications (GPS) —< Standard reference temperature for geometrical
praduct specification and verification

ISQ 3650:1998, Geometrical Product Specifications{GPS) — Length standards — Gauge blocks

ISO 10360-1:2000, Geometrical Product Specifications (GPS) — Acceptance and reverification tests for
cogrdinate measuring machines (CMM) —Part 1: Vocabulary

ISO 10360-2:2001, Geometrical Product Specifications (GPS) — Acceptance and reverification tests for
cogrdinate measuring machines (CMM) — Part 2: CMMs used for measuring size

ISO 14253-1:1998, Geometrical Product Specifications (GPS) — Inspection by measurement of Wworkpieces
an{l measuring equipment = Part 1: Decision rules for proving conformance or non-conformance with
specifications

ISQ/TS 14253-2:1999; Geometrical Product Specifications (GPS)— Inspection by measufrement of
wolkpieces and‘measuring equipment — Part 2: Guide to the estimation of uncertainty in GPS measurement,
in ¢alibration-ofimeasuring equipment and in product verification

ISO 14660-1:1999, Geometrical Product Specifications (GPS) — Geometrical features — Part I: General
terms and definitions

ISO/TS 17450-2:2002, Geometrical product specifications (GPS) — General concepts — Part 2: Basic tenets,
specifications, operators and uncertainties

International vocabulary of basic and general terms in metrology (VIM), BIPM, IEC, IFCC, I1SO, IUPAC, IUPAP,
OIML, 2nd ed., 1993

Guide to the expression of uncertainty in measurement (GUM), BIPM, IEC, IFCC, I1SO, IUPAC, IUPAP, OIML,
1993, corrected and reprinted in 1995

© I1SO 2006 — All rights reserved 1
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3 Terms and definitions

For the purpose of this Technical Specification, the definitions given in 1SO 10360-1, I1SO 14660-1,
ISO 14253-1, ISO/TS 17450-2, VIM and the following apply.

3.1

test uncertainty

expanded uncertainty, U, associated solely with the testing equipment and its use in the test, which modifies
the conformance and non-conformance zones, in accordance with the decision rule in ISO 14253-1

NOTE 1 I + haiat H £ 4l Lt £ 4l + ' H + ot H 1o C S '
TCSTONCCTaIty 1S a icaSurC O thequdanty O (e eSSty CUUTPTTICTIC arta tS aST T Ui eSSt it 1S nota iica ure

of CMM performance, which is determined from probing error, P, and error of indication for size measurement, E.

NOTE 2 [Test uncertainty is controlled by and is the responsibility of the tester, who provides and uses the fest
equipment @nd suffers a reduced conformance or non-conformance zone in the case of a large test uncertainty.

3.2
tester
party who performs the test defined in the ISO 10360-2

NOTE 1 In an acceptance test, the tester can be either the supplier or the customer, ‘possibly represented by a third
party.

NOTE 2 In a reverification test, the tester is the user, possibly represented by a-third party.
NOTE 3 [The tester is always responsible for the test uncertainty.

3.3
tester counterpart
party othef than the tester

NOTE 1 In an acceptance test, the tester counterpart can be either the customer or the supplier, possibly represerjted
by a third party.

NOTE 2  [In a reverification test, the tester counterpart is the user himself, possibly represented by a third party.

3.4
coefficient of thermal expansion
CTE
(material sfandard of size) coefficient of thermal expansion of a material at 20 °C

NOTE For the purpose of.this Technical Specification, only the CTE of the material standard of size is considered.

4 General

This Technigcal‘Specification provides simplified equations for the test uncertainty of the quantities testeq in
accordance_with 1SQ 10360-2 (i e the probing error P_and the error of indication, F')1 and is intended ak a
quick reference for application. More detailed information is given in Annex A, which provides the general
error models from which the simplified equations are derived, as well as some discussion of the nature of
each uncertainty component, guidance on how to keep it to a minimum, and how to estimate its input
uncertainty. In addition, possible uncertainty contributors are listed. Even if the main body alone may suffice
for day-to-day use, a careful reading of Annex A is recommended for background information, as well as for
typical applications.

The simplified equations for test uncertainty, which are given in this Technical Specification for the main
uncertainty contributors, are representative in most common circumstances. They are, however, limited to
these circumstances and may be inadequate in a particular case. A careful analysis of the actual
circumstances is recommended in order to ascertain whether a given contributor listed in Annex A is in fact
negligible, or not.

2 © I1SO 2006 — All rights reserved
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Once the combined standard uncertainties u(P) or u(E) are evaluated in accordance with the simplified
equations, the expanded uncertainty U(P) or U(E) are obtained through multiplication by a coverage factor, &,

as

follows:

U(P) = k x u(P)

and

Th

U(E) = k x u(E)

avalua L. 2 chall ha nicad
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nex B deals with the special case when the material standard of size is offered by the testercoun

ly developed numerical examples are given in Annex C.

Test probing error

b recommended equation for the standard uncertainty of the probing error;-u(P), is

F is the form error reported in the calibration‘certificate
u(F) is the standard uncertainty of the form.error stated in the calibration certificate

b expanded uncertainty, U, reported in the certificate shall be transformed into the standard ung
dividing by the coverage factor, k, u-=U/k. The value of k is also reported in the certificate

coimmon value being £ = 2.

NO
int

6.1

Th

TE Insufficient rigidity of the test’sphere can cause additional errors in the value of P, which are not a
ne uncertainty equation above((see A.2.2 for details).

Test of size

General

e recommended equation for the standard uncertainty of the error of indication, u(E), is

terpart.

ertainty, u,
the most

tcounted for

) = \Ju? (c) 12 (£,) +u?(6,) 4 u (aign) + 4% (61

(4)

ere
&a is the calibration error of the material standard of size;
&, is the error due to the input value of the CTE of the material standard of size;
g is the error due to the input value of the temperature of the material standard of size;
&align 1S the error due to misalignment of the material standard of size;

&yt IS the error due to fixturing the material standard of size.

© I1SO 2006 — All rights reserved
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6.2 Analysis of the uncertainty contributors

6.2.1 Uncertainty due to the calibration of the material standards of size, u(s.,)

The recom

”(5cal):

where

mended equation for this uncertainty component is

Ucal

®)

Ucal

k

NOTE

6.22 Un
This unce
value. Her
used in Eq
The recom

u(&y) 7
where

L

t

20°C

u(a)
The value
To evaluat
— Ifthe

certifid
into th

is the expanded calibration uncertainty of the material standard of size reported in the calibrat
certificate;

is the coverage factor of U, reported in the calibration certificate.

A typical value of the coverage factor is & = 2.

certainty due to the CTE of the material standard of size, u(s,)

tainty component should be considered only when the CMM requlires the tester to input a G
ce, it should be discarded for thermally-uncompensated CMMs,,i.€. the value u(s,) = 0 should
uation 4.

mended equation for this uncertainty component is

- L x (Jt — 20 °C|) x u()

is the size of the material standard being-measured;

is the temperature of the materialstandard of size, when measured;

is the reference temperature.(see I1ISO 1);

is the standard uncertainty of the CTE of the material standard of size.
Of ¢ in Equation 6 should be measured or estimated for each test position.
e the input uncertainty u(«), the following procedures are suggested.

ate should be taken. The expanded uncertainty, U, reported in the certificate shall be transfor
e~standard uncertainty, u, by dividing by the coverage factor k, u = U/k. The value of k is 4

material ‘'standard of size has been calibrated for its CTE, the uncertainty reported in the calibrar:lion

on

TE
be

(6)

ed
Iso

report

d-in thae certificate -the-maost commaon-value. hning e — 2
G—HA FHHEate—+e- oSt o VEHHe-DeHgH+—=

— If the CTE of the standard has not been calibrated, technical literature may report typical ranges of values
for the material of the standard of size. If so, the span, T, should be divided by the square root of 12,

u(a):Ta/\/ﬁ.

— In the particular case of steel gauge blocks, 1ISO 3650 specifies a range a=(11,5+ 1) x 108 K-1, and
therefore a value of u(a) = 0,58 x 10-6 K- should be taken if no individual calibration value is available.

© I1SO 2006 — All rights reserved
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6.2.3 Uncertainty due to the input temperature of the material standards of size, u(s))

This uncertainty component should be considered only for thermally-compensated CMMs, and only when the
compensation relies on the temperature of the material standard of size, as measured by the tester by means
of his own thermometers. When the temperature is measured by means of CMM-embedded thermometers, or
when a CMM is not thermally compensated, this uncertainty component should be discarded, i.e. a value
u(g) = 0 should be used in Equation 4.

The recommended equation for this uncertainty component is

WE) =L X a X u(l) (7)
where

L s the size of the material standard being measured;

a is the CTE of the material standard of size;

u(t) is the standard uncertainty of the temperature of the material standard, of size.
Tolevaluate the input uncertainty u(¢), the following components are suggested for consideration.
—| The calibration uncertainty of the thermometer(s) used iseported in the calibration certifigate of the
thermometer(s). The expanded uncertainty, U, reported ity the certificate shall be transformed into the
standard uncertainty, u, by dividing by the coverage factor, k, u = Ulk. The value of k is also feported in
the certificate, the most common value being & = 2.
—| The uncertainty due to temperature variation,during the test is best derived from experience with
standards of similar thermal properties. In the-absence of such experience, the approximate value V,/\/g
is recommended, where V, is the span of the'temperature difference between any two points gn or in the

material standard of size.

—| When the recommendations in-A.3:2.4 are followed, other uncertainty components are likely to be
negligible.

The standard uncertainties obtained as above are summed in quadrature.
6.24 Uncertainty due tomisalignment of the material standard of size, u(,yn)
It i$ recommended-that care be taken to keep this component to a minimum. A.3.2.5 gives guidan¢e on good

mdtrological practice in this respect. When this guidance is followed, the component is likely to be|negligible,
i.e|a value u(&yign) = 0 should be used in Equation 4.

Howevef,»this may not be true in all cases. A careful reading of A.3.2.5 is recommended to ascertdin whether
thg actual circumstances determine a non-zero contributor, and, if so, to model and evaluate it.

6.2.5 Uncertainty of fixturing the material standard of size, u(sj;,)
It is recommended that all care be taken to keep this component to a minimum. A.3.2.6 gives guidance on

good metrological practice in this respect. When this guidance is followed, the component may be negligible,
i.e. a value u(&;y;) = 0 should be used in Equation 4.

However, this may not be true in all cases. A careful reading of A.3.2.6 is recommended to ascertain whether
the actual circumstances determine a non-zero contributor, and, if so, to model and evaluate it.

© I1SO 2006 — All rights reserved 5
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6.3 Graphical representation of the test results
In accordance with ISO 10360-2:2001, 5.3.4, the values of E obtained should be plotted in a diagram (see

Figures 1 and 2). Two alternative and equivalent representations are possible to deal with the test uncertainty,
U(E) (see ISO 14253-1:1998, Figures 6 to 11).

Y A Y A &

:E - L37] N +U] ® +U]
mi mi mi

0 > 0 > 0 ™
X +U X X
A U A \\\\\gi\\\\\\\\ U]
-B -B
a) b) c)
Key
X size, L,|lexpressed in millimetres, of the material standard being measured
Y error of|indication, E, expressed in micrometres
A positivg constant, expressed in micrometres and supplied by the manufactarer
B maximym permissible error MPE, expressed in micrometres, as stated.by the manufacturer
U expandgd uncertainty

NOTE 1 Points with bars represent the values of £, and simple lines represent the MPE,. The bar lengths repregent
the uncertainties + U(E), and the central points represent the values obtained for the errors of indication.

NOTE 2  |Only two values of E plotted for simplicity.

Figure 1 — Types of diagrams for the plotting of £, in accordance with ISO 10360-1:2000, 9.2

6 © I1SO 2006 — All rights reserved
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Y A Y A Y i
5 tUT +U] +U .8 tUT +U]
B
/ 1 U J_ U U 1 U J_
+A L] +A L] L]
0 > 0 > 0 >
] X X ] X
-A _ -
5 Ut +U +U +U B T +U]
) - mi -U ] UL mi
a) b) c)
Key
X | size, L, expressed in millimetres, of the material standard being measured
Y | error of indication, E, expressed in micrometres
A | positive constant, expressed in micrometres and supplied by the manufacturer
B | maximum permissible error MPE, expressed in micrometres, as stated by the manufacturer
U | expanded uncertainty

NQTE 1

NQTE 2

Only two values of E plotted for simplicity.

Figure 2 — Alternative types of diagrams for the plotting of £,
in accordance with ISO 10360-1:2000, 9.2

Points represent the values of E, and simple lines represent the*MPE,. The bar lengths cenftred on the
boyndary lines represent the uncertainties + U(E).
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Annex A
(normative)

Background and more detailed information

a general grror model of the quantities tested in accordance with ISO 10360-2 (i.e. the probing error, P, &

the error of indication, E) to help testers in evaluating the test uncertainty. As there are only la“small numbef

main unceftainty contributors, which are typical in most common circumstances, the simplified equations
the test ungertainty given in the main body are derived. In addition, other possible uncertainty contributors
listed. A careful analysis of the actual circumstances is recommended, in order to‘\ascertain whether a gi
listed contfibutor is, in fact, negligible.

A.1.2 Standard procedure

The standprd procedure described in GUM and ISO/TS 14253-2 should be followed to evaluate all in
uncertainties and to combine them into the combined uncertainty.

NOTE For convenience, it is worth noting that in the likely casé\that all contributors are statistically uncorrelated,
combined upcertainty is derived as the quadratic summation.
2 2 2 2 2 2
ug (v :\/c1u (xq)+caus(xp)+...+cpu”(x,) (A

where u(y)|is the combined (overall) standard uncertainty, the u(x;)'s are the input standard uncertainties of contribut
and the ¢/'s| are their sensitivity coefficients, obtained by derivation from the error model. Once the combined stand
uncertainty l.(v) is evaluated, the expanded uhcertainty U(y) is obtained by multiplying by a coverage factor, &

uy)

kx ug(y) (A

The value | = 2 shall be used:

A.1.3 Different test results due to repeated testing

The number of measurements standardized by ISO 10360-2 is a compromise between thoroughness and
practical and economical implementation of the test. Two separate tests carried out on the same CMM, eve
assumed fo-be: time-invariant, may lead to different probing errors, P, and errors of indication, E, for

nd

for
are
en

put

the

1)

Drs,
ard

2)

the
n if
the

following réastns

a) Choice of test locations. The purchaser (for the acceptance test) may decide on the locations for the
test sphere and the material standards of size in the CMM volume (see ISO 10360-2:2001, 5.2.3.1 and

5.3.3.1). The test result is very sensitive to the choice of these locations, particularly for the test on si

ze,

e.g. a location along a volumetric diagonal usually provides a more severe test than one along a CMM

axis. As a result, different choices of locations may lead to different errors of indication.

b) Environmental conditions. The test shall be performed in environmental conditions compatible with the
specifications in the CMM operating manual, usually expressed as ranges. In practice, the actual test is

performed in one particular condition only, as it is usually impossible, and certainly not economical,

to

repeat the test many times while varying temperatures, gradients, vibrations, etc. The strong sensitivity of
CMM performance to environmental conditions is well known; as a result, the environment affects the test

8 © I1SO 2006 — All rights reserved
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result significantly. For instance, a CMM specified to work in the temperature range (18 to 25

)°C is very

likely to achieve much smaller errors of indications when the temperature during the test is 20 °C than

when it is 25 °C, even if both tests are permissible.

due to such factors as probing noise, vibrations, backlash, etc. As each material standard
measured in each location only three times, the statistics are poor, and further measurements
to different errors of indication.

CMM repeatability. Repeated measurements of the same measurand lead to slightly different results,

of size is
might lead

This problem stems from the def|n|t|on of the test, WhICh specmes the number of d|fferent repeated

ors caused by the test reproducibility are therefore not the responsibility of the tester, who shd
accountable for them, i.e. there is no corresponding ¢ for this in the error modets in A.2.1 and A

The effect of the test reproducibility does not necessarily show up in thé“probing error and in

A.1.4 Probing errors

The probing system is an integral part of the CMM. Any-probing error is therefore not the responsi

ironmental
ble, based
eness that

uld not be
3.2.

the error of

ce between

, Whose main

bility of the

tester, and no uncertainty component shall be added:\tothe test uncertainty.
NOTE Probing errors show up in the value-of the error of indication, E. It is therefore advisable for CMM
mapufacturers (for acceptance tests) and users (for reverification test) to set MPE values which incorporate these errors.
A.R Test of probing error
A.2.1 Recommended model
The recommended modelfor the probing error, P, is
P = Ry — Rfin = (Rpt,max + ARmax) - (Rpt,min + ARpyin) = Ppt * &orm (A.3)
where
Rifax% Rmin are the maximum and minimum Gaussian radial distances measufed by the
CMM;
Rot maxs Rpt,min are the Gau_ssian radial distances_of the same probed points as Ry, and Ryp,
obtained while performing the test in an ideal way, i.e. with a perfect test sphere;
AR 120 ARin are the radial form deviations of the test sphere at the same probed points as
Rmax and Rmin;
Pt is the probing error obtained through an ideal test, i.e. when a perfect test sphere
is used,;
&orm = ARmax — ARmin 18 the test sphere form error at the same probed points as R, and R

© I1SO 2006 — All rights reserved
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The second term in the above model equation stems directly from the definition of P (see ISO 10360-1:2000,
9.3 and ISO 10360-2:2001, 5.2.4).

The third and fourth terms highlight the form deviations of the test sphere. If the test were run with a perfect
test sphere, the form error, &, would be zero, and the value of the probing error obtained would be Py,
which is indeed the value sought.

No other uncertainty contributors are expected for the probing error, P, in normal circumstances.

Due to the simple structure of the error model, the standard uncertainty of the probing error is simply the
standard r\nrfginfy of the cantribhutar ¢

u(P) ={u(&orm) (A-4)

The recomimended expression for the uncertainty caused by the form error is

F 2 2
wletofn) =[5 ] +7(F) 45)
where
F is the form error reported in the calibration certificate;

u(F) |is the standard uncertainty of the form error stated in the calibration certificate.

NOTE 1 The form error is always positive and hence cannot have aymean of zero. A rigorous application of the GJUM
would requife a correction of the systematic error (see GUM:2003, £:2:4.5), which is not indicated in ISO 10360-2 anf is
usually impfactical. The above equation assumes no correction,but overestimates the first term slightly. However, [the
value of F ig usually small in practice, and the overestimation is_anlikely to affect the test significantly.

NOTE 2  [The highest (peak) and lowest (valley) point pairs, which dictate the probing error, P, and the form error, F| do

not necessgrily coincide because of probing effects, as\well as the limited number of sampling points. As a consequerjce,
the effect of| the form error on the probing error, P, canbe smaller than the calibration value F/2.

A.2.2 List of other possible contributors

The recommended model in A.2.1 is likely to be adequate in most circumstances. However, the tester is urged
to investigate whether more uncertainty contributors are relevant in his specific application.

The following contributors miay be relevant in some applications.
— Fixtuning of theStest sphere. If the test sphere is fixtured loosely or vibrations are present, the fest

spher¢ may shift during the measurements, e.g. due to probing forces, vibrations and inertial forces. Fjrm
fixturing of the.test sphere usually makes this contributor negligible.

— Bending of the test sphere stem. If the test and reference sphere stems exhibit different rigidities, the
bending due to probing forces may cause errors. Commercially available test spheres usually make this
contributor negligible.
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A.3 Test of size
A.3.1 General model

A.3.1.1 Basics

The test of size measurement is based on the evaluation of the error of indication, £. The recommended
general model for E is

E=Xoomg=Yeat= (*,,t LA W £, = (X + ,ew:) = Fpt S-SR A -2 - £, (A.6)
where

Xread is the CMM reading while measuring the material standard of size;

Xeal is the calibration value of the material standard of size;

Xpt is the CMM reading while performing the test perfectly, 4ie-“when the tester|would not

introduce any error at all;

& is one of the errors in the CMM reading, introduced by the tester;

X is the (unknown) true value of the material standard of size;

Ecal is the calibration error of the material standard of size;

Ept = (x5t — X) is the error of indication obtained through a perfect test, i.e. when the tester wpuld use a
perfectly-calibrated material standard-of size and not introduce any error at all.

The second term in the above model equation is simply the definition of E (see VIM:1P93, 5.20,
IS® 10360-1:2000, 9.1 and ISO 10360-2:2001,-6.3.4).

The third term highlights the errors in the'tester's responsibility. If the test were run in perfect conditions, all ¢
errprs would be zero, and the CMM reading would be x;.

Also, if the material standard of size were perfectly calibrated, i.e. zero g, the value obtained for the error of
indjication £ would be Ept, which s indeed the value sought.

Eath term ¢ may either.require further modelling (transparent box evaluation, see ISO/TS 14253-2{1999, 8.7)
or |be evaluated as.‘@-whole (black box evaluation, see ISO/TS 14253-2:1999, 8.6), the former being
rejommended whengver possible.

Dug to the simple additive structure of the error model, all sensitivity coefficients are equal to unity, and the
ungertainties, u(¢), are summed in quadrature.

NOTEA The & terms have unknown values and signs, and cannot be compensated for: they are presentfin the error
mopel’as contributors to the test uncertainty. In probability terminology (see GUM), they are zero-mean randgm variables
with standard deviations taken as standard uncertainties.

NOTE 2  The minus sign of the calibration error, ¢, stems from the calibration value, x,, being a subtrahend in the
definition of the error of indication, E. The sign is of no importance to the uncertainty, u(e.,), which is always positive.

A3.1.2 ¢ errors due to thermal or other software compensations

A tester may introduce, s, errors not only through the material standard of size (e.g. through misalignment or
clamping), but also through imperfect information provided to compensate CMM errors. This occurs when a
software-compensated CMM needs input information (e.g. the CTE): any error in this information affects the
value of E. Because the tester inputs the information, he takes the responsibility, and the error model records
this as an error ¢;.
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https://standardsiso.com/api/?name=e05e94bbc7e5a082ab7c771d2842837f

ISO/TS 23165:2006(E)

Software compensators compute corrections on the basis of pre-defined equations. When a compensator
needs information input by the tester, the underlying equation should be used as an analytical model for the
corresponding ¢;. If this is not shown, the CMM manufacturer should be questioned about the model.
Alternatively, the equation may be guessed in some simple and obvious cases, i.e. when a widely-recognized
model is available for the correction. This is the case for the thermal contributors considered in the
recommended simplified model in A.3.2.

Any error compensation without the need for information input by the tester (e.g. for geometrical errors,
usually done at lower levels of the CMM software or by the CNC) should be regarded as an integral part of the
CMM and is not the tester's responsibility. Therefore, it should not be included in the error model as a term ¢;.

A.3.2 Repommended simplified model

A.3.2.1 Basics

The follow

€align
Hixt
A3.2.2 (

The mater
Ugg» and

dividing th

u(&cq

If two or m
combined,
from the s
linear, rath
investigate

ng simplified model is recommended for usual circumstances:

is the calibration error of the material standard of size;

is the error due to the input value of the CTE of the material'standard of size;

is the error due to the input value of the temperature of the material standard of size;
is the error due to misalignment of the material standard of size;

is the error due to fixturing the material standard of size.

Lalibration errors of the material standards of size, ¢,

he coverage factor, &, used._(typically k= 2). The uncertainty contributor, u(s.,), is obtained
b calibration uncertainty by the coverage factor

k

ore gauge bloeks are wrung together to achieve a certain size, the individual uncertainties shall
taking into 'account possible correlations. In the typical situation when the gauge blocks are tal
bme set)calibrated by the same laboratory at the same time, the correlation may be large, an
er than>quadratic, summation is sometimes recommended. Otherwise, the correlation should
d,and'properly treated. An additional uncertainty contributor may be introduced to account for

t — Ecal T g T & Ealign T Sixt (A

):M (A.

al standard of size shall be calibrated. The calibration certificate states the calibration uncertainty,

by

be
en
H a
be
the

wringing.

his’conftributor especially should be considered when coupling clamps are used that may be o

er-

tightened.
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A.3.2.3 Errors in the CTE of the material standards of size, ¢,

When the built-in thermal compensation of the CMM asks the tester for the CTE of the material standard of
size, any error in the input value results in an error in the CMM indication. For most CMMs, this error is

g,=-Lx(t-20°C)x A (A.9)
where

L is the size of the material standard being measured;

t is the temperature of the material standard of size;

20 °C is the reference temperature (see ISO 1);

Aa is the (unknown) error of the CTE of the material standard of size.
The standard uncertainty, u(¢,), is calculated as

u(e,) =L x (|t — 20 °CJ) x u(a) (A.10)
Some compensation software may provide a predefined list of matefials (e.g. steel, aluminium) to choose from.
If gn option is available (e.g. “others”) to input an actual CTE numerical value, the tester should chopse it even
if the material of his standard of size is mentioned in the list. WHether or not an actual CTE numeri¢al value is
input, the contributor, u(s,), should be considered in Equation 4.
A.3.2.4 Errors in the input temperature of the material standards of size, &
A.3.2.41 According to the ISO 10360-2 procedure, the thermal condition in which the test is|performed
shIII meet the specifications stated by the CMM manufacturer. This is a prerequisite for a valid test.| Within the
specified limits, some CMMs may compensate for thermal expansion: to do so, they need the tgmperature
value of the material standard of size.

Te

mperature measurement errors. may occur due to the following causes:

a) | calibration errors of the thermometer(s);

b) [ temperature variations’during the test;

NQTE The errgr\is” due to the delay of the temperature of the material standard of size relative to|that of the

themometer(s), and-Vice versa. This delay is due to different time constants of the material standard of siz¢ and of the

thermometer(s),\to the propagation time from the skin surface in contact with the environment to the core, and to poor

temperaturessampling, i.e. few temperature measurements during long measurement tasks.

c) | radiation from the environment to the thermometer(s) and thermal contact with the material gtandard of
size;

d) a thermal gradient along the material standard of size, which affects the measured value of the average

temperature.

A.3.2.4.2 The following are recommended to reduce the causes listed in A.3.2.4.1.

a)

b)

The calibration uncertainty of the thermometer(s) should match the actual measurement re

quirement:

when this uncertainty contributor is dominant in the test uncertainty budget, consider a better calibration.

In long measuring tasks, program frequent temperature measurements when this option is available.

When the tester has no control over the temperature sampling rate, split long measuring
shorter ones, in order to force sufficiently frequent temperature measurements.

© I1SO 2006 — All rights reserved
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c)

d)

Radiation is blocked by reflecting shields: the thermal contact is improved by matching surface
geometries (e.g. flat on flat) and by use of contact grease. The tester is advised to shield the
thermometer(s) (e.g. by means of an insulating material wrapped in aluminium foil), and to contact the
thermometer(s) to the material standard of size with a thermal contact grease formulated to improve
thermal contact (e.g. heat sink grease).

To minimize the effect of thermal gradients, the tester is advised to wait for a proper settling time before
measuring. Whenever possible, the use of two thermometers is recommended, symmetrically located
about the central point of the material standard of size, at a distance of approximately 0,211 x L from the
ends (Airy points) The mean value should be used as the effective temperature If only one thermometer

= 3 3 standard ¢ = nait for

an ad|t|onal settlmg tlme

NOTE The Airy points are also the prescribed resting points for long gauge blocks (see ISO 3650:1998, 5.4),"and [are

often markgd on their side faces.

A.3.2.4.3 | Depending on the CMM equipment, either the CMM itself or the tester /may measure the
temperature, by means of either embedded thermometers or tester's thermometers. In-the’former case, the
tester is npt responsible for the thermal measurement, hence the temperature measurement should not(be
considered as an uncertainty contributor. A non-zero error &, should be included in‘the error model only|for
temperature-compensated CMMs when the temperature of the material standard-of size is measured by the

tester. In this case, any error in the temperature results in an error

g=—I x ax At (A1)

L igthe size of the material standard being measured;
a islthe CTE of the material standard of size;

At iglthe (unknown) error of the temperature of the material standard of size.

NOTE 1 When a CMM is temperature-compensated and provided with embedded thermometers, they are regarded as
a part of the¢ CMM. The measurement error, &, is‘part of £, in the error model in this case, and does not give rise to pny

test uncertajnty.

NOTE 2  |The recommendations in bullets’A.3.2.4.2 a) to d) apply even when the temperature is not included in the efror

model as a pontributor.

The standard uncertainty, u(),is calculated as

u(g) 5L x a x u(At) (AN12)

NOTE 3 [As the.temperature value is of vital importance for the thermal compensation, and hence for the test resuilts,

the use of uncalibrated thermometers is not recommended.

A.3.2.5 Misalignment of the material standard of size, ¢,;4,

A.3.2.5.1 To measure the size of each material standard, the distance between two points at its ends is
taken. However, supplementary measurements are needed for alignment (see 1SO 10360-2:2001, 5.3.3.3).
These two end points can be regarded as the intersection of the measuring faces with a straight line, which is
often the first axis of a workpiece coordinate system taken on the material standard of size. Any imperfection
or accident that occurs when this workpiece coordinate system is set results in misalignment.

14
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Misalignment errors may be caused by the following:

a)

non-identical definitions of the axis of the material standard of size at the calibration and at

the testing

stages (uncertainty method in ISO/TS 17450-2:2002, 3.5.4), e.g. a gauge block is calibrated mechanically

between the centres of the measuring faces, but is aligned for testing on its side faces;

imperfect setting of the axis of the material standard of size due to probing errors and form deviation of
the material standard of size, e.g. a step gauge is aligned on its side faces, which have poor surface

finish and/or flatness errors;

pr\eiﬁnngl errors of the CMM_in fqrgnﬁng the two end naoints (i & the actual contact naoints diff

or from the

Th

target contact points), e.g. either the CNC or the tester (for manual CMMs) drives_the
imperfectly.
.2.5.2 The following are recommended to reduce the effect of the causes listed in A.3)2.5.1.

A good understanding of the definition of the calibration measurand (specification operator) i
creating a proper alignment procedure. This definition should be given orcteferenced in the

definition (perfect verification operator) is recommended whenever p@ssible, and particularly
material standard of size has significant form errors, e.g. perpendicdlarity errors between th
measuring faces. It is recommended to align the axes of each material standard of size separ
when they are mounted together to speed up the test, e.g. gauge blocks.

The sampling strategy of the datums used to define the axis of the material standard of size
carefully designed. Parts of the surface with good finish.are preferred. Care should be taken t
the effects of form errors (e.g. by exploiting expected symmetries of the form errors) an
ill-conditioned datums (i.e. small probing errorsresulting in large orientation errors). For g
material standard of size, aligned on its side faces, is best sampled symmetrically about th
order to minimize the misalignment effect of bending (form error), and in points as far from eagq
possible (e.g. at the extremes), in order to.Optimize the angular definition of the associated [
conditioning).

Positional error is unavoidable bothrfer CNC and manual CMMs, but most of its effect can be
It is recommended to project the/measured end points onto the axis of the material stand
before calculating the distance between them. When the axis of the material standard of size
the first axis of a workpiece-coordinate system, this is done most easily by taking the difference
point coordinates alongthat axis.
.2.5.3 Misalignmentresults in two different errors, arising from

confusing a hiypotenuse (the measured quantity) with a side (the measurand), often referred tq
error;

lack of-parallelism of the measuring faces, giving different values for measurements along para

stylus tip

5 crucial in
calibration

certificate: a default definition for gauge blocks is given in ISO 3650. The{direct implementation of such a

when the
b side and
htely, even

should be
D minimize
d to avoid
xample, a
b centre in
h other as
lane (best

iltered out.
rd of size
s taken as
of the two

as cosine

lel lines.

bsentwo errors are separate terms in the approximate model below, recommended for the mi

salignment

err

r.

€align = €cos T €parall
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with

where

€cos

-2 I 6=
2

6 (p1 +pgeo1)_(p2 +pge02)
L

align

is the cosine error;

(A14)

€parall

0

L
P1: P2

Pgeo1:

Lalign

NOTE 1
case of a g
side on that

NOTE 2
verification

NOTE 3
of the meas
Pgeo are th

NOTE 4
for gauge b

NOTE 5
the size L i
diameter, a
usually accs
used.

A.3.2.54

is-the-parattetism-error-of-the-meastring faces-of the-materiat-standard-of-size:

is the misalignment angle;

is the size of the material standard being measured;

are the unidirectional probing errors, in the direction of probing the alignment points;

Pgeo2  are the form errors at the alignment points, i.e. their lateral deviations from the axis of
material standard of size defined for calibration;

is the distance between the alignment points defining the angular direction with the larg
uncertainty.

Misalignment actually occurs in space (3D). It is modelled here.in‘a plane (2D) for sake of simplicity. In
Buge block aligned on a measuring face, Lalign is the distance between the probed points along the shorj
face (typically a few millimetres).
\When the definition of the axis of the material standard\ofsize is the same as that used for calibration (per
pperator), the errors py.,q and py,, are zero.

In the case of gauge blocks, the axis of the material standard of size is defined in ISO 3650 as normal to
uring faces. When the side faces are used., instead to align the material standard of size in the test, Pgeot
b perpendicularity errors (see 1ISO 3650:1998, 7.4.3) at the points used for alignment.

\When the alignment is based on a side face, L
ocks), and u(p

align 18 usually slightly shorter than the side face size (L
geo) can be derived-from the specification of the material standard of size.

For those CMMs which compensate the measured distance, rather than each point, for the stylus tip diam¢g
h the first term of Equation’A.14 is an approximation of the more correct (L = D), where D is the stylug
hd the plus or minus-sign depends on whether the measurement is external or internal. This approximatio
eptable, unless the shoprtest measured size is much shorter than the prescribed 30 mm and a large stylus ti

The standard uncertainty, u(&,jign), is calculated as

”(5ali?n) :\/”z(ecos)+”2(eparall) (A.

align ~

the

est

the
est

fect

bne
and

&
~

ter,

tip
n is
D is

15)

with

\/—uz(p)+”2(pgeo)

u(egos ) = 242 L (A.

where

u(p) =

16

2
Lalign

u(pq) = u(py) are the standard uncertainties of the unidirectional probing error

16)
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u(Pgeo) = UlPgeo1) = U(Pgeo2)  are the standard uncertainties of the form errors at the alignment points,
due to their lateral deviations from the axis of the material standard of size
defined for calibration;

”(eparall) is the parallelism standard uncertainty.

TE 1 It is assumed that the uncertainties of p,, p, and Ofpgeo1, Pgeo2: respectively, are equal at the alignment points.

TE 2  The cosine error is always positive and hence cannot have a mean of zero. A rigorous application of the GUM

would require a systematic correction (see GUM:2003, F.2.4.4), which is usually impractical. The above equation requires

no

carrection but averestimates the cosine uncertainty by 41 %

NO

NO

errgr is inversely proportional to the size.

Th

To

TE 3  The uncertainty of L is negligible, being of second order.

align

TE4  When the distance from the extreme alignment points is equal to the measured size, £, ~ L, anfl the cosine

e cosine contributor, u(e), is tabulated in Table A.1 for illustration.

Table A.1 — Examples of values of the uncertainty, “(ecos% x109, due to the cosine erfror

L
(P geo) u(p) &
mm
um um
6 30 250 500
0 1 0,08 0,00 0,00 0,00
5 1,96 0,08 0,00 0,00
50 <5 198 7,94 0,11 0,03
100 <5 788 31,5 0,45 0,11
NOTE A value of e.g. 1,96%rthe table corresponds to u(e, ) = 1,96 x 108 x L.

evaluate the input uncertainties;.the following are suggested.

u(p) is the unidirectional _repeatability of the CMM. It can be evaluated either as the standard deviation of
repeated unidirectiohal measurement of a plane surface, u(p) = o (type A evaluation), or as a|fraction of
the probing error 2 u(p)zP/\/E (type B evaluation). The latter is likely to overestimate| this input
uncertainty, as~Pis derived from multi-directional measurements. If the standard uncertainty pbtained is
considered¢too’ large, repeating the probing cycle of the datums used for alignment refuces this
uncertainty’by means of averaging, i.e. u(p) = “single(p)/\/; where ugj,q6(p) is the standard Lincertainty
obtained.for a single probing cycle, and = is the number of probing cycles.

u(pgeo) is non-zero only when the definition of the axis of the material standard of size is not the same as

that used for calibration. In this case, it can be derived from the tolerance T, set on the surfaces of the
material standard of size used for alignment, with the axis used for calibration as a datum,
u(pgeo)=T/\/E. For gauge blocks, T is the perpendicularity tolerance, and its value is set in
ISO 3650:1998, Table 4.

u(eparg) Can be derived from the parallelism tolerance, 7), set on the measuring faces of the material
standard of size, u(e,qrq) = 7,/ v12 . For gauge blocks, 7, is the tolerance of the variation in length, v, i.e.
Ty=1, and its value is set in ISO 3650:1998, Table 5. This value of u(e,,4)) is likely to be overestimated,
as the area where the axis of the material standard of size may strike a measuring face is usually
significantly smaller than the measuring face.
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A.3.2.6 Fixturing of the material standard of size, &;;

A.3.2.6.1

Bending m

a) thepa

b) the dgtumtsusedtodefinetheaxisof theTmateriatstandard of size(egtwo side faces)are deformed;

the ax
c) when

size, {

neutra
NOTE

therein coirn
neutral axis

Rocking m
elastically,

A.3.2.6.2
— The n

— Invie
size, i

fixturing points are best chosen if they are symmetric about the centre of the material standard of size]

order

— Thed
deforn
over-g

— When
final c
— Thes
from t

the CN

A.3.2.6.3

Fixturing may cause deformation of the material standard of size, due to clamping, inertial and
probing forces. Even if expansion caused by lateral shrinkage occurs, the most significant effects of fixturing
are bending and rocking.

ay cause errors for the following reasons:

rallelism error of the measuring faces increases (i.e. e, in A.3.2.5 is larger);

s orientation and location have larger uncertainties (i.e. pgeo1 @nd pyeqo in A.3.2.5 are larger);

the measurement points on the measuring faces are off the neutral axis of the material-standarg
he bending brings them either closer to or further from each other, depending on the vector to
| axis.

\When gauge blocks are used, error ¢) never occurs if ISO 3650 is followed, as the_central length defi
cides with the neutral axis. In addition, many step gauges are designed with their ‘measuring faces on
or with sufficient rigidity.

ay occur from probing forces and inertial forces (moving table CMMs only), both in hysteresis §
i.e. respectively with or without residual effects after the force causing the rocking ends.

The following steps are recommended to reduce the effects\listed in A.3.2.6.1.
agnitude of clamping forces should be kept to a minimum to avoid unnecessary deformation.

v of its particular design, the fixturing points should be chosen carefully on the material standarg
n order to minimize deformation and to follow:thé manufacturer's directions whenever possible. 1

o minimize the axis alignment error: the Airy points (L/\/E ) are often a good choice.
esign of the seats supporting the material standard of size is very important for minimizing clamp

hation. When true kinematic mountings are not practical, the seats should be minim
etermined, i.e. minimally over-constrained.

amping in order to-allow thermal relaxation.
ipport should-be.sufficiently rigid in the measuring direction. This includes the entire coupling ch
ne material standard of size to the CMM base or table, i.e. the seats, support body, and clamping
IM base!

An_explicit model of the fixturing error, &5, is difficult to obtain, and a black box approach may

SO

of
the

hed
the

nd

of
'he
L in

ing
ally

the material standard of'size and the support are very different in temperature (e.g. because they
have ¢ntered the room shortly)before) and/or material, some settling time should be observed before

the

ain
to

be

followed. T

he-following are suggested.

a) By experiment, in two steps.

1) A preliminary size measurement is repeated twice (L,4 and L,,), the second time (Z,,) after doubling
the clamping forces, with AL, = (L,, — L,) being the difference between the two size measurements.

2) A dial gauge, or similar measuring device, is fixtured in contact with a measuring face and zeroed,
with ALP1 being the dial gauge reading when a force imitating the probing force is applied to the other

measuring face. The force generator and the dial gauge are then swapped, with AL ,

reading.

A rough estimate of the fixturing uncertainty is u(&gy;) = 1AL, — (|ALpq| + |AL,,0|)I-

18

being the
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b) A priori, when the above evaluation is not possible or impractical (e.g. because there are no means of
changing the clamping forces without introducing thermal perturbations by handling), an educated guess
may be the only alternative.

NOTE It is recommended that care be taken in the experimental evaluation described in a), when imitating the
probing force, because some probing systems indicate the measurement result before the full probing force is applied (e.g.
some touch-trigger probing systems), whereas others extrapolate the measurement result to nearly zero force after the full
probing force is applied (e.g. some proportional probing systems). While elastic effects are sensitive only to the force at
the actual instant of measurement (e.g. at latching for most touch-trigger probing systems, or at the extrapolated force for
most proportional probing systems), the hysteresis is sensitive to the maximum force applied while probing. Ideally, the
force generator imitates the complete force pattern and maintains the force at the actual instant of measurement, in order
to gttowthedfatgauge enougtT time to give a reading:

A.3.3 List of other contributors which are possible

The recommended simplified model in A.3.2 is likely to be adequate in most circumstances. However, the
tester is urged to investigate whether other uncertainty contributors are relevant in his’specific appli¢ation.

T

=2

e following contributors may be relevant in some applications.

— | Magnetisation of the material standard of size. When the material standard of size is not fully
demagnetized, the stylus may be attracted and give false measurements.

—| Dead weight. When the material standard of size is either resting or hanging in a vertical positipn, its own
weight will either compress or expand it, respectively.

—| Cleanliness of the material standard of size. The tester is urged to clean the material standards of size
thoroughly before starting the test. Any dust and grease residuals may introduce probing errors

—| Potential damage. The tester is urged .te;;handle the material standard of size with great care.
Mechanical and thermal shocks that occur,“particularly during transportation, may alter the| calibrated
sizes. When damage is suspected, it is,recommended either to re-calibrate the material standard of size,
or to add an additional uncertainty contributor.

— | CMM operator. It is strongly recommended that the person(s) performing the test be sufficieptly trained
and experienced, in order to avoid improper applications of the test.
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Annex B
(normative)

Using an alternative material standard of size

B.1 General

A questionl may arise as to whether the tester counterpart is allowed to provide a material standard of:size
an acceptance test, and how to deal with the test uncertainty in that case. 1ISO 10360-2 neither ‘allows
prohibits this, and, in principle, any correctly-calibrated material standard of size is equivalentto ‘any ot

within its ¢
of size use

NOTE
(see also 3.

plibration uncertainty. The tester counterpart may therefore wish to have his own niaterial stand
d in the test, as a further guarantee of the test transparency.

This situation cannot occur in a reverification test, as the tester and the tester counterpart coincide in this ¢
B NOTE 2).

Even if no

inally physically equivalent, the two material standards of size provided by the parties may diffe

their calibrgtion uncertainties. When the tester's uncertainty is smaller than that of the tester counterpart,

resulting
non-confo

B.2 Pro

When the
uncertainty
agreement
required tg
the associ

xpansion of the uncertainty zone may prevent a testers from proving conformance
mance, through no fault of his own.

cedure

should be established at the time of use, one for each material standard of size, which by mu
assume a temperature deemed to be representative of the actual situation. The tester is th
use the material standard of size of theltester counterpart, or to allow him to execute the test on
ated test uncertainty is not greater-than that of the tester. In any case, the test uncertainty of

tester counterpart wishes to use his material gtandard of size, two complete budgets of the ﬂest

 in
nor
ner
ard

ase

rin
the
or

ual
en
y if
the

actual maferial standard of size should be used for proving conformance or non-conformance, which may

result in ar

In the spe
standard g
(non-steel
standard o

Since the

increase of the conformance zone.

cial case of a CMM with no capability for thermal compensation of the workpiece, the mate
f size of the tester cotnterpart shall be steel by default, if that of the tester is also steel. In ot
cases, there shall be-mutual agreement between the two parties regarding the CTE of the mate]
f size of the testef-counterpart.

ester is prepared to perform the test with his own material standard of size, the use of that of

tester coumterpart niay require additional time and labour, the costs of which should be agreed upon dur

rial
her
rial

the
ing

the contrag¢t negotiations.
NOTE Itiissrecommended that special attention be paid when the same material standard of size is used both for|the
test and for lllapp;llg atrel bulllpclloat;llu the—Chivterrors—Thiscamoccur-whenthetest ;IIIIIIUd;dtG:y fottows—a—Ciivtetrror

mapping done by the tester himself. Cancellation of errors cay occur in this case, as the CMM is tested in almost exactly
the same conditions as those in which it was error-compensated, which results in a loss of test sensitivity, i.e. the values of
the error of indication, E, are too small. When the use of different material standards of size for mapping and testing is
impractical or too expensive, it is recommended that the tester counterpart choose the seven test locations only after the
error mapping.

20
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Annex C
(informative)

Examples of uncertainty budgeting

C.1 _General

Th
me
arg
for

In
tes

Ga
reg

C.]

An
meg

fro

e numerical examples given in this annex focus exclusively on the test uncertainty, which-meg

ns that no

asurement values are dealt with. The graphical representations of the test results given|in thg examples
drawn in accordance with Figure 2 instead of Figure 1 for this reason only, and are not’a recommendation
either form.
hddition, no decision rules are applied in the absence of measurement values;In“practical caseg, once the
t uncertainty has been evaluated, the ISO 14253-1 decision rule should be applied.
uge blocks and step gauges are used in the examples for illustration.only. Their use does not donstitute a
ommendation as to which material standard of size is best in general;.or in particular circumstanges.
.2 Example 1
.1 General
industrial CMM in a workshop with minimal separation from the warehouse is tested for acceptance, by
ans of a test sphere and a step gauge, bothimade of steel. The specifications of the CMM jand of the
eqliipment used are indicated in Table C.1; they are taken from the CMM and step gauge data sheets, and
m the calibration certificates of the test.sphere and of the step gauge.
Table C.1 — Specification of the CMM and of the equipment used
Measuring volume (1200 x 700 x 600) mm3
MBE 2,5um
CMM P g
MPE,, + (4 + L /100) ym
No thermal compensation
Test sphere Calibrated form error, F (0,23 £0,15) ym
Calibration uncertainty of the size 05um+1,0x10°L
Step gauge CTE unknown
Perpendicularity tolerance of the measuring faces 2 um
with the gauge axis as datum. '
C.2.2 Test of probing error
The value of u(F) is derived from the certificate as
U(F
u(F) = ( ):0’15“m=o,o75pm (C.1)
k 2
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The uncertainty u(P) is evaluated by the equation

)2

u(£1om) = (EJ cu?(F) 2)

which in this case amounts to
0,23 m\? 2

)=y (0.284m )% (6,075 ym)? = 0,14 um €.3)
With a coverage factor &k = 2, the test uncertainty is

U(P)g kxu(P)=2x%0,14 pm = 0,28 ym (G.4)
This amoupts to 11 % of the MPE,, which may be considered adequate for the test.

C.2.3 Test of size

C.2.3.1 General
The shortgst size is taken to be 10 mm (see ISO 10360-2, 5.3.2.1). As.the spatial diagonal of the working
volume is [ 513 mm, the longest size shall not be shorter than 999 mm. Consequently, a 1 010 mm length is
taken, alsq considering the requirement for faces to be in opposite directions. As this length is larger than the
CMM travel in y and z, additional intermediate lengths are taken to fit the different axes. The resuliing
combinatidn of lengths and of the associated calibration uncertainties is given in Table C.2.
Table C.2 — Selection of lengths used-and their calibration uncertainties
L, mm 10 110 250 510 590 690 1010
U(ezg), MM 0,51 0,61 0,75 1,01 1,09 1,19 1,51
The uncerfainty u(F) is evaluated by the\equation
2 2 2 2 2
u(E) b \u? (cca) + 02 (5,502 (o) + 12 (aign) + 4 (o) (@.5)

NOTE
different thg
example.

C.23.2 |

The test uncertdinties of the measurements of each length can vary with location and orientation, e.g. du
rmal or fixturing tncertainty components. For simplicity, this is assumed not to be the case in this partic

Uncertainty due to the calibration of the material standards of size, u(s.,)

b to
Llar

This com
k=2.The

22

onent 5 taken from the catibration certificate, dividing the Teportedvalue by the coverage fac
resulting values are given in Table C.3.

Table C.3 — Values of u(s,) for the sizes used

L, mm 10 110 250 510 590 690 1010
Ulggy), WM 0,26 0,31 0,38 0,51 0,55 0,60 0,76

or,
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C.2.3.3 Uncertainty due to the CTE of the material standards of size, u(c,)

As

the CMM is not thermally compensated, this component should not be included, u(s,) = 0.

C.2.3.4 Uncertainty due to the input temperature of the material standards of size, u(s)

As

the CMM is not thermally compensated, this component should not be included, u(s) = 0.

C.2.3.5 Uncertainty due to misalignment of the material standard of size, u(syig,)

Theatignment procedure 1S chosen to be consistent withthe definition of the catibrated—sizes._Ajworkpiece
reference frame is set with two long side faces as the first two datums, and the resulting firstaxig| translated
onfo the nominal central line of the step gauge.
NQTE 1 In practice, the CMM software might need an additional orientation about, and locatien.along, theffirst axis, in
order to set a fully defined workpiece reference frame, which is usually based on lateral faces. This-is not cons|dered here,
as |tis irrelevant to the test uncertainty.
The uncertainty u(ga“gn) is evaluated by the equation
2 2

”(5a|ign) = \/” (ecos)"'” (eparall) (C.6)
The input values needed to evaluate u(e.,s) are estimated as follows:
—| @ value of Lyjig, = 1000 mm is taken, as this is the distance between the extreme points probed on the

side faces used for alignment;
—| as the actual value in the test on the probing.ekror is P =1,6 ym, a value of u(p)= P/J12 =P,46 ym is

taken;
—| avalue of u(pgeo) =0 is taken, as the alighment is done following the definition of the calibrated|size of the

step gauge axis.
The resulting value of u(egy) is

2 2 2
u-\p)tu-\p 0,46 pm
u(ecos):Zx/Ex ( ) S ( geo)L:Zx/Ex(—“)szO (C.7)
Lalign (1 000 mm)

where the length_of the side faces used for alignment makes the cosine error negligible.
The uncertainty, ”(eparall) is derived from the perpendicularity tolerance of the measuring faces, with|the axis of
thg step gauge as a datum. As two faces are involved in each point-to-point measurement, the gomponent
sf:];uld berconsidered twice, resulting in ”(eparall) =(2 pm)/\/g =0,82 ym.

N

E2

These values of u(p) and u(e,..,) are overestimated, as P is derived from multi-directional measurements,

and the perpendicularity tolerance accounts for the full area of the measuring face while the portion involved in the
measurement is smaller. For simplicity, this is included at this stage, but can be reconsidered after the test uncertainty
U(E) has been evaluated, if it is considered too large (iterative approach of the PUMA method, see ISO/TS 14253-2).

C.2.3.6 Uncertainty of fixturing the material standard of size, u(s;,,)

The step gauge is supported by the articulated mounting provided. It is very stiff, and the fixturing is not
expected to cause significant effects. However, some thermal effects may occur due to the large variation in
the environmental temperature, and to the different respective materials of the step gauge and its support.

An educated guess of this effect is < 1 um, resulting in an uncertainty value of u(&gy)=(1 Um)/\/§ =0,58 ym
(type B black box evaluation).
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C.2.3.7 Budget and graphical presentation of the test uncertainty u(F)

Combining the above contributors results in the test uncertainty budget in Table C.4.

Table C.4 — Budget of the test uncertainty «(£) (in micrometres)

L
mm
10 110 250 510 590 690 1010
u(&qq)) 0,26 0,31 0,38 0,51 0,55 0,60 0,76

u(z,) — — — — — — —

u(z,) — — — — — — —
u(eygn) | 0,82 0,82 0,82 0,82 0,82 08 | 082
wegg) | 0,58 0,58 058 | 058 0,58 058 | 058

u(E)] 1,03 1,05 1,07 1,12 1,14 1,16 1,25

UE)] 2,06 2,09 2,14 2,24 2,28 2,33 2,51

NOTE U(E) = k x u(E), a coverage factor k = 2 is used.

The graphical representation of the MPE; and of the test uncertainties iS shown in Figure C.1.

Y &
20
15

0 | | | | | | -
400 600 800 1000 1200
X

Key
X size L, gxpressed inmillimetres, of the material standard being measured
Y error of|lindication’E,/expressed in micrometres

Figure C.1 — Graphical representation of the MPE; and of the test uncertainties

The test uncertainties range from 18 % to 50 % of the MPE; and may be considered adequate for the test.
However, these values are not optimal, particularly for short sizes. To improve this, the largest contributor
should be addressed in an attempt to reduce the uncertainties (PUMA method, see ISO/TS 14253-2). The
overestimation in the misalignment, introduced by counting the full measuring face as the probing area for
evaluating the component u(epara”), could be reconsidered. For instance, if the measuring face is 10 mm in
diameter, and the probing area is estimated to be 1 mm in diameter, the resulting uncertainty is

= 0,08 um (C.8)

The final test uncertainty budget and the graphical representation are indicated in Table C.5 and Figure C.2.
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