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(1) Opening of the meeting - welcome, attendance and apologies
(2) Roll call of delegates and membership updates
(3) Adoption of the agenda
(4) Appointment of the Drafting Committee
(5) Minutes of the 92nd meeting (hybrid meeting, Aachen in
November 2022)
(6) Information from ISQ/CS
(6.1) ISO Directives Part 1
(6.2) Appointment of Sustainable Development Goals (SDGs)
(7) Report and follow-up of actions relating to the 92nd meeting
(7.1) ISO 10791-2, Test conditions for machining centres - Part 2:
Geometrice tests for machines with vertical spindle (vertical Z-
axis) (PL: O. Beltrami; M. Tsutsumi)
(7.2) ISO 6779, Test conditions for broaching machines of vertical

internal type - Testing of accuracy (PL: M, Vahebi)
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(7.3) 18O 2773, Test conditions for pillar type vertical drilling
machines — Testing of the accuracy (PL: M.Vahebi)

(8) Discussion on current Drafts and Resolutions

(8.1) ISO 2407, Test conditions for internal cylindrical grinding
machines with horizontal spindle - Testing of accuracy, (PL:
R. Ottone, M. Tsutsumi)

(8.2) 1ISO 8636-2, Machine tools - Test conditions for bridge-type
milling machines — Testing of the accuracy - Part 2:
Travelling bridge (gantry type) machines, (PL: R. Ottone, M.
Tsutsumi)

(8.3) ISO 8636-1, Machine tools - Test conditions for bridge-type
milling machines - Testing of the accuracy - Part 1: Fixed
bridge (portal-type) machines (PL: R. Ottone, M. Tsutsumi)

(8.4) ISO/TS 230-13, Test code for machine tools - Part 13:
Guidelines on acceptance tests for machine tools used as
coordinate measuring machines, (PL: P. Dahlem)

(8.5) ISO/PWI 10791-6 Amd 1, Test conditions for machining centres

- Part 6: Accuracy of speeds and interpolations (PL: W. Mou)

(8.6) ISO 230-6, Test code for machine tools - Part 6:
Determination of positioning accuracy on body and face
diagonals (Diagonal displacement tests) (PL: M. Dashtizadeh)

(9) Results of the recent Systematic Reviews

(9.1) ISO 4703:2001 (Ed 3, vers 4), Test conditions for surface
grinding machines with two columns - Machines for grinding
slideways - Testing of the accuracy

(9.2) 1SO 230-1:2012 (Ed 3, vers 2), Test code for machine tools -

Part 1: Geometric accuracy of machines operating under no-



load or quasi-static conditions

(9.3) ISO 1984-1:2001 (vers 4), Test conditions for manually
controlled milling machines with table of fixed height -
Testing of the accuracy - Part 1: Machines with horizontal
spindle

(9.4) ISO 1984-2:2001 (vers 4), Test conditions for manually
controlled milling machines with table of fixed height -
Testing of the accuracy - Part 2: Machines with vertical
spindle

(9.5) ISO 10791-8:2001 (vers 4), Test conditions for machining
centres - Part 8: Evaluation of contouring performance in the
three coordinate planes

(9.6) ISO 10791-9:2001 (vers 4), Test conditions for machining
centres - Part 9: Evaluvation of the operating times of tool
change and pallet change

(9.7) ISO 14137:2015, ed.2, Test conditions for wire electrical-
discharge machines (wire EDM) - Testing of the accuracy

(9.8) ISO 13041-5:2015, ed.2, Test conditions for numerically
controlled turning machines and turning centres - Part 5:
Accuracy of speeds and interpolations

(9.9) ISO 10791-1:20135, ed.2, Test conditions for machining centres
= Part 1: Geometric tests for machines with horizontal spindle
(horizontal Z-axis)

(9.10) ISO 1985:2015, Machine tools ~ Test conditions for surface

grinding machines with vertical grinding wheel spindle and

reciprocating table - Testing of the accuracy

(10) Items for future work



(11) SC2 Recommendation concerning SC2-chairperson
(12) Date and venue of next meetings

(13) Information from ISO/TC 39 and Liaisons

(14) Any other business

(15) Approval of resolutions

(16) Closure of the meeting
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#RH 3 : Adoption of the agenda
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¥ H§ 6.2 : Appointment of Sustainable Development Goals

(SDGs)
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2aHE 7 @ Report and follow-up of actions relating to the 92nd
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$HE§ 7.1 ISO 10791-2, Test conditions for machining centres -

Part 2: Geometric tests for machines with vertical
spindle (vertical Z-axis)

&AM E IR & > 1S0 10791-2 7.3 3 il U 5w 0o # A B
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B EE 8.2 : ISO 8$636-2, Machine tools - Test conditions for
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BRFE 8.3 : ISO 8636-1, Machine tools - Test conditions for
bridge-type milling machines - Testing of the
accuracy - Part 1: Fixed bridge (portal-type)
machines (PL: R. Ottone, M. Tsutsumi)
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HBiFE 8.4 : ISO/TS 230-13, Test code for machine tools - Part
13: Guidelines on acceptance tests for machine tools
used as coordinate measuring machines
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machining centres - Part 6: Accuracy of speeds
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R2iH 9 Results of the recent Systematic Reviews
TR GEZETNRRER
HEE 9.1: IS0 4703:2001 (Ed 3, vers 4), Test conditions for surface
grinding machines with two columns - Machines for
grinding slideways - Testing of the accuracy
RRBE
FSEBERY B AEREE 1SO4703 WEEEHHE 2
AT
LAEMEAE  BREFETERSER {E{ﬁﬁéﬁ%f“ﬂ“ﬁ%ﬁzﬁ
REZHEESEEN - _
2EEWMIER X MEEHNENRNER » LA Dr. Masaomi
Tsutsumi SEAEEERERE A > DUE B 518 5T 55 28 5 1 51 [
O AME ROHFEE AARZHBEEMALEZ TG
RS TEUMEBERREERENARE 2 EEPE TE -
iR 9.2 IS0 230-1:2012 (Ed 3, vers 2), Test code for machine
tools - Part 1‘: Geometric accuracy of machines
operating under no-load or quasi-static conditions
AR
ADHERE > BERAREE 1S0 230-1 MB35 > i
s AT
] R R AR @K*ﬁiﬁéﬁﬁ%ﬁ?ﬁjﬁfﬁ%ﬁ&ﬁfﬁw@Zﬂ%%‘?ﬁ
o RRRE P RITHERE o i imET AR A 2 M F S R
W R ABERRE TRE TR -
R 9.3 1 IS0 1984-1:2001 (vers 4), Test conditions for manually
- controlled milling machines with table of fixed height —
Testing of the accuracy ~ Part 1: Machines with

horizontal spindle (N3039)
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ZeHH 9. 4 1 [SO 1984-2:2001 (vers 4), Test conditions for manually
' controlled milling machines with table of fixed height -

Testing of the accuracy — Part 2: Machines with vertical

spindle
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ANNEEE  BIAXER 180 1984-2 FET R R EE 2R
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ez R R AR RS A EE AR 2 RE AL
RIS 93 & BHARBEER UM ARIIATRERREE
(RERE
SEH 9. 5: [SO 10791-8:2001 (vers 4), Test conditions for machining

centres — Part 8: Evaluation of contouring performance
in the three coordinate planes
HEHME - |
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R RFESR AR E o A0 AR B A MR O AT T B > R
BREFPREIERSEN HERAEE REka2al
TINEEZEH  AEBIVATREZHEETHS -
2R 9.6 ISO 10791-9:2001 (vers 4), Test conditions for machining

centres — Part 9: Evaluation of the operatiﬁg times of
tool change and pallet change
HEME -

ASERBE  BOARESE IS0 10791-9 EEE R H1% >
PRERAT

BB RS SE  H AR RN U R R s
RRBFETHEREES - AERAEREZ NS ZEH BT
NEEZEH 0 REBIIA FTREHBRETH -

ﬁ% 9.7: 180 14137:2015, ed.2, Test conditions for wire electrical-
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (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, governmental and non-governmental, in liaison with IS0, also take part in the work. IS0
collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identi{ying any or all such patent rights. Details of any
patent rights identified during the development of the document will be in the Introduction and/or on
the 1S0 list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of 1SO specific terms and
expressions related to conformity assessment, as well as information about 1S0's adherence to the World
Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT), see

www.iso.org/isq/foreword.html.

This document was prepared by Technical Committee [SO/TC 39, Machine tools, Subcommittee SC 2, Test
conditions for metal cutting machine tools.

This fourth edition cancels and replaces the third edition (ISO 2407:1997), which has been technically
revised. The main changes compared to the previous edition are as follows:

—  Corrections in Amendment 1:2016 have been applied;

— References to SO 230 series have been updated;

— Tests for optional Bl-axis have been added;

—  Anew Annex A (Informative), Error motions of axes of rotation has been added.

In addition to text written in 1SO official languages, this document gives, in informative Annex B, Table
B.1, the equivalent terms in German, Italian, Japanese and Persian; these are published under the
responsibility of the member body for Germany {DIN), Italy (UNT), Japan (JISC) and Iran (INSO) and are
given for information only. Only the terms given in the official languages can be considered as 150 terms.

Any feedback or questions on this document should be directed to the user's national standards bedy. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Test conditions for internal cylindrical grinding machines with
horizontal spindle — Testing of accuracy

1 Scope

This document specifies, with reference to ISO 230-1, 230-2 and [SO 230-7, geometric tests, positioning
tests and machining tests on general purpose and normal accuracy internal cylindrical grinding machines
with horizontal spindle, whether fitted with a facing wheelhead slide or not. It also specifies the
applicable tolerances corresponding to the above-mentioned tests.

This document deals only with the verification of the accuracy; it applies neither to the testing of the
machine operation (vibrations, abnormal noise, stick-slip motion of components, etc), nor to the
checking of its characteristics (such as speeds, feeds, etc.), which should generally be checked before the
testing of the accuracy.

This document provides the terminology used for the principal components of the machine and the
designation of the axes with reference to 1SO 841.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 230-1:2012', Test code for machine tools - Part 1: Geometric accuracy of machines operating under no-
load or quasi-static conditions

IS0 230-2:2014, Test code for machine tools - Part 2: Determination of accuracy and repeatability of
positioning of numericolly controlled axes

IS0 230-7:2015, Test code for machine tools -- Part 7: Geometric accuracy of axes of rotation

3 Terms and definitions

For the purposes of this document, the terms and definitions giveninISO 230-1:2012 and [SO 230-7:2015
apply. |

IS0 and TEC maintain terminological databases for use in standardization at the following addresses:
— IS0 Online browsing platform: available at https:/ /www.iso.org/obp
— IECElectropedia: available at hittp://www.electropedia.org/

4 Machine configurations
The common characteristic of all internal cylindrical grinding machines with horizontal spindle is that

they have at least one horizontal workhead and one wheelhead on the bed and the spindles are facing
each other. The workhead can swivel around a vertical axis (B'-axis) for grinding conical surfaces.

© IS0 2022 - All rights reserved 1
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Key
English French
1 bed banc
2  wheelhead poupée porte-meule
3  wheelhead cross slide (X-axis) charlot transversal de poupée porte-meule {axe X)
4 wheelhead carriage (Z-axis) chariot de poupée porte- meule (axe Z)
5  wheel spindle ((C1)-axis) broche porte-meule (axe (C1))
6  internal grinding wheel meule intérieurs
7 workhead (swivelling) poupée porte-pitce (pivotante)
(including B'-axis and C'-axis) (incluant 'axe B et'axe C)
8  workhead cross slide (X'-axis) chariot transversal de poupée porte-pitce
9 workholding spindle broche porte-pidce
10  workpliece guard protecteur de la pigce
11 wheel guard carter de meule
12 facing wheelhead poupée porte-meule & surfacer
13 swivel arm (with drive and guard) (€3-axis) bris pivotant (avec dispositif dentrainement et protecteur] (axe C3)
14  facing spindle ({C2)-axis) broche porte-meule & surfacer (axe (C2))
15 facing wheel meule 4 surfacer
16 facing wheel quill (W-axis) coulant de meule a surfacer (axe W)
17 Bl-axis axe Bl

Figufe 1 — Machine configurations

Depending upon the machine design, one of the two heads (workhead or wheelhead) can move along the
X-axis. The wheelhead usually can move along the Z-axis (see Figures 1a) and 1b}).

2 © ISO 2022 -~ All rights reserved
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In some cases, these machines are equipped with a facing wheel. This can be accomplished by means of
the second wheelhead as shown in Figure 1c) or by an additional swivelling wheelhead attachment. This
attachment is usually mounted on the workhead with a linear motion (W-axis) parallel to Z-axis and a
swivelling motion (C3-axis) around the W-axis (see Figure 1d)).

In some caées, these machines are equipped with a B1-axis that is mounted on the wheelhead cross slide
(X-axis) and allows a fast tool change (2 to 4 axes). In some machine tools, B1-axis is a continuous axis.

5 Preliminary remarks

5.1 Measuring units

In this document, all linear dimensions, deviations and corresponding tolerances are expressed in
millimetres; angular dimensions are expressed in degrees, and angular deviations and the corresponding
tolerances are expressed in ratios but in some cases microradians or arcseconds are used for clarification
purposes. The equivalence of the following expressions should always be kept in mind:

(,010/1 000 =10 prad = 2" ' (1)
5.2 Reference to IS0 230-1, 1SO 230-2 and IS0 230-7

To apply this document, reference shall be made to ISO 230-1 when required, especially for the
installation of the machine tool before testing, warming up of the spindle and other moving components,
description of measuring methods and recommended accuracy of testing equipment.

In the “Observations” block of the tests described in the following clauses, the instructions are followed
by a reference to the corresponding clause in IS0 230-1, [SO 230-2 and ISO 230-7, in cases where the test
concerned is in compliance with the specifications of that part of ISO 230.

5.3 Machine levelling

Prior to conducting tests on a machine tool, the machine tool should be levelled according to the
recommendations of the supplier/manufacturer (see 1SO 230-1:2012, 6.1).

5.4Temperature conditions

The temperature conditions throughout the tests shall be specified by agreement between the
manufacturer/supplier and user.

5.5 Testing sequence

The sequence in which the tests are presented in this document in no way defines the practical order of
testing. In order to make the mounting of instruments or measuring easier, tests may be performed in
any order.

5.6 Tests to be performed

When testing a machine, it is not always necessary or possible to carry out all the tests described in this
document. When the tests are required for acceptance purposes, it is up to the user to choose, in
agreement with the supplier/manufacturer, those tests relating to the components and Jorthe properties
of the machine which are of interest. These tests are to be clearly stated when ordering a machine. Mere
reference to document for the acceptance tests, without specifying the tests to be carried out, and without
agreement on the relevant expenses, cannot be considered as binding for any contracting party.

© 150 2022 - All rights reserved . 3
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5.7Measuring instruments

Measuring instruments indicated in the tests described in the following clauses are examples only. Other
instruments capable of measuring the same quantities and having the same, or a smaller, measurement
uncertainty can be used. Reference shall be made to ISO 230-1:2012, Clause 5, which indicates the
relationship between measurement uncertainties and the tolerances.

When a “dial gauge” is referred to, it can mean not enly dial test indicators (DTI), but any type of linear
displacement sensor such as analog or digital dial gauges, linear variable differential transformer
(LVDTs), linear scale displacement gauges, or non-contact sensors, when applicable to the test concerned.

Similarly, when a “straightedge” is referred to, it can mean any type of straightness reference artefact,
such as a granite or ceramic or steel or cast-iron straightedge, one arm of a square, one generating line
on_a cylindrical square, any straight path on a reference cube, or a special, dedicated artefact
manufactured to fit in the T-slots or other references.

In the same way, when a “square” is mentioned, it can mean any type of squareness reference artefact,
such as a granite or ceramic or steel or cast-iron square, a cylindrical square, a reference cube, or, again,
a special, dedicated artefact.

When a “precision level” is referred to, it can mean any type of level such as bubble tube, digital and
analogue electronic levels.

Valuable information on measuring instruments is available in 1S0/TR 230-11.

5.8Software compensation

When built-in software facilities are available for compensating geometric, positioning, contouring and
thermal deviations, their use during these tests should be based on agreement between
manufacturer/supplier and user, with due consideration to the machine tool intended use, e.g. if the
intended use of the machine tool is with or without software compensation for geometric errors. When
the software compensation is used, this shall be stated in the test report. It shall be noted that when
software compensation is used, some machine tool axes cannot be locked for test purposes.

Valuable information on numerical compensation of geometric errors can be gathered in ISO/TR 16907.

5.9Machining tests

Machining tests shall be made with finishing cuts only, not with roughing cuts which are liable to generate
appreciable cutting forces.

5.10 Minimum tolerance

By mutual agreement, manufacturer/supplier and user can establish the tolerance for a measuring length
different from that given in the tests described in the following clauses. However, it shall be considered
that the minimum value of tolerance is 0,005 mm unless otherwise specified.

In specifying the minimum tolerance, measurement uncertainty associated with the test and the
recommended instrument, shall be taken into account, see 5.7.

5.11 Diagrams

For reasons of simplicity, the diagrams in clauses 6, 7 and 8 of this document illustrate only one type of
machine.

4 ©1S0 2022 - All rights reserved
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6 Geometric tests

6.1 Linear axes motions

Object G1

Checking of straightness of the wheelhead (or workhead) slide motion along the Z-axis:
a) in the vertical plane, Eyz;

b) in the horizontal plane, Exz.

Diagram
Y Y Y ‘ Y
L, X Z [—— X A
a) " a) "
b) : b)
Tolerance

a) 0,015 for a measuring length of 250
b) 0,008 for a measuring length of 250

Measurement results

a)
b)

Measuring instruments

Dial gauge and test mandrel or straightedge, or optical instruments

Observations and references to ISQ 230-1: 8.2

When a test mandrel is used, the dial gauge support shall be placed on the wheelhead and the test mandrel in the
workholding spindle.

When a straightedge is used, the dial gauge support shall be placed on a fixed part of the wheelhead, the stylus
touching a straightedge laid approximately parallel to the Z-axis motion.

© IS0 2022 - All rights reserved 5
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Object G2

Checking of squareness of the motion of the wheelhead cross slide or workhead cross slide (X-axis) to the Z-axis
motion, Espozx

Diagram
X
’ ) TILIT
-5
— = ] 1T
u _...
Key
L distance between the two points touched
Tolerance
0,020/300 (0,066/1 000}
where 300 is the distance between the two points touched, L.
Measurement results
Measuring instruments

Test mandrel and dial gauge support or optical instruments

Observations and references to IS0 230-1: 10.3.2 and 10.3.3

Set a test mandrel on the workholding spindle and adjust the workhead (B'-axis) so that the spindle axis is parallel
to the Z-axis motion.

Fix the dial gauge support on the test mandrel, with the stylus of the dial gauge touching a point of the wheel
spindle.

Turn the workholding spindle through 18 0° and move the X-axis until the stylus again touches the same point.

The difference in readings of the dial gauge divided by the distance between the two points touched is the
squareness error to be reported.

6 © 150 2022 - All rights reserved
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6.2 Workholding spindle

Object G3

Checking of the workholding spindle rotation:
a) run-out of the external centring surface;
b) axial error motion, Ex;

¢) face run-cut of the front resting surface

Diagram
a) X
A
——ppr— [
b}
c)
Key
4 distance from the spindle axis F axial force
Tolerance
a) 0,005
b) 0,005
¢) 0,010
Measurement results
a)
b)
c)

Measuring instruments

Dial gauge for a} and c) and dial gauge with flat-ended stylus tip for b)

Observations and, for a) and c), reference to I1SO 230-1:2012, 12.5; For b}, reference to IS0 230-7:2015,
54.4

Fora): In the case of a tapered spindle nose, the stylus of the dial gauge shall be set normal to the surface to be
checked.

Forb): The value and the direction of the axial force F to be applied shall be specified by the
supplier/manufacturer. Where preloaded thrust bearings are used, no force needs be applied.

Forc): Distance A of the dial gauge from the spindle axis shall be as large as possible,

See also test AR1 in Annex A

© 150 2022 - All rights reserved 7
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Ohject G4

Checking of run-out of the internal taper of the workholding spindle
a) near the spindle nose;
b) at a distance 0f 100 or 250

Diagram
X
o 100 or 250 y/
o,
{/ i '\....._ -
s J
T ) \Luj b)
Tolerance
a) 0,005

b) 0,010 for a measuring distance of 100

0,015 for a measuring distance of 250

Measurement results
Measured distance:

a)

b)

Measuring instruments

Test mandrel and dial gauge

Observations and references to IS0 230-1: 12.5

In the case of an internal taper, the test shall be made with the aid of a test mandrel.

8 © IS0 2022 - All rights reserved
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Object G5

Checking of parallelism of the workholding spindle axis, ('), to the Z-axis motion of the wheelhead (or ofthe
workhead):

a) in the vertical plane, Eapzye);

) in the horizontal plane, Erxeozc).

Diagram
Y Y Y Y
L X L. VA I_. X L—» KA
a) [ a)
b) : b)
Tolerance

a} 0,008/100,0,020/250 (0,080/1 000); test mandrel end directed upwards
b) 0,003/100,0,008/250 [0,032/1 000)

Measurement results

a) *

b)

Measuring instruments

Test mandrel and dial gauge or optical instruments

Observations and references to ISO 230-1: 12.5

The checking shall be done first at one angular position of the workholding spindle and then repeated after
rotating the spindle through 180° Mean values shall be taken at each measuring point in order to evaluate the
parallelism error.

© 150 2022 - All rights reserved 9
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Object G6

Checking of parallelism of the workhead swivelling plane to the X-axis.

Diagram
Y
Z
X
Z
Key
! difference in X-axis positions between measuring points A and B
Tolerance

0,010/100 (0,100/1 000)

Measurement results

Measuring instruments

Test mandrel and dial gauge

Observations and references to IS0 230-1: 12.3.3.2

A reading shall be taken when the workhead is locked in position A. Swivel the workhead towards its external
positionB and touch the stylus of the dial gauge to the same point of the test mandrel as in position A, moving the
cross slide and the Z-axis, The difference between the readings at positions A and B is the value to be reported.
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6.3 Wheel spindle

Object . G7

Checking of run-out of internal taper of the wheel spindle (wheel mounting diameter):
a) near the spindle nose;
b) at a distance of 100 or 250

This test is applicable to all available wheel spindles.

Diagram
X
100 or 250 7
b) _{/ ———
.

N
Tolerance
a) 0,005

b) 0,010 for a measuring distance of 100

0,015 for a measuring distance of 250

Measurement results
Measured distance:

a)

b)

Measuring instruments

Test mandrel according to the type of spindle nose and dial gauge

Observations and references to [SO 230-1: 12.5.3
In the case of an internal taper, the test shall be made with the aid of a test mandrel.

See also test AR2 in Annex A.
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Object G8

Checking of parallelism of the wheel spindle axis, (C1), to the Z-axis motion of thewheelhead (or of the workhead):

a) in the vertical plane, Exozyiciy
b) in the horizontal plane, Espzien.

This test is applicable to all availahle wheel spindles.

Diagram

Y Y Y Y

b)

Tolerance
a) 0,007/100,0,020/300 (0,065/1 000); test mandrel end directed upwards
b) 0,004/100,0,010/300 (0,035/1 000)

Measurement results
a)
b)

Measuring instruments

Test mandrel and dial gauge or optical instruments

Observations and references to IS0 230-1: 10.1.3

The checking shall be done first at one angular position of the wheel spindle, C1, and then repeated after rotating
the spindle through 180°. Mean values shall be taken at each measuring point in order to evaluate the parallelism
error.
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Object G9

axis, (C1), in the vertical plane.

This test is applicable to all available wheel spindles.

Checking of the equidistance (difference in height) of the workholding spindle axis, €', and the grinding spindle

Diagram
Y Y
X VA
a)
b} (2
Tolerance
0,025

Measurement results

Measuring instruments

Dial gauge and dial gauge support, or optical instruments

Observations and references to 150 230-1: 12.3.3
The test shall be carried out in the vertical plane after having obtained alignment in the horizontal plane.

Specific care shall be devoted to minimize the compliance of the dial gauge support.

© IS0 2022 - All rights reserved

13



ISO CD2 2407:2022(E)

6.4 Facing wheelhead

Object G10

Checking of the facing spindle:
a) run-out of the external centring surface;
b) axial error motion, Ezca;

c) face run-out of the front resting surface.

Diagram
X
r
Key
A distance from the spindle axis F axial force
Tolerance
a] 0,005
b) 0,005
¢) 0,010
Measurement results
a)
b)
)

Measuring instruments
Dial gauge for a) and ¢) and dial gauge with flat-ended stylus tip forb)

Observations and, for a) and c), reference to 150 230-1:2012, 12.5; For b}, reference to 1S0 230-7:2015,
544

For a):

In the case of a tapered spindle nose, the stylus of the dial gauge shall be set normal to the surface to be checked.
Forb):

The value and the direction of the axial force F to be applied shall be specified by the supplier/manufacturer.
Where preloaded thrust bearings are used, no force needs be applied.

Forc):

Distance 4 of the dial gauge from the spindle axis shall be as large as possible.

See also test AR2 in Annex A,
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Object G11
Checking of perpendicularity of the flange face of the facing spindle, (C2}, to the workholding spindle axis, C’
Diagram

X
Tolerance

0,020 over 300
where 300 is the distance between the two points touched.

Measurement results

Measuring instruments

Dial gauge and dial gauge support

Observations and references to 1S0 230-1:12.4.1 and 12.4.8

The dial gauge is rotated through 360° and the largest variation in the readings is the squareness error to be
reported
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Object G12

Checking of parallelism of the facing spindle axis, (C2), to the Z-axis motion (of the wheelhead or of the
workhead}:

a) in the vertical plane, Eaqpzc2);

b) in the horizontal plane, Espzcz).

Diagram
Y Y
X 7.
N
a) - —--—J
b] \' '\ Jz'
100 or 250
Tolerance

a) 0,008/100,0,020/250 (0,080/1 000); test mandrel end directed upwards
h)  0,003/100, 0,008/250 (0,032/1 000) '

Measurement results
a)
b)

Measuring instruments

Dial gauge and test mandrel

Observations and references to 1SO 230-1: 10.1.3

The checking shall be done first at one angular position of the facing spindle, (C2}, and then repeated after rotating
the spindle through 180°. Mean values shall be taken at each measuring pointin order to evaluate the parallelism
error.
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Object G13

Checking of squareness of the motion of the facing wheelhead, (swivelling around C3-axis or linear along the X-
axis}, to the workholding spindle axis.

Diagram

Key

a swivelling angle

Tolerance
0,010/300 {0,035/1 000) with & = 90°

Measurement results

Measuring instruments
Dial gauge and flat disc or straightedge
Observations and references to ISO 230-1: 12,4,1 and 12.4.6

The disk is nominally ffat and perpendicular to the C’-axis.

The dial gauge is rigidly mounted on the facing wheelhead and it is brought to contact the disk. The C3-axis is
swivelled and a new reading of the dial gauge is taken.

The difference between the two readings divided by the distance between the two measurement points is the
squareness error to be reported.
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7 Positioning tests

Object Pl

Checking of the repeatability of the finishing approach of the wheelhead cross slide (or the workhead cross slide).

Diagraimn
‘ |
|
Y
o
I
; 1
Tolerance
0,002

Measurement results

Measuring instruments

Dial gauge

Observations and references to ISO 230-1

Carry out five consecutive tests for the wheelhead cross slide positioning (or workhead slide positioning), the
motion being obtained by a quick approach followed by a slow approach.

The range of individual positioning measurements is the measurement result to be reported.
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Object P2

Checking of the accuracy and repeatability of the X-axis motion of the wheelhead cross slide, Exx.

Diagram
5 4
X
Wi, j
t I—» Z
i
3
2
1
Key
1 laser head 2 interferometer 3 retro-reflector 4 wheelhead carriage 5 worlkhead
Measuring length Measurement
results
Tolerance
Measured
Foraxesup to 1 000 <500 <1000 length
Unidirectional positioning accuracy of X-axis® Exxan Exxal 0,016 0,020
Unidirectional positioning repeatability of X-axis 2 Exxrt; Fxurd 0,006 0,008
Mean reversal value of X-axis Exx g 0,010 0,013
Unidirectional systematic positioning error of X-axis 2| Exxar; Exxn 0,008 0,013

a  Possible basis for machine acceptance,

Measuring instruments
Laser measurement equipment or linear scale,

Observations and references to 150 230-2:2014, 3, 5.3.2 and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used,
it shall be set on the table parallel to the Z-axis, the scale reader being on the tool position. When laser equipment
is used, the reflector shall be set on the spindle head and the interferometer on the workhead.

Concerning the test conditions, test program and presentation of results, IS0 230-2:2014, Clauses 3, 4 and 7 shall
be referred to. The starting point of measurement shall be stated.
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Object : : P3
Checking of the accuracy and repeatability of the Z-axis motion of the wheelhead carriage, Ezz.
Diagram
5 X
— =1
A— |
= A
I 2 3 4
3,
Key
1 laser head 2 interferometer 3 retro-reflector 4 wheelhead carriage 5 workhead
Measuring length Measurement
Tolerance results
For axes up to 2 000 <500 | <1000 | <2000 |Measured
length:
Bi-directional positioning accuracy of Z-axis? Fzza 0,025 | 0,032 0,040
Unidirectional positioning accuracy of Z-axis Ezzat; Ezzp | 0,015 | 0,019 0,024
Unidirectional positioning repeatability of Z-axis 2 Ezzpn;Fzza | 0,008 | 0,010 0,013
Mean reversal value of Z-axis Bz 0,010 | 0,013 0,016
Bi-directional systematic positioning error of Z-axis Ezz 0,016 | 0,020 0,025
Unidirectional systematic positioning error of Z-axis 2 | Ezzer; Ezzes | 0,008 0,010 0,013
Mean bi-directional positioning error of Z-axis ? Ezzm 0,010 | 0,013 0,016
For axes exceeding Z 000
Bi-directional systematic positioning error of Z-axis 2 Ezzp 2’c? (figi:n[:::lo f ?) gc())r each
Mean bi-directional positioning error of Z-axis Ezzm 0,025 + 0,005 for each

additional 1 000

a  Pgssible basis for machine acceptance.

Measuring instruments
Laser measurement equipment or linear scale.

Observations and references to kS0 230-2:2014, 3,5.3.2 and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used,
it shall be set on the table parallel to the Z-axis, the scale reader being on the tool position. When laser equipment
is used, the reflector shall be set on the spindle head and the interferometer on the workhead.

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each. Tolerances
for axis lengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended, for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with any excess length equally divided at the
beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test
over the total travel of the axis (once forward and once backward) shall be performed.

Concerning the test conditions, test program and presentation of results, IS0 230-2:20 14 Clauses 3, 4 and 7 shall
be referred to. The starting point of measurement shall be stated.
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Object P4
Checking of the accuracy and repeatability of the B1-axis of rotation, Egp1.
Diagram '
1 2 3
// /s | d X
W ] iy Lz
Key
1 workhead 2 autocollimator 3 polygon
Tolerance For 360° Measurement
(30° or 45° interval positioning) “ prad results
Bi-directional positioning accuracy of C’-axis Ezp1.a 11 55
Unidirectional positioning repeatability of C'-axis @ Epairt; Enpiri 6 30
Bi-directional positioning repeatability of C’-axis EnB1R 8 40
Mean reversal value of ('-axis Eppip 6 30
Bi-directional systematic positioning error of C'-axis 2 Eprip 6 30
Mean bi-directional positioning error of ¢’-axis Epaim 4 20

2 Possible basis for machine acceptance.

Measuring instruments

Laser angle measuring equipment or polygon and autocollimator.

Ohservations and referencés to IS0 230-2:2014, 3, 5.3.4 and 5,3.5

be referred to.

Angular positioning feed speed shall be agreed between manufacturer/ supplier and user,

Fix the autocollimator on the workhead side of the machine tool and fix the polygon near the centre of the Bl-axis
of rotation, in alignment with the autocollimator at the first measuring rotary position.

Target positions shall be selected according to ISO 230-2:2014, Table 1.

Concerning the test conditions, test program and presentation of results, ISO 230-2:2014, Clauses 3,4 and 7 shall

© IS0 2022 ~ All rights reserved
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8 Machining tests

Object M1

Checking of the accuracy of the bore of a test piece ground by internal grinding
a) roundness
b) consistency of diameters

Diagram
%7
X
g~
N N (P L o
7 " Z
G777
{
D= maximum admissible d {
diameter for grinding (mm) a (mm) (mm)
D =40 15 25
40 <D =80 30 50
80< D =150 60 100
150 <D 100 150
Key
d test bore diameter
! test bore length
a Refer to M2 Diagram
Tolerance -
a} 0,003
b) 0,005 forl=25
0,005 forl=50
0,010 forf=100
0,015  forlI=150
Measurement results Maximum admissible diameter D:
a)
h)

Measuring instruments
Bore gauge and roundness measuring machine

Observations and references to 150 230-1:2012, B.1.1 and B.1.2
Grinding of the test piece shall be conducted along the whole length J, without arbor support.

For a): Measurements for roundness shall be made at several positions of the test piece and the greatest measured
value shall be recorded.

For b): Variation of diameter shall be measured at both ends and in the middle of the test piece. The measurements
shall be carried out in a single axial plane. Any taper should be such that the largest diameter is near the workhead.
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0,010 for d1 =300

The ground test piece shall be flat or concave

Object M2
Checking of the flatness of the ground face of a disk
Diagram
1 \
7 o
- n // K g | X
. 7N
—_—— Ll i
=Y
a Z
1 %
Key
1 grinding wheel
D maximum admissible diameter for grinding
d: outer diameter of the disk
dz outer diameter of the grinding wheel
! width of ground face
Tolerance

Measurement results

Measuring instruments

Straightedge and gauge blocks for surface plate and dial gauge or CMM

Observations and references to [SO 230-1: B.1.1 and B.1.2

The test piece shall be mounted on a face plate or chuck.

workhead spindle,

2 2
dl—ng, l—‘g‘xdz

The workhead spindle axis is set parallel to the Z-axis motion, Facing of a flat surface perpendicular to the

The outer diameter diofthe disc and the width / of the ground face shall be conforming to the following formulae:

© 150 2022 - All rights reserved
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Annex A
(informative)

Error motions of axes of rotation

A.1 Rotational accuracy of workholding spindle, €’

Object
Axis of rotation error motion for workholding spindle C":

a) radial error motion in direction of X, Exc;
b) axial error motion, Fic;

¢) tilt error motion around the Y-axis, Eac.

AR1

minimum speed instead.

requirements shall be considered.

Diagram
Y
L Z
Key
1to5 linear displacement sensors
Tolerance ' At percentage of maximum speed
10% 50%
a) radial error motion in X direction Exc 0,005 at all speeds
b) axial error motion Erc 0,003 at all speeds

¢) tilt error motion around the Y-axis ~ Esc  to be defined between manufacturer/supplier and user

If the minimum speed is larger than 10 % of the maximum speed, then the spindle should be operated at

Warning: Maximum rotational speed defined by measurement equipment manufacturer and 150 16089 safety

Measurement results At percentage of maximum speed
10% 50%
a)
b)
c)

24
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Measuring instruments

Test mandrel, non-contacting linear displacement sensors and angular measuring device or two precision
spheres located slightly eccentric to the spindle axis average line and non-contacting linear displacement
Sefsors.

Observations and references to ISO 230-7
This test is a spindle test with fixed sensitive direction (IS0 230-7:2015, 5.4).

After setup of the measuring instrument, the spindle should be warmed up at 50 % of the maximum spindle
speed for a time period of 10 min, if not otherwise agreed between manufacturer/supplier and user.

a) Total radial error motion value, Exe, (using sensors 1 and 2).

Total radial error motion measurement is described in ISO 230-7:2015, 5.4.3. The radial error motion should
be measured as close as possible to the spindle nose.

For the total radial error motion, Exc, an error motion polar plot with a least square circle (LSC) centre should
be provided. i

b) Total axial error motion value, Fze (using sensor 3),
Axial error motion measurement is described in ISO 230-7:2015, 5.4.4.
For the axial error motion Ezc, a total error motion polar plot with a polar chart (PC} centre should be provided.

¢) Tilterror motion values, Eee (using sensors 1, 2, 4 and 5).

Tilt error motion measurement is described in IS0 230-7:2015, 5.4.5. The tilt error motion can also be checked
with just one non-contacting sensor (see IS0 230-7:2015, 5.4.5.2 and 5.4.54),

For the tilt error motion, Fee, an error motion polar plot with a polar chart (PC) centre should be provided,

For these tests the following parameters should be stated:

1} the radial, axial or face locations at which the measurements are made;

2) identification of all artefacts, targets and fixtures used;

3) the location of the measurement setup;

4) the position of any linear or rotary positioning stages that are connected to the device under test;

5) the direction angle of the sensitive direction, e.g. axial, radial or intermediate angles, as appropriate;

6) presentation of the measurement result, e.g. error motion value, polar plot, time-based plot, frequency-
content plot; '

7) the rotational frequency of the spindle (zero for static error motion);
8) the time duration in seconds or number of spindle rotations;
9) appropriate warm-up or break-in procedure;

10} the frequency response of the instrumentation, given in Hertz or cycles per revolution, including roll-off
characteristics of any electronic filters — in the case of digital instrumentation, the displacement resolution
and sampling rate;

11) the structural loop, including the position and orientation of sensors relative to the spindle housing from
which the error motion is reported, specified objects with respect to which the spindle axes and the
reference coordinate axes are located and the elements connecting these objects;

12} time and date of measurement;
13} type and calibration status of all measurement Instrumentation;

14) any other operating conditions which can influence the measurement such as ambient temperature.

If the tilt measurements are not needed (by agreement between the supplier and the user]) then only three
displacement sensors are used (1, 2, and 3) and the test mandrel may be replaced by a precision test sphere.
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A.Z Rotational accuracy of wheel spindle (C1) and of facing spindle (C2)

Text references and symbols in AR2 refer to the wheel head spindle (C1). For testing the facing spindle,

references to (C1) shall be replaced with
be identified and tested. Symbols shall be

{€2). All additional wheel spindles axes (where present) shall
adapted accordingly.

1to 5 linear displacement sensors

Object AR2
Axis of rotation error motion for the wheel head spindle, (C1):
a) radial error motion in rotating sensitive direction, Exvien;
b) axial error motion, Ezcn);
c)  tilterror motion in rotating sensitive direction Eascc1).
Diagram

Y

]_—. Z

3 4 1
- —13) ©
] 5 2 —— .

Key

Tolerance

a) total radial error motion value  Exyicn)
b) total axial error motion value Ezen

c) totaltilt error motion value Enn(ca)
minimum speed instead.

requirements shall be considered.

If the minimum speed is larger than 10 % of the maximum speed, then the spindle should be operated at

Warning: Maximum rotational speed defined by measurement equipment manufacturer and ISO 16089 safety

At percentage of maximum speed
10% 50% 100%
0,005 atall speeds
0,003 atall speeds

to be defined between manufacturer/supplier and user

Measurement results

At percentage of maximum speed
10% 50% 100%
a) |
b)

26
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Measuring instruments

Test mandrel, non-contacting linear displacement sensors and angular measuring device or two precision
spheres located slightly eccentric to the spindle axis average line and non-contacting linear displacement
Sensors.

Observations and references to 150 230-7
This test is a spindle test with rotating sensitive direction (ISO 230-7:2015, 5.3).

After setup of the measuring instrument, the spindle should be warmed up at 50 % of the maximum spindle
speed for a time period of 10 min, if not otherwise agreed between manufacturer/supplier and user.

a) Total radial error motion value, Exv(c1y, (using sensors 1 and 2).

Radial error motion measurement is described in 1SO 230-7:2015, 5.3.2. The radial error motion should be
measured as close as possible to the spindle nose.

For the radial error motion, Ex(cz), a total error motion polar plot with a least square circle (LSC) centre should
be provided.

b} Total axial error motion value Bz (using sensor 3).
Axial error motion measurement is described in IS0 230-7:2015, 5.3.4.

For the axial error motion Ezcy), a total error motion polar plot with a polar chart (PC) centre should be
provided.

c¢) Total tilt error motion values, Fag(cyy (using sensors 1, 2, 4 and 5),

Tilt error motion measurement is described in 1S0 230-7:2015, 5.3.3. The tilt error motion can also be checked
with just two non-contacting sensors (see ISO 230-7:2015, 5.3.3.2).

For the tilt error motion, Es(1), a total error motion polar plot with a polar chart (PC) centre should be
provided.

For these tests the following parameters shali be stated:

1} the radial, axial or face locations at which the measurements are made:

2) -identification of all artefacts, targets and fixtures used;

3) the location of the measurement setup;

4) the position of any linear or rotary positioning stages that are connected to the device under test;

5) the direction angle of the sensitive direction, e.g., axial, radial or intermediate angles, as appropriate;

6) presentation of the measurement result, e.g. error motion value, polar plot, time-based plot, frequency-
content plot; .

7) the rotational frequency of the spindle (zero for static error motion);
8) - the time duration in seconds or number of spindle rotations;
9] appropriate warm-up or break-in procedure;

10) the frequency response of the instrumentation, given in Hertz or cycles per revolution, including roll-off
characteristics of any electronic filters — in the case of digital instrumentation, the displacement resolution
and sampling rate;

11) the structural loop, including the positicn and orientation of sensors relative to the spindle housing from
which the error motion is reported, specified objects with respect to which the spindle axes and the
reference coordinate axes are located and the elements connecting these objects;

12) time and date of measurement;
13) type and calibration status of all measurement instrumentation;

14) any other operating conditions which can influence the measurement such as amhbient temperature,

If the tilt measurements are not needed (by agreement between the supplier and the user} then only three
displacement sensors are used (1, 2, and 3) and the test mandrel may be replaced by precision test sphere.
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See Table B.1

Annex B

(informative)

Terms in other languages

Table B.1 — Terms in other than official ISO languages for Figure 1

Key | German Italian Japanese Persian
1 | Bett _ banco Sy ey
2 Schleifspindelstock testa porta-mola &y LihEE K poa S
Schleifspindel- slitta trasversale della EV UHhER 7 = A A F03 S e 888
3 uerschlitten (...} testa porta-mola 74 F ) (X ) S
4 (asse X) 7 S
- litta longitudinale ,
Schleifspindel- 5 i A 4 Fo o8 sk 58
4 lingsschlitten (..) della testa porta-mola W LENEHESE R (7 y3ms) B
(asse Z)
A mandrino porta-mola rome
5 Schleifspindel {...) (asse (C1)) & L (C1 s Jatd
6 Innenschleifscheibe mola per interni NIEAFE & v L sl S g
o testa porta-pezzo TAREdS (BEE N <
7 gs}z‘lffgzlilgsag;l}de; stock | Hientabile (comprende | 20 (B'#fi & O C'Eh © @ Jﬁg, in‘ iiﬁ
I'asse B' e 'asse ) BEte) IR
g | Werkstiickspindel- :list:: lt)t:rstx;i:;zzlzeodella THexiE 7o R A | 8 RK e 588
stockschlitten {...) (asse X F A4 KX (X' sn9)
Waerkstiickspindel- attrezzo del mandrino N 1< s
9 Aufnahme porta-pezzo LAF AR g
Werkstiick- dispositivo di ) PRI
10 Schutzeinrichtung protezione del pezzo THepmEe -
11 ;\é;ig:lngl:ichtung riparo della mola L LEW S 7 g Lablaa
e testa porta-mola a ‘ . = iy B 7 e KK
12 | Planschleifeinrichtung sfacciare SR BTE & v LEihEE 5
Schwenkarm (...) (mit braccio orientabile BEmE 7 — A (BR B d S mat) S 63
13 | Antrieb und (asse (€3)) con B R OBW ) ? )Tcé o J)i‘( e
Antriebsabdeckung) trasmissione e riparo (C3 %) g
. mandrino porta-molaa | SREAFE] &V L 23a) A Al
14 Planschleifspindel (...) sfacciare (asse (C2)) ((C2)TH) (€2
15 | Planschleifscheibe mola a sfacciare VR ATE & v L il iy K g s
16 | Schwenkarmachse (...) cannotto della molaa ﬁﬁﬁﬁu;ﬁ Jielr) - 51 oty S & dp S
sfacciare (asse W) A Zrih (W Hi) (W Jsas) L5
17 asse B1 B1. Bl Bl Jsae
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Studying the influence of the machining process on the geometrical defects

of the standardized S-shape test part
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ARTIGCLEINFO ABSTRACT

Keywords: In 2020, an S-shape part was proposed as a 5-axis reception test part in the new version of 180 10791-7:2020.
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This test part enables the testing of machine-tool behavior that Involves a high variation in tool axis orientation.
This test part is formed of an S-shape fillet which is machined in flank milling with an endmill of @20 mm. Any
defects of the machined part are influenced by the accuracy of the CAD model, the GAM tool path computation,
the measurement uncertainty of the free-formed surface by a coordinate measurement machine (CMM), and

machine-tool geemetrie behavicr. This article aims to quantify the Influence of all these steps on the final defects
of machined parts. The proposed conclusion to otir work Is based on analytical and numerical study and
experimental analysis, Finally, we propose an identification process for machine-tool architecture geometrical
defects pertaining to the measurement of the machined $-shape part.

1. Introduction

Contintious 5-axis machining enables the manufacture of parts with
complex shapes and uses a cutting tool deployed across a number of
industrial settings, such as mold making or aeronautics, Two machining
modes are generally used: end machining with a eylindrical, toroidal, or
hemispherical cutter; and flank machining with a cylindrical or conical
cutter. The machined parts must meet cost and time requirements while
machining a final geometry that conforms to the geometric
specifications.

During the execution of a 5-axis machining operation, several classes
of defects may influence the machined part [1,2]:

- #1 Geometrical defects due to positions of axzes.

- #2 Defects of the guidance of the translation axes (roll, yaw, pitch).

- #3 Inverse transformation defects due to the direct and inverse ki-
nematic models of the machine-toal.

- #4 Errors In the machining path calculation.

- #5 Tool path tracking errors due to the contrel loop performances of
the axes.

- #6 Errors related to the rotation of the culting tools during
machining (spindle runout, toel banding, vibration, etc.).

The influence of thermal defects is not covered in this study,
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The geometrical behavior measurement of machine tools is a critical
issue, as it Influences the geometrical conformity of the machined parts.
The puzpose of the acceptance or certification of a machine tool is to
valldate the ability of the machine tool to carry out machining opera-
Hons in conformity, i.e., with the required accuracy. Several methods
can be used to test a machine, depending o the defects to be evaluated:

- Static methods can be used to evaluate defects #1, #2, and #3 using
for example lasers, ball bars, or linear scales [3];

- Kinematic methods ensure the evaluation of machine movement
accuracy, to quantify, in addition, defect #5 using laser trackers, for
example [4];

- Measurement of a machined part ensures an evaluation of the com-
bination of all the defect classes, The machined part can be a test part
which is stzndardized or not. A classical test part for 3-axis
machining is introduced in the ISO standard [5].

The problem of defining machine-tool acceptance tests therefore
comprises the quantifying of machine-tool accuracy in a configuration
close to the future machining configuration. Static and kinematic
methods are excellent for setting np machines and evaluating their
intrinsic accuracy performance. Generaliy, they follow requirements
defined by a particular standard. However, they do not evaluate the
machine-tool behavior during machining; for example, they do not
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consider the influence of numerical controfler behavior in the tool path
following defect.

The problem of experimental error evaluation remains complex, and
a number of studles are moving toward the implementation of better
models for predicting these errors. In this vein, Shneor proposes a piece
of software that evaluates the accuracy of a machine-tool for the purpose
of 5-axis positional machining [6]. The kinematic model of a machine
structure is used to calculate an error matrix. The proposed model can be
used to modify a theoretical machining path and deduee the standard
errors on the machined surface, The model developed is relatively
simple and generle and does not consider the specific kinematic
behavior of the machine.

The machining of a part reproduces a machining configuration but
induces the appearance of defects #4 and #6. They may affect the
quality of the machined part, making this quality a result of factors
peyond geometrlc machine-tool behavior alone. Moreover, further de-
fects can appear as a consequence, for example, of CAD modeling.

The Hterature proposes different studies for the definition of a test
part. For example, Thiebaut defines a particular part for 3 axes free-form
machining [7]. Wiessner et al. dedicate part of their study to the influ-
ence of machine-tool thermal deformations [8]. Florussen proposes the
use of a torus-shaped test part with a hemispherical tool for evaluating
the accuracy of the machine tool during machining [9]. This method can
thus assess defects #1 to #5 while minimizing defect #6 because the
machining load is reduced. In addition, the surface is geometrically
simple to measure, On the other hand, the process is not faithful to the
operations generally used on this type of machine tool.

‘To clarity the reception process, ISO offers a reception part to qualify
5-axis machine tools, introduced in the new version of ISO
10791-7:2020, This test part enables the testing of machine-tool
behavior that involves a high variation in tool axis orientation [10].
This new part is called the S-shape test part. This test part is formed of an
S-shape fillet and a rectangular base (Fig. 1) [11].Itis machined in flank
milling with an endmill of #20 mm and generally manufactured from
aluminum alloy raw material.

A number of recent studies have quantified the dynamic solicitation
of each machine-tool axis [12-14}. Su compares the movement of the
rotary axes of the NAS 979 test part (first piece defined in the standard to
test a 5-axils machine-tool) and the S-shape test part [11]. This com-
parison shows an Increase of the rotary axis acceleration load for the
S-shape test part (Flg. 2). Thus, this S-shape test part alms to qualify the
5-axis geometrical behavior of a machine-tool and Numerical Controller
(NC) behavior.

The fillet is composed of two free-form ruled surfaces A and B defined
from fourth-order quasi-uniform rational B-splines (Fig. 1). The test
result is therefore influenced by the accuracy of the CAD model, the
CAM tool path computation, the measurement uncertainty of free form
surface by a coordinate measirement machine (CMM), and the machine-

Fig. 1, S-shape test part (180 10791-7:2020) [5].
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tool geometrie behavior [15]. Sato’s first study investigates the inftu-
ence of the CAM software and geometrical machine defects on machined
S-shape part defects [16]. In Sato’s work, the study of CAM software Is
limited to setting up trajectory computation tolerance.

This paper therefore aims to study the influence of each step of the
machining process on the part defect in order to improve the acceptance
testing process of machine tools. The idea is to separate all geometrical
defects occurring in the machining process including modeling parts,
caleulating the tool path, and the kinematic behavior of the machine
tool. In so doing, by measuring the machined S-shape test part, we can
be sure to identify the behavior that is detrimental to geometric quality.

After an introduction of the $-shape test part, a first analytical study
is undertaken In order to identify overcut and undercut resulting from
tool path computation. A second study shows the influence of CAM
software with an analysis of the tool path computation process. In a third
step, the Influence of the kinematic behavior of the machine tool 1s
studied. Finally, an S-shape test part {s machined, and the measurement
results are presented, In the light of both these measurements and the
findings of previous studies, we propose correction actions to improve
the acctracy of machining of part similar to S-shape test pieces. These
correction actions should ensure the improvement of machine-tool ac-
curacy during the 5-axis machining of free-form surfaces.

2. S-shape test part introduction with associated mathematical
means

The two fillet surfaces machined in flank milling of the S-shape test
part can be analytically described according to the standard model.

In the following, the geometry of the S-shape test part is introduced.
Following this, we provide the definitions of the four fourth-order
(cubic) quasi-uniform rational B-splines and the two ruled surfaces.

2.1. Geometrical S-shape test part definition

The S-shape test part is composed of two ruled surfaces. Each surface
follows two fourth-order quasi-uniform rational B-splines. The table in
Fig. 3 gives the control point positions for each fourth-order quasi-uni-
form rational B-spline used to define ruled surfaces A and B, as given in
the ISO standard.

Each fourth-order quasi-uniform rational B-spline is computed ac-
cording to the degree m (3 in this case), the set of weighted control
points (Flg. 3), and the given knot vector, In this case, the knot vector is:

U={ 1 234567891011 12)],]’]’1}

== (it dp gy My U5 B0, 10, By, i, D810, H1L 4 012y 113, 114y H1s, 16, Hi7, Bhis, Hig s Pag }

The basic functions Ny, used to compute B-spline equations are then
deduced from the recursion formula:

U w S Sy
Nip() = {0 otherwise

And Nya(#) = 725N o () -+ el -Ny o (1) for a = 1 tom with

U E [y, )
Finally, for example, the B-spline curve with P; control poeints can be
computed from:

Ce(t) = 5 Niu(t)Py with n = 15 and. u € [0,1]
i=0
In the standard, the tuled surface is computed from (Fig. 7).
80,v)=(1—v) X Colt) +v x C () (u [0, 1],y 0,1]) a
where for surface A, Co (1) = Colw) and Cy (1) = Cp{u) and for surface B,
Co(1) = Cu(u) and Cy{u) = Cu().

Thus, the analytical definition of surfaces A and B is computed using
equation (1). The machining tool path is derived from these two
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Fig. 2. Comparison of rotary axes of NAS 979 test piece and S-shape test plece [11].

surfaces. The measurement process of the S-shape test part is described
in the I1SO standard,

The measurement of the S-shape part is realized in 2 hundred given
points disttibuted equally on four curves, Two curves are located on
surface A and two curves are located on surface B at two different
heights 11 mm {named BOTTOM curve) and 25 mm (named TOP curve)
(Fig. 4.

In the following, we discuss the impact of the geometrical definition
of the S-shape test part on the machining of these surfaces.

2.2, Curve and ruled surface definition in a CAD software

A curve is an application that associates a parameter value to a 3D
point. Each S-shape test part surface is defined from an upper curve and
a lower curve. Each curve is defined from a fourth-order quasi-untform
rational B-spline, The quasi-uniform knot sequence indicates the struc-
ture of the curve setiing, This point is particularly eritical as it will
impact the orientation of the tools and therefore the geometric quality of
the machined surface. Tradidonally, two types of setting exist: the
setling on the curvilinear abscissa (l.e., all along the curve, the param-
eter is equal to the length ratio from the beginning of the curve, 1 = 0.5
= middle of the curve) and the quasi-uniform setting.
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Mathematically, a ruled surface is caleulated by connecting a point
on the upper curve to a point on the lower curve which has the same
parameter (Fig, 7). In CAD software, a ruled surface is constructed by
connecting a polnt on the upper curve to a point on the lower curve, As
the two curves are independent, there is not necessarily consistency
between the settings of these two curves. Therefore, CAD systems tend to
compute point palrs according to a geometric method and not according
to the curve setting. The fundamenta) issue is that curve setting is not
always specifiable in CAD software, Thus, the same curve definition can
lead to different curve shapes according to the particular CAD software
in use,

Fig. 5 shows an example of ruled surface computation from the same
two curves. The two computed surfaces §1 and S2 are different as the
straight line generatrix orieniation evolves strongly,

In the context of S-shape test part machining, the exact definition of
the surfaces and the deduced orientation 6f the tool play a key role in the
accuracy of the surface model. Indeed, a defect in tool axis orientation
leads to a machining defect. To avoid the impact of CAD software, ISC
experts choose to attach to ISO 10791-7:2020 a.stp file that defines S-
shape part geometry, In the following study, we base our analysis on the
analytical definition of the surfaces,
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b) Control points of ruled surface B
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Fig. 3. Definition of S-shape part geometry [5].

Eor each measurement curve polnts are labelled from 1 t0 25
for surface A and from 26 to 50 for surface B

Tig. 4, Measured points on S-shape test part.

3. Undercut and overcut for non-developable ruled surfaces

A number of studies research tool path computation for non-
developable ruled surfaces, particularly in the aeronautical context
117-19]. The main problem of S-axis flank milling concerns the contact
line between the tool and the surface. The presence of a non-zero twist
angle makes it impossible to define a machining tool path by the flank
allowing the nominal surface to be machined without “overcut” or
“nndercut” (Fig. 6). :
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3.1, Flank tangent position of a tool on a surfuce - undercut and overcut

The issue of computing the tool positlon tangent to a surface is
complex. The contact is not punctual, but rather as a curve along the tool
flank [171. Only developable ruled surfaces can be machined precisely
by a eylindrical or conical tool because the contact curve is equal to a
line. Non-developable ruled surfaces lead to interferences between the
tool and the part surface which lead to overcut and undercut [19].

To quantify overcut and undercut, a first computation of the theo-
retical tool path is realized with a strict application of equation (1).
Several vectors are defined from the S-shape test part (Big. 7

- R(u) is a normalized veetor as R(u) = gH4-l. R{u) is along a
straight line generatrix of the surface.

- T(u,v) is the tangent vector of a $(, ¥) curve obtalned for a constant
v and a varlable parameter k. T(1,) is therefore perpendicular to

B a8{uy)
R(t) and can be computed as: T(i,¥) = @y avec %“T“ﬂ =(1 -
.
o N
L.

~—(-1dcgu“ + vl Note that dald
=

- N(u,v) is defined as N(u, v) = £R(} x T(1,v) to be oriented toward
the outside of the part.

The tool path computation is realized from the assumption that the
tool is guided by the curve Co(u) and €, (). The axial position of the
tool is given by curve C; (i) as we consider that the tool section is always
in contact with €y (1). The tool radius Ry = 10 mm and the tool length
Ligot = 35 mm, Thus, the tool path equation is:

Y3

e
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Fig. 5. Variation of a straight line generatrix according to surface computation method S1 (Left} & 52 (right).
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Tioo (16) = Cy (&) + RyouN (2, 1) — Loy R{2r)

Thus, R(u) is the tocl axis orientation.

The machined surface is the tool envelope surface during the
movement along the path [17]. The tool envelape surface can be
computed from the property that a polnt M of the tool belongs to the

envelope surface If the normal ny to the tool surface at M is perpen-
dicolar to the speed of the point M:

¥

Vieioory My = G

(3)

As the tool is eylindrical, ny is always perpendicular to the tool axis
(Fig. 8).
However,

dOM OE
Vitewoijo = (_d!—)u = ((_d‘;_')U +82 x {hw + Ripamyg ) C))
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Fig. 8. Tool envelope surface computation,

where O is the center of a fixed coordinate system, E is the tool control
point, OE {5 the vector from O to E, £ is the instantaneous rotation speed
of tool axis as @ x w = 4¥, w is the unit vector of the tool axis, h is the
height of peint M and Ry, 1s the tool radius.

In our case study, OF — Tiyu(u) and w = R(1).

Thus, the point M, which belongs to the tool surface envelop, is glven
by the following equation accarding to the S-shape test part setting and
equation (4);

(lT(m,l (H)
die

dR{n)

It 0,
+i e AL

Ty

=0 (5)

To solve equation (5), as my is perpendicular to R(u), it can be

written as my{w, B} = cos(9(u, h)JT(x, 1) +sin(@(u, h))N(w, 1). Thus, a
point M belongs to the tool surface envelope if;

AThsal{t), dR(m)
tan{6{u, h)) = :t(ﬂ‘ldn(u) T 1)+ i T 1)
SN, 1)+ N, 1)

Overcut values are then computed from:
Overetit(ie, i) = Ripoi(1 — sin(9(u, 1)) (6)
Fig. 9 shows the overcut on sutface A and surface B (the two sides of
the S-shape test part (Fig. 3)). A maximum of 0.0387 mm is visualized
for surface A and 0.0125 mm for surface B, Such errors should not be
blamed on the machine tool, Note that these values are important but

lower than the surface profile tolerance of 0,12 mm defined in the
standard.

3.2, Influence of the tool radius defectl

The tool path is computed from a tool diameter of 20 mm, However,
the real tool diameter is not strictly 20 mm. From equation (&), the
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Surface A

Surface B

Fig. 9. Overcut computation for surface A and surface B of S-shape test part.

defeet produced on the machined surface due to the tool radius defect
can be computed:

Defpuplte,h) = (R, — Riooy) SN, 1))

where R, Is the real tool radius. Fig. 10 illustrates the defect due to a
tool radius defect of —0.01 mm. The defect produced on the machined
surface {s close to the tool radius defect.

4, Influence of S-part toal path computation
4.1, Tool path computation

A number of studles have researched how to modify the tool path to
decrease the extent of undercut and overcut [20,21].

Castagnetti proposes a method of tool path smoothing that can be
used in fank milling [22]. A first path Is calculated and transformed in
the machine coordinate system. For each position, an envelope is also
calculated in the machine coordinate system to ensure that tolerances
are maintained. Then a new tool path is calculated by minimizing the
acceleration variations under the consiraints of respecting the
envelopes,

The latest methods currently belng developed are based on a surface
approach that allows tool paths to be smoathed. Path optimization is

3
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Fig. 10, Geometric defect due to a tool radius defect of 0.01 mm.
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performed by controlling the distance between the path envelope sur-
face and the surface to be machined. For example, Bo calculates the
envelope of a tool of any shape and compares it to the local second-order
approximation of the surface to obtain the most favorable directions
[23]. The integration of these directions allows tool paths to be
calculated.

Duting machining, adapting the feed rate is also a method of
reducing kinematic errors, For example, Chu reduces the errors associ-
ated with linear interpolation in the case of flank machining [24]. The
author calculates the envelope sutface of the tool path and estimates the
error induced. He then reduces the feed rate until the error is lass than a
given tolerance.

These studies involve the implementation of complex computing
outside of the CAM environment. However, it is important to propose a
method that can be carried out in a CAM environment to allow a large
number of manufacturers to achieve this type of test while mastering
overcut and undercut without the need for complex numerical compu-
tatlon. In CAM systems, the most robust solution is to calculate the po-
sitlon of the tocl tangent to the bottom curve. In a second step, the tool is
orlented according to the isoparametric curve or the main direction
(¥lg. 11).

In this case, the straight line generatrix distribution plays a very
important role in the occurrence of interference, Indeed, the angle be-
tween vectors normal to the surface along the contact line has more or
less twist angle which generates more or less interference (fig. 6). In the
following figure, the steeply inclined straight line generatrix (surface 52)
produces an interference of 0,037 mm, whereas it is zero for surface 51
Fig. 11D,

In this paper, four part programs are calculated from the original
surfaces, using a cofiventional CAM system, as in an industrial pracess of
machine tool acceptance. The calelation algorithm and the calculation
pararheters are identical:

- Tool diameter: 20 mm
- Machining telerance: 0.002 mm
- Distance between points: 0.5 mm

The path caleulation algorithm computes the position of the tool
tangent to a curve or to both curves and orients the tool according to the
isoparametric curve of the tangent surface.

The First program TP1S1 is based on the 81 surface and is computed
to be tangential o the top curve to be consistent with the tool path
computed in section 5.1, The second TP252 is based on the 52 surface
which is computed with a different stralght line generatrix distribution.
For the third program TP3CR, the intersection curves between the sur-
faces and two planes located at Z11 and Z25 are calculated (Fig. 12).
These new curves are used to calculate the tangent position of the tool,

LY
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Surface S2

Pig. 11. Interference apparition according to the straight line generatrix inclination on surface 1 & 82,

Fig, 12. Bxtracted curves for defining TP3CR.

Note, that these two curves pass through all the measurement points
defined in the standard. The tool axis is oriented along the isoparametric
curve of the surface. The TP481 path is based on surface 1 and the
bottom of the part. The tool is oriented along the isoparametric curve of
the surface, The contact is located 11 mm from the tool tp along the tool
axis, :

The comparison of the caleulated tool paths is based on the calcu.
lation of the geometric deviations at the measurement points specified
by the standard {¥ig. 12). For each polnt P,, a vector n, is computed
regarding the normal to the surface. The veetor is otlented outwards
from the surface and defines a line (n,), The tool path is discretized with
a step less than 0.1 mm, The Intersection is caleulated between each line
{n;) and each tool position defined by the tool tip and the axis of the tool,
The smallest abscissa along the straight line (1) of all existing in-
tersections is retained. This calculation follows an opposite approach to
the calculation of the envelope area, In ¥ig. 13, the line {ns) is printed in
orange, both intersectior points are represented in cyan,

The discretization of the tool path induces an error in the calculation
of the geometrical deviatlon according to equation {7). Equation (7) is
the taylor expension of the chord error equation [25]. A discretization
step of less than 0.1 mm results in an error of less than 0.000125 mm.

' ]

The methed presents the advantage of belng independent of a CAD
environment and does not use surface definitions. The error computa-
tion is directly linked to the standard points. Then again, estimating
deviations can be greater because the distance is computed between two
polnts projected in one direction and not between a point projected ona
surface. ‘

Fig, 14 presents geometric deviation for the 4 proposed tool paths.
Geometrical deviations are computed for the measurement curves. The
TOP curve is located at Z25, and the BOTTOM curve is located at Z11.
Fig. 14 illustrates the position of maximal geometrical deviations on the

error & .'.‘l‘xtz‘i.')2 / BR g0t

19¢

Intersection points between (n,)
and tool envelope

Fig. 13. Geometrical deviation calculation,

tool paths TP151 and TP252. In these figurss, all tool positions are
merged to illustrate the tool movement,

The computed geometrical deviation for TP151 is close to the one
computed in Fig. 9 as the main difference is the discretization of the
TP151 tool path, In the case of TP252, the straight line generatrix dis-
tribution used to compute the surface $2 is modified which modified the
orientation of the tool axis and increase the overcut value (Fig. 11). For
TP3CR, the use of the two curves which pass through the measurement
points allows decreasing the measure of defect due to interference, Tn the
case of TP481, the tool path computation is realized to be tangential to a
curve close to one of the measure curves, thus the measurement of the
defect due to interference decreases too.

Despite the tool path accuracy, the geometrical deviations can reach
0.01 mm in the best case, which is an significant value compared to the
tolerance expected by the standard (0.12 mm). The TP3CR path,
computed from two curves, reduces the value of the geometric de-
viations to a maximum acceptable value of 0.005 num,

The analysis shows that in the TP252 case, the particular orientation
of the isoparametric curve induces very significant errors incompatible
with the specifications of the standard. The accuracy of TP451 is better
than TP1S1 because the computed tool path reduces great variation in
tool orlentation. Thus, the constructon of the sutface and the
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caleulation of the tool path play a significant role in the accuracy of the
surface. Geometrical deviations affect the quality of the machined sur-
face and it is necessary to separats the errors to identify only machine-
related errors.

4.2, B-spline tool path computation

Numerical controls currently offer two interesting features: poly-
nomial Interpolation; and space correction of the tool geometry. Thus, it
is passible to calculate the tool path without using a CAM system. The
problem of caleulating the tangent position of the too!l and the orien-
tation of the tool axis is directly dealt with by the numerical control
without any a prlori control,

For the Siemens 840D CNC, using the CUT3DC function gives the
program named TP5C1 (Table 1).

It is also possible to calculate mathematically, using equation (1), the
equations of the two measurement curves located at Z11 and Z25
(pragram TP6C2). The equations of these curves are exact and there are
no approgimations. The program of Table 2 is obtained.

These two programs present the opportunity to preclude the defect
induced by CAM software, To respect the classical numerical chains, we
ehaose to machine and to meastire a part with the TP481 tool paths.
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5. Defect due to machine-tool kinematic behavior

This test part aims to evaluate the behavior of machine-tools during
5-axis machining. It s therefore important to study the impact of the
machine-tool on the machining defect regarding CAM tool path
comptutation.

In this section, we begin by assessing the impact of tool path
compuitation realized by the numerical controller. We then discuss the
impact of inverse transformation errors.

5.1, Geometrical defect due to numerical controller

The next step concerns the behavior of the machine tool without real
machining, 1.e., assessing defects due to the numerical controller. The
ahjective is to capture the control tool positions during movements to
calcnlate the associated geometrical deviations, The latest version of the
Siernens 840D numerical controller ensures the position of the 5 axes to
be captured in the Work Coordinate System (WCS) (i.e., part program-
ming coordinate). The sampling period s 0.008 s. Geometrical de-
viations are calculated using the same algorithm as in section 4, Fig. 15
glves the geometric deviation extract from the nurmerical contrelier for
the calculated path for the 4 calculated paths. These figures illustraie the
geometrical processing of the path petformed by the NC manager during
tool movement. The processing includes corrections related to the
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Table 1
Program TP5C1.

ORICURVE

Gl G42
X-137 Y-95.5 20 ¥H=-131 YH =-955 ZH =30

BSPLINE SD =3
X-134 Y-41 0 XH =-126 YH=-41 ZH =30 PL=20
X-138 Y23 Z0 XH = -131 YH =23 ZH = 30 PL = 51,4077 sarcl
X-118 Y87 Z0 XH = -116 YH =78 ZH = 30 BL = 51.4077 jarc2
X-49 Y84 Z0 ¥H=-51 YH =77 ZH =30 L = 51.4077 ;are3
X-23 Y58 Z0 XH =-20 YH = 46 ZH =30 PL = 51,4077 sarcd
X11 Y10 Z0 XH=-11 YH =10 ZH =30 PL = 51.4077 sareh
X-9 Y2 70 XH=-9 YH=2Z2 ZH =230 PL = 51.4077 ;arcé
X7 Y6 Z0 XH=-7 YH=-6 ZH =30 PL = 51,4077 jarc?
X5 Y-14 20 ¥H=-5 YH=-14 ZH =30 PL = 51.4077 sarch
X3 Y46 0 XH=3 YH = -46 ZH =30 PL = 51,4077 areQ
X36 Y-88 0 XH =32 YH = —8) ZH = 30 PL = 51.4077 sarclD
X111 Y-84 Z0 XH =103 YH =-81 ZH =30 Pl = 51.4077 sarckl
X119 Y-13 20 XH =116 YH=-13 ZH =30 PL = 51,4077 sarel2
X118 Y43 Z0 XH =110 YH =43 ZH =30 PL = 51.4077 sarcl3
X121 ¥95.5 Z0 XH =115 YH =995 ZH =30 PL=0

ORICURVE

Gl X127 Y955 Z0 AH =121 YH=-95.5 ZH =30

BSPLINE 5D =3
X-124 Y-2% 0 XH = -117 YH=-29 ZH = 30 PL=0
X-128 Y30 0 XH=-121 YH =30 ZH =30 PL = 51,2397 sarcl
X-108 Y76 w XH = -107 YH =68 ZH = 30 PL = 51,2397 sare2
X562 Y74 0 XH = —62 YH = 67 ZH = 30 PL = 51.2397 ;are3
X33 Y56 Z0 XH = -31 YH =48 ZH =230 PL = 51,2397 jared
X-22 Y12 Z0 XH =-22 YH=12 ZH =30 PL = 51,2397 ares
X-20 Y4 Z0 XH = -20 YH=+4 ZH =130 PL = 51,2397 sarch
X-18 ¥4 Z0 IH=-18 YH=-4 ZH = 30 PL = 51,2397 jare
X16 ¥-12 Z0 XH =-16 YH=-12 ZH = 30 PL =51.2397 sarcB
X7 Y-48 70 XH =-7 YH = —48 ZH =230 PL = 51,2357 jare8
%30 Y-95 z0 XH=26 YH = —88 ZH =30 PL = 51.2357 sarcl0
X100 Y-97 w© XH =195 YH=-91 ZH =30 PL = 51,2397 ;arcll
X132 Y-46 20 XH =129 YH = —-42 ZH =30 PL = 51,2397 sarel
X127 Y27 Z0 XH =118 YH = 28 ZH =30 PL = 51.2397 sarcl3
X131 ¥95.5 Z0 XH =125 YH =995 ZH =30 PL=0

kinematic solicitations, corrections related to the geometrical model of
the inverse kinematic transformation according to the selected model.

TP1S1, TP3CR, and TP4§1 deviations are very similar, The kinematic
behavior of the machine tool is predominant compared to the error
profile generated by the tool path. By contrast, in the case of TP252, the
[inematic etror profile is very close to the geometrical error profile. In
this case, the error of the tool path ealculation is predominant.

The behavior of the machine-tool numerical controller can reach
0.034 mm. Tt is predominant compared to the error profile generated by
the tool path computed by CAM softwate.

Programs TP5CI and TP6C2 are also tested. The kinematic behavior
of these programs is measured on the machine with the following setting
of Cycle 832 (Sinumerik 840D): Ori Finish, path tolerance = 0.03 mm,
angle orlentation tolerance = 0.5° (Fig. 16).

A second test is performed on the machine with the following Cycle
832 setting: Osi Finish, path telerance = 0.001 mm, angle orientation
tolerance = 0.01°,

Although the curves describe the S-shape surfaces more accurately,
there are significant errors on the tool path following of the TOP curve
(at points 14 and 43 for program TP5C1, and at point 10 for program
TP6C2). It is therefore a tool orientation error, the calculation of which
does not seem to be handled perfectly by the numerical control, What-
ever the method used, it is necessary to determine the position and
orientation of the tool tangent to the attempted surface. For programs
TP5CL and TP6C2 we cannot control the accuracy of the numerical
calculation algorithms realized by the numerical controller.

5.2, Geometrical defect due to inverse transformation errors

Five-axis machine-tools are controlled with a kinematic model. This
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kinematic model enables the computation of the machine-tool tool path
regarding attempted tool path in WCS. Thus, errors in this model lead to
defects in the machining part. Moreover, this model should be consistent
with the machine-tool geometric defect,

In this study, the part is machined on Five Machining Flexiax V. This
machine-tool has a rotating table around C-axis and a rotating head
around B-axis (Fig. 7). (x,¥,z) and {{,j, k) are the tool center point and
tool axis eoordinates in the table coordinate system (Xp, ¥, #p).
(X,¥,Z,B,C) are the axis values, Ly is the distance between the rotation
axis B and the tool center point, {¥r, ¥, £7) I5 the tool coordinate
system.

The nominal kinematic model can be computed according to trans-
formation matrices from equation (8) [26].

0 X
UTxXTzzTn L g = OTYYTC ;’ (8
1 1
1 ¢ 90X 1 000
om _ 10010 0| xn _ |01 00| g _
where Ty = 001 ol Ty = o0 1 2| Tr =
0001 0001
[cos{B) O sin(B) 0 1000
0 10 0 B _ (0100 op, _
—sin(B) 0 cos(B) O] T 00 1 L] Y=
L0 60 1 ¢ 001
[1 0 0 O cos(C) sin(C) 0 0
010 Y} yp _ sin(C) cos(C) 0 0
¢ o610 | © o 0 1 0]
00 0 1 0 0 01



H, Chanal et al. Precision Engineering 75 (2022) 193-209
Table 2
Program TP6C2,
CRICURVE
Gt G42
X-134.8 Y-95.5 211 XH =-132 YH = —-95.5 ZH =25
BSPLINE SD == 3
X-131.067 ¥-41 211 XH = --127.333 YH=-41 ZH =125 PL =0
X-135.433 ¥23 Z11 XH = -132.167 YH=23 ZH =25 PL = 51.4077 jarel
X-117.267 ¥83.7 11 XH =-116.333 YH =795 ZH =25 PL =51.4077 jarc
X-49.733 Y81,433 Z11 Xt = —50.667 YH =78.167 ZH =25 PL = 51.4077 1are3
X-21.9 ¥53.6 Z11 XH = -20.5 YH =46 ZH =25 PL = 51.4077 sarcd
X-11 Y10 Z11 XI=-11 YH =10 ZH=125 PL = 51.4077 jares
X9 ¥2 Z11 XH = -9 YH=2 ZH = 25 ML = 51,4077 ;archg
X7 Y-6 Z11 XH=-7 YH=-6 ZH =125 PL = 51.4077 jarc?
X-5 Y14 Z11 XH=-5 YH=-14 ZH =125 PL = 51,4077 sarcl
X3 Y-46 Z11 XH=3 YH = -46 ZH =135 PL = 51.4077 ;are9
X34.533 Y-85.067 Z11 XH =32.667 YH = -81.333 ZH =25 FL = 51.4077 sarel0
X108.067 Y-82.9 - 711 X =104.334 YH =815 ZH =25 PL = 51.4077 jarcli
X117.9 Y-13 Z11 XH =116.5 YH=-13 ZH=25 PL = 51.4077 sarclz
X115.067 Y43 Z11 XH =111.333 YH =43 ZH =25 PL. = 51,4077 jarcld
X118.8 ¥99.5 Z11 XH =116 YH =995 ZH =25 PL.=0
ORICURVE
Gl X-124.8 ¥-95.5 Z11 XH=-122 YH = -95.5 ZH =25
BSPLINE SD =3
X-121.433 Y-29 Z11 ¥H = —118.167 YH = -29 ZH =25 PL=0
X-125.433 Y30 Z11 XH = -122.167 YH =30 ZH =25 PL = 51,2397 sarel
X-107.633 Y73.067 Z11 XH = -107.167 YH = 69,333 ZI =25 PL = 51,2397 jarc2
X-62 Y71.433 Z11 XH = —02 YH = 68,167 ZH =25 Pl = 51,2397 ;arc3
X-32,267 Y53.067 z11 XH = —-31.333 YH = 49.333 ZH =25 PL = 51,2397 ;arcd
X-22 Yiz zZ11 XH =-22 YH=12 ZH =25 PL =51.2397 sares
X-20 Y4 Z11 XH =-20 YH=4 ZH =25 Pl = 51,2397 jarch
X-18 Y-4 Z11 XH=-18 YH=- ZH =25 PL = 51.2397 jare?
X-16 Y-12 Z11 XH=-16 YH =-12 ZH =25 PL = 51,2397 ;arc8
X7 Y48 Z11 XH=-7 YH = —-48 ZH =25 PL = 51.2397 sarcs
X28.533 ¥-92.433 Z11 XH = 26.667 YII = —-89.167 ZH=25 PL = 51,2397 satclD
X98.167 Y-94.8 Z11 XH = 95.833 YH = -92 ZH=25 PL = 51,2397 sarell
X130.9 ¥-44.533 Z11 XH =129,5 YH = —42.667 ZH =125 PL = 51.2397 jarel2
X123.7 ¥27.367 Z11 XH = 1195 YH = 27,834 ZH =25 PL = 51,2397 ;arel3
X128.8 ¥99.5 Z11 XH=126 YH=99.5 ZH =25 PL=20
Gl

Thus, the direct and inverse nominal kinematic models are given hy:
x = Xeos(C) + ¥sin(C) — L, cos(C)sin(B)

¥ = —Xsin(C) + Yeos(C) + Ly sin{B)sin(C) (9
z =Z — Lycos(B)

With wn(C) = —f and tan(B) = YT,
Thus, the articular nominal tool path necessary to machine the §-
shape test part can be computed from equation (9) as:

Xﬂwl(“) CUJ(Cf,;gi(H)) —sin(Cta,,;(u)) 0
Kot (1) = | Fioor{te) | = | si0(Cooae (1)) cOS{Cronr(e)) 0 | Tige )+ |0
Z{mﬂ(“) 0 0 1

vl R{)- X5 Y+ (R)- Vi P
With tan{Cyee(t)) = B9 and tan(Buos{l)) = XV R Yy .

R{O-Xp R{u)-Zp

In ISO 230-1, several defects are introduced in order to qualify
machine-tool geometric accuracy [2]. Errors are of different natures:
errors of the zero position of linear and rotary axes, positioning errors
along the direction of motion, straightness errors of translation motion,
and angular motion errors. In this study, we focus on the geometric
etrors which are constant regarding tool pose in the machine-tool
workspace, Note that these errors can be introduced in the
machine-tool geometrical model which can be implemented in its
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numerical controller,

For each axis, the reference straight line associated with the axis jolnt
is defined by zero position and orientation errors (¥ig. 18). According to
180 2301, if the machine tool coordinate system is chosen with X-axis is
the primary axis, Y-axis is the secondary axis, and the machine-tool
origin is chosen to be along the C-axis average line at the height (7 co-
ordinate) where the B-axis average line intersects with the ZX plane
when all axes are commanded to zero. Then, only 8 parameters would
remain to characterize a 5-axls machine-tool (Table 3) [27].

In order to develop a geometrical model with these 8 defects, we

Losin (Biae(ut) )

(10

Locos{Bar(t))

introduced error transformation matrices into equation {7). These
matrices can be written as equation (11), as the error values are small
[26]:

1- E.%mi - E%:o,' _EC‘On’ EBO! Exnf
D= Eco 1 - By —EXy —Fuy Eyy
—Ey; By V1= Eiy — Eb Bz

0 0 ¢] 1

R

1y

-

11
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Fig. 16. Geomeiric deviatlon due to numerical controller for TP5C1 and TPSC2 with the first setting of Cycle 832,
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Fig. 18. Location and orientation errors of reference straight line for a linear X-axis [28].
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Table 3

Minimum number of error parameters to fully characterize a 5-axis ma-
chine tool [2].

K-axis Y-axis Z-axis Ceaxis Buaxis
Lyey ¢ - - i] Exon
Esai - 0 - 0 -
Ean - - Q0 - Q
Epor - 0 Epoz Epoe Eyon
Lipoy ¢ - Epoz Epoc 0
Eeo o Feor 0 0 Ecor
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where [ 15 the studied axis and 1-1 is the previous axis.
Thus, the direct kinematic model with defects can be computed from
equaticn (12).

0
=DKM(X, &) = (Dy°TyDc"Tc) ' Dx®TxDz Tz Dg? T Ty

—_ NN R

a2

where X =(X,Y,Z,B,C)" and & = (Ecor,Eacz, Enoz, Enoc, Eoc, Exop,
Epos, Ecop)'.

Finally, the induced tool pesition defect can be computed from a
sensitivity analysis with differentiation and linearization of equation

(12) [291:
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Fig. 19. Machining defect induced by a single defect on table position.

13

dx

dDIM (X, &)
dy | =————
e

Mﬂ;@ £ {5 detailed in Appendix A,

With regard to the machined part, the machined defects are
computed by subtracting the tool position defect of each point of the tool
path and tool position defect on the origin of WCS (the middle of the
table in this case), The machining defect on the S-shape test part is then
enumerated using a projection of these errors computed from the tool
path Xy,a(u) along N(i,1).

dDK‘M(XlUUI (“): ﬂ dDKﬂ’f((0,0, 0! 0,0),&)
dg B dt

Mdef () = ( )&-N(u, 1 (14

Fig. 19 illustrates the simulated machining defects due to a single
defect on ECGY;EAOZ)EBOZ,EAOC,EBOC,EXOB;EAOB and Eoos at each measure-
ment point. This simufation is conducted with L, = 499.889 mm, which
is consistent with the experimental setup presented in the following
section, .

These graphs can help to detect machine-tool influent defects ae-
cording to the machining part measurement. Indeed, the machined
defect due to inverse transformation errors is a composition of graphs
proposed in (Fig. 19). However, from the measure of an S-shape test
part, defect Eqoz and Eqg¢ cannot be identified separately as their in-
flnence on the machined defect is similar except for the sign, This is the
same conclusion for defect Bagy and Egge.

fremsocarees ey

i"’"'ﬁﬁ‘l‘roﬂ;

Error fom)

As afinal step in vur study, an S-shape test part was machined in Five
Machining Flexiax V with program TP451,

6. S-shape test part machining and measurement

The S-shape test part is machined in an aluminum alloy aceording to
the standard recommendation with the program TP4S1, For this pro-
gram, the geometrical deviation due to tool path computation is be-
tween [-0.0034 mm; 0.0021 mm] (¥ig. 14), and the geometrical defect
due to numerical eontroller is between [—0.031 mm; 0.015 mm]
(Fig. 15).

After machining, the S-shape test part is measured, The measurement
process consists of measuring the hundred points defined in the standard
(¥ig, 4). This measure is realized using a CMM (Fig. 20). The CMM model
1s a Trimesure with a maximum permissible error of length measurement

MPEE = + (3 -{%) pm with L in mm and a maximum permissible limit

of the repeatability range Roam, = 3 pm (IS0 10360-2 : 2010).

As Fig, 20 iliustrates, the measurement shows that the defects on the
top and bottom curves are similar, Thus, the machined defect may be
principally due to a too! position defect, The defect measures between
—0.18 mm and 0.21 nun which is, unfortunately, greater than expected
by the standard, which is 0.12 mm. Moreover, it is a hundred times
greater than the defect due to overcut and undercut. In our case, the
influence of this defect can be neglected, The defect due to the NC

0 a3 EY) £ 40 45 9

Point D

Fig. 20, Measurement of S-shape test part.
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Table 4

Identified valies of machine-tool error parameters from S-shape measurement.

Lrror parameters Identified values Values for simulation

X, = Epor = — —7.0883.1077 rad Orad
Epoz .
X2 = Baog = — ~1.2581,1077 rad O rad
Enoz
x3 = Eeor ~1.0654,107% rad Drad
x4 = Exop 0.0294 mm 0.0294 mm
x5 = Eaa 3.2419,107* rad 3,2419.1077 rad
X = Esox. 1.2581,1077 rad 0 rad

o
By
Sh

fud
1YY

e SIMULATED

Error {mm}
& I ®
2 o B = 37

&
=

=
=
&5

3
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controller is ten times smaller than the measured defect.

However, a comparison between Figs. 19 and 20 shows that the
meastred defect seems to be caused mostly by Eagp. The shape of the
influence curve of a defect about Eagg is similar to the measurement
defect curve of the S-shape test part. Moreover, a defect near 0.02 mm
appears at point 1 which can be due to a tool radius defect of 0.02 mm,

Thus, we can conclude that the measured defect is mostly due to
inverse transformation errors. This conclusion and the size of the ob-
tained defect are consistent with other published research on the subejct
[1]. Our aim is therefore to use this measure defect on the S-shape test
part to identify the machine tool geometric defects that, when their
values are implemented in the numerical controller of the machine-tool,

£ i 1 ' ]

&
£

] 10 15 20

25

30 35 40 45 a0

Polnt 1D
a) Measured defect on the part and simulated defect

Sifference (mm)
=
g

-G0S

0.0

0015 1
i3

25

30 35 40 45 50

Peint ID

b) Difference between measured defect on the part and simulated defect

Fig, 21. Identification of machine-tool axis ervors from machined defect measurements.

¥ = —328,005 y = —327,821

y = -327,526

y = —327,815

Fig. 22. Measurement of position defect of the table rotation axis.
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are not consistent with the real machine tool geometric behavior,

Thus, an optimization process is realized with the Matlab® Isqnanlin
algorithm and by taking into account a tool radius defect of 0.02 mm.
The cost function is the difference between the measurement errors at
each point and the simulated error from equation (14). To consider that
defect Exoz and Eaog, and defect Epoz and Epoe cannot be identified
separately from the S-shape test part measurement. Six optimizaticn
variables replace the machine-tool error parameters in the geometrical
model of equation (12) as x; = Exoc = — Baoz X2 =Epoc =
%3 = Ecoy, X4 = Exon, X5 = Eaop and xs = Epoz.

The obtained values are given in Table 4 and are coherent with the
previous cbservation.

Flg. 21 shows a compatlson between measured defects on each mea-
surement point of the S-shape test part and the simulated defects. The re-
sidual errors after the optimization process are less than 0.045 mm which
raspects the standard requirement, These errors are in the same magnitude
order of deviation due to the numerical controller (Fig, 15 TP481 KIN). The
identified valies of machine-icol error parameters from the S-shape mea-
surements do not ensure the accurate identification of the geometric
behavior of the used machine tool as dynamic behaviors are involved
during machining, but It gives a first estimation [30,31]. A statlc mea-
surement process should further be undertaken in order to identify these
influent parameters more accurately,

To validate this result, a measurement of a gange block position in
WCS Is realized for four positions around axis-C with a probe {in this
case Ly = 533.889 mm). Measurement results are glven in Fig. 22, The
idea of this test is to measure the same physical points in the table co-
ordinate system using a probe positioned in the machine tool spindle. As
the measure is realized in the table coordinate system, we can highlight
the inverse transformation etror.

From equation (12), the machine-tool defect can be identified for
each table position measurement:

— Egoz,

Yeun = —Xculoor — {Zomn — Lo)Eaz + (Zo=o — Lo)Eaoc + LoEags = —328.005

Voosp = —{Zoso — L) Eror + (Zeaso — Lo)Eaoc — Exop = —327.821

voorsy = XemwoEor + Zooiw — Loz — (Zeoiw — LojEsoe — LoEaos = —327.626

Ve = (Zeezo — Le)Esgz — (Zewzmo — Lo)Enoc + Fxos = —327.815

However, X¢—o =Xc=100 =0 and Zgp =
Zo—own re Lo. Thlls,

Zg9o = Zgaso =

Yeo1z0 — Yo=o = —2LsEace and yeoym — Yoo = 2Exor (i6)

Finally, from this test, Exgp = ”-1;35‘5 =3.549.10"" rad = 0.020° and
Exoy = 0003 mm.

The error Exon found with this test is close (less than 8%) to the one
found from the optimization based on the measure of the S-shape test
part (Tabie 4). At the same time, the error Exps is not the same as that
derived from the optimization based on the measure of the 8-shape test
part, However, the measure on the machine-toal studied is not as ac-
curate as of the measurement on a CMM. The machine-iool studied here
is reputed to have a linear position accuracy of the Y-axis of the order of
a millimeter hundredth. However, an error Exop of 0,01 mm generates a
maximum machined defect of the S-shape test part of 0,015 mm, which
ig less than expected by the standard (Fig, 19).

This test shows the difficulty of estimating machine-tool geometric
defects from direct measurement on the machine tool described in ISG
3655:2006 and ISO 8636-1:2000.

Moreover, we realized the measurement of the parallelism of the tool
housing axis with C-axis in plan Y-Z on the assumption that this defect
might be similar to Eags. This test is one of the tests proposed in IS0
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3655:2006 for testing the accuracy of a machine-tool. The measured
defect is 0.010 mm for a length of 300 mm, i.e, an angular defect of
3,333,105 rad. The measured defect is ten times lower than that
identified from the measure of the $-shape. Indeed, the measured defect
is not Eagg, i.e., the orlentation defect of B-axls around X-axls; it is in fact
the orientation defect of B-axis around, %,

The comparisen of tests introduced in ISO 3655:2006 and the defect
extracted from the measurement of the S-shape test part illustrates the
benefits of the measurements of the S-shape test part in identifying the
geometric behavior of a 5-axis machine-tool. Moreover, in the case of
the S-shape test part, rotating axes move during the part machining, thus
ensuring a reception process adapted to 5-axis continuous machining.

7. Conclusion

Tn this paper, we studied the evolution of the geometry of the S-shape
test part during each step of machining in order to quantify the associ-
ated impact on the final machined part.

As the S-shape tast part is defined from two non-developable ruled
surfaces, an overcut appears that can reach 0.0387 mum. This is joined by a
defect resulting from CAM software tool path computaticn, The maximum
computed deviation Is 0.01 mm. The movement of the machine-tool axis is
imposed by the numerical controller. This step generates a supplementary
maximum deviation of 0.034 mm. Finally, we analyzed the influence of
inverse transformation errors resulting from the gap between the geometric
model implemented in the numerical controller and the real geometric
behavior of the machine-tool studied. Developing a geometric model which
integrates error parameters used by the standard to characterize a 5-axis
machine tool shows the significant influence of inverse transformation er-
rors in continuous 5- axis machining. Moreover, the sensitivity analysis of
the machine-tool geometric parameters on the machined defect of the S-
shape test part shows that defect Eqoz and Eapc have a similar influence on

(18

the machined defect as for defect Ezez and Epog.

To this day, there is still no standard test for identifying all defects, as
some of them are only influent during 5-axis contindous machining. The
standard 15 not yet completely developed for a continucus 5-axis ma-
chine-tool.

The use of a geometric model ensures the Identification of the defects
that had detrimental effects on the quality of the S-shape test part. In this
light, future research may benefit from studying the accuracy benefit for
S-axis continucus machining of the Lnplementation of an identified
geometric model with defects in the numerical controller.
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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member hodies). The work of preparing International Standards is normally carried out
through [SO 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, governmental and non-governmental, in liaison with IS0, also take part in the work. SO
collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are
described in the ISQ/IEC Directives, Part 1. In particular, the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of any
patent rights identified during the development of the document will be in the Introduction andfor on
the IS0 list of patent declarations received (see www.isg.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the veluntary nature of standards, the meaning of ISO specific terms and
expressions related to conformity assessment, as well as information about ISO's adherence to the World
Trade Organization (WTOQ) principles in the Technical Barriers to Trade (TBT), see

www.Iso.oreg/ise /foreword.html

This document was prepared by Technical Committee [SO/TC 39 Machine tools, Subcommittee SC 2, Test
conditions for metal cutting machine tools

This third edition cancels and replaces the second edition (ISO 8636-1:2000), which has been technically
revised.

The main changes compared to the previous edition are as follows:
— References in Observations have been updated to IS0 230-1:2012 and to [SOQ 230-2:2014.

— The original Clause 3 “Definitions and descriptions” has been renamed “Terms and definitions” to
comply with current prescriptions of ISO/1EC Directives Part 2,

== The content of the original subclause 3.2 has been moved to a new Clause 4 “Classification and
description of fixed bridge-type milling machines”, which now also includes the content of
original Clause 4 “Terminology and designation of axes” which has been revised to better
represent current technology.

— Preliminary remarks sub-clauses have been revised to be consistent with the latest revisions of
machine-tool specific standards.

— Tolerances for tests related to long axes (with travel lengths up to 10 000) have been introduced.
— Tests for straightness and angular errors of Z-axis motion have been added.

— Tests for straightness and angular errors of cross-rail W-axis motion have been added.

iv © 150 2023 - All rights reserved
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— Tests for geometric accuracy of axis of rotation have been added in Annex A (Informative).

— A new Annex B provides additional information related to tests for straightness of the X'-axis
motion in the vertical ZX plane, Ezy, to account for non-rigid body behaviour of large tables.

— Test for table flatness (formerly G9) has been deleted because the table surface is not normally
used as a reference for the erientation of the workpiece, and, for tests made during the working
life of the machine tool, the surface might no longer he suitable for accurate measurements on
these large machine tools.

— Tests for tilting spindle heads (formerly G15 and P7) have been deleted as such heads are not
available any more.

— Machining tests have been excluded considering that such tests are typically the object of
agreement between manufacturer/supplier and user, (possibly) including tests that are specified
in IS0 10791-7.

In addition to the terms in Key of Figure 1, written in English and French, this document gives, in
informative Annex C, Table C.1, the equivalent terms in German, Italian, Japanese and Persian; these are
published under the responsibility of the member body for Germany (DIN), Italy (UNI), Japan (JISC) and
fran (INSO) and are given for information only. Only the terms given in the official langnages can be
considered as [SO terms.

Alist of all parts in the 1SO 8636 series can be found on the IS0 website.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.

© [SO 2023 - All rights reserved v
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Machine tools - Test conditions for bridge-type milling machines -
Part 1: Testing of the accuracy of fixed bridge (portal-type)
machines

1 Scope

This document specifies, with reference to ISO 230-1 and IS0 230-2, geometric tests and tests for
checking the accuracy and repeatability of positioning of numerically controlled axes for general
purpose, normal accuracy, bridge-type milling machines with a fixed bridge (portal type). This
document also specifies the applicable tolerances corresponding to the above-mentioned tests.

This document is applicable to machines with moving tables and fixed double columns. It does not
include single-column (open sided) machines and those with fixed tables and moving columns.

This document deals only with the verification of the accuracy of the machine. It does not apply to the
testing of the machine operation (vibration, abnormal noise, stick-slip motion of components, etc.) nor
to machine characteristics (such as speeds, feeds, etc.), which should generally be checked before
testing the accuracy. '

This document provides the terminology used for the principal components of the machine and the
designation of the axes with reference to [SO 841,

2 Normative references
The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For

undated references, the latest edition of the referenced document (including any amendments) applies.

1SO 230-1:2012, Test code for machine tools — Part 1: Geometric accuracy of machines operatmg under
no-lead or quasi-static conditions

1SO 230-2:2014, Test code for machine tools — Part 2: Determination of accuracy and repeatability of
positioning of numerically controlled axes

1SO 230-7:2015, Test code for machine tools — Part 7: Geometric accuracy of axes of rotation

3 Terms and definitions

For the purposes of this document, the terms and definitions given in 150 230-1:2012, IS0 230-2:2014,

"1SO 230-7:2015 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— IS0 Online browsing platform: available at https://www.iso.org/ohp

— 1EC Electropedia: available at http://www.electropedia.org/

@© IS0 2023 - Ali rights reserved 1
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3.1

milling operation : .
machining operation to generate surfaces of various geometries in which the principal cutting motion is B
the rotation of a cutting tool with multiple cutting edges against the non-rotating workpiece and where
the cutting energy is brought by the cutting tool rotation

Note 1 to entry: Milling operations mostly involve face milling or end milling. The tools are mounted either in the
boring spindle taper or, as for face milling cutters, on the tool-holding spindle nose. -

[SOURCE: 1SO 3070-2:2016, 3.2]

3.2

boring operation
operation which consists of machining the diameters of cylindrical, conical, blind or through holes, to the
required size

3.3
drilling and tapping operations
operations which consist of drilling and tapping blind or through holes

34

fixed bridge-type (portal-type) milling machine _

double-column machine with one or more vertical spindle heads mounted on the cross-rail, above a table
which has a longitudinal traverse (X-axis) only

Note 1 to entry: Additional horizontal spindle heads may be mounted on the colummns. The horizontal spindle axes
can have a tilting capability.

4 Classification and description of fixed bridge-type milling machines

4.1 Classification

These machine tools are classified into two types depending upon their construction:

— bridge-type milling machines with cross-rail movable along Z-(W-) axis and a bridge or tie-piece
between the columns;

— bridge-type milling machines with a fixed height cross-rail which can replace the bridge or tie-
plece.

4.2 Descriptions of principal components

421 General

The principal components of these machine tools are described below. The number indicated in
brackets corresponds to the relevant key in Figure 1.

4.2.2 Bed and table .

The bed (1) is the fixed base of the machine which may be constructed of several parts. It supports the
table (3) which moves parallel to the major axis of the bed.

2 © ISO 2023 - All rights reserved
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Key English
1 bed
2 bed slideways
3 table
4 left-hand column
5  right-hand column
6  slideways of right-hand and left-hand columns

7  cross-rail (movable or fixed)
8  vertical spindle head

9  horizontal spindle head

10 tie-piece

11  vertical spindle head saddle
12 quill (ram)

13 tool-holding spindle

14 tool (milling cutter)

15  reference T-slot

vertical motion of the horizontal spindle head
(R-axis)

horizontal motion of the horizontal spindle
head(V-axis)

W movable cross-rail vertical motion (W-axis)

© 180 2023 - All rights reserved

11
12
13
14

French

banc

glissiére du banc

table

montant gauche

montant droit

glissidres des montants droit et gauche
traverse (mobile cu fixe)
chariot porte-outils vertical
téte de broche horizontale
entretoise

chariot porte-outils vertica!
fourreau (coulant)

broche porte-outil

outil (fraise)

rainure de référence

mouvement vertical de la téte de broche horizontale
{axe R)

mouvement horizontal de la téte de broche
horizontale (axe V)

mouvenient vertical de la traverse mobile (axe W}
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X X-axis axe X
Y Y-axis axeY
7 Z-axis axe £

Figure 1 — Fixed bridge- (portal-) type milling machine with variable height cross-rail

4.2.3 Column, cross-rail and bridge or tie-piece
The columns (4) and (5) provide the vertical frame of the machine and are fixed on either side of the bed.

The columns may be fitted with vertical slideways to accommodate horizontal spindle head {9) with other
horizontal spindle axis. '

The tie-piece (10) is a fixed piece connecting both columns at or near the top.

The cross-rail (7) has its major axis parallel to the table plane and is fitted with slideways on which one
or more vertical spindle heads (8) can move. '

The variable height cross-rail, where available, can be moved up and down the vertical slideways (6) on
the columns.

In the case of machines with a fixed-height cross-rail, the latter is also fastened to the columns and can
replace the tie-piece.

4.2.4 Spindle head(s)

These heads include the spindle and drive mechanism and the means for their mounting on the cross-
rail or column. In some cases, the tool-holding spindle (13) may be mounted in a ram or quill (12) with
a feed speed motion for drilling, tapping or boring operations.

4.2.5 Cutting motion

Cutting motion is provided by the spindles and drive mechanisms of the spindle heads.
4.2.6 Feed motion

The following feed speed motions can be provided with a constant or variable feed speed:
— horizontal motion of the table;

— horizontal motion of the spindle heads on the cross-rail or vertical movement of the horizontal
heads;

— vertical motion of spindle rams or quills (if any).

NOTE 1 In general, rapid traverse is available in addition to feed speed motion.

NOTE 2 The vertical movement of the cross-rail (if any) is usually a positioning motion.

4.3 Designation of axes

See Figures 2 to 4.

4 © IS0 2023 - All rights reserved
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a) One vertical spindle head placed on the cross-rail, b) Two vertical spindle heads on the
and one horizontal spindie head placed on the left- cross-rail

hand column

Figure 2 —Portal type machine tools with two spindle heads
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Figure 3 — Portal type machine tool with three spindle heads
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Figure 4 — Portal type machine tool with one spindle head on the cross-rail

5 Preliminary remarks

5.1 Measuring units

In this document, all linear dimensions, deviations, errors and corresponding tolerances are expressed
in millimetres; angular dimensions are expressed in degrees, and angular errors and the corresponding
tolerances are primarily expressed in ratios (e.g., 0,010/1 000), but in some cases, microradians (prad)
or arcseconds {“) are used for clarification purposes. The following formula (1) should be used for the
conversion of the units of angular errors or tolerances:

0,010/1 000 = 10 prad = 2" (1)

5.2 Reference to IS0 230-1, ISO 230-2 and 150 230-7

To apply this document, reference shall be made-to 1SO 230-1 and IS0 230-7 when required, especially
for the installation of the machine before testing, warming up of the spindle(s) and other moving
components, description of measuring methods and recommended accuracy of testing equipment.

In the “Observations” box of the tests described in the following clauses, the instructions are preceded by

a reference to the corresponding clause in 1SO 230-1, ISO 230-2 or ISO 230-7 in cases where the test
concerned is in compliance with the specifications of one of those parts of 1SO 230 series.

5.3 Machine levelling

Prior to conducting tests on a machine tool, the machine tool should be levelled according to the
recommendations of the manufacturer/supplier (see IS0 230-1:2012, 6.1).

5.4 Temperature conditions

The temperature conditions throughout the tests shall be specified by agreement between the
manufacturer/supplier and user.
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5.5 Testing sequence

The sequence in which the tests are presented in this document in no way defines the practical order of
testing. In order to make the mounting of instruments or gauging easier, tests may be performed in any
order.

5.6 Tests to be performed

When testing a machine, it is not always necessary nor possible to carry out all the tests described in this
document. When the tests are required for acceptance purposes, it is up to the user to choose, in
agreement with the manufacturer/supplier, those tests relating to the components and/or the properties
of the machine which are of interest. ISO 230-1:2012, Annex A provides valuable information about
selection of primary and secondary axes and associated tests. These tests are to be clearly stated when
ordering a machine. Simple reference to this document for the acceptance tests, without specifying the
tests to be carried out, and without agreement on the relevant expenses, cannot be considered as binding
for any contracting party.

5.7 Measuring instruments

The measuring instruments indicated in the tests described in the foliowing clauses are examples only.
Other instruments measuring the same quantities and having the same, or a smaller, measurement
uncertainty can be used. Reference shall be made to ISO 230-1:2012, Clause 5, which indicates the
relationship between measurement uncertainties and the tolerances.

When a “dial gauge” is referred to, it can mean not only dial test indicators (DTI), but any type of linear
displacement sensor such as analog or digital dial gauges, linear variable differential transformer
(LVDTs), linear scale displacement gauges, or non-contact sensors, when applicable to the test concerned.

Similarly, when a “straightedge” is referred to, it can mean any type of straightness reference artefact,
such as a granite or ceramic or steel or cast-iron straightedge, one arm of a square, one generating line
on a cylindrical square, any straight path on a reference cube, or a special, dedicated artefact
manufactured to fit in the T-slots or other references.

In the same way, when a “square” is mentioned, it can mean any type of squareness reference artefact,
such as a granite or ceramic or steel or cast-iron square, a cylindrical square, a reference cube, or, again,
a special, dedicated artefact.

When a “precision level” is referred to, it can mean any type of level such as bubble tube, digital and
analogue electronic levels. '

Valuable information on measuring instruments is available in ISO/TR 230-11.

5.8 Software compensation

When built-in software facilities are available for compensating geometric, positioning, contouring and
thermal deviations, their use during these tests should be based on agreement between
manufacturer/supplier and user, with due consideration to the machine tool intended use, e.g., if the
" intended use of the machine tool is with or without software compensation for geometric errors. When
the software compensation is used, this shall be stated in the test report. [t shall be noted that when
software compensation is used, some machine tool axes cannot be locked for test purposes.

Valuable information on numerical compensation of geometric errors can be gathered in ISO/TR 16907.

5.9 Minimum tolerance

By mutual agreement, manufacturer/supplier and user can establish the tolerance for a measuring length
different from that given in the tests described in the following clauses. However, it should be considered
that the recommended minimum value of tolerance is 0,005 mm, unless otherwise specified.
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In specifying the minimum tolerance, measurement uncertainty associated with the test and the
recommended instrument, shall be taken into account, see 6.7,

5.10 Positioning tests

Positioning tests for numerically controlled machines shall refer to 1SO 230-2. Tolerances in this
document are given only for some parameters. The presentation of the test results shall be in compliance

with ISO 230-2.
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6 Geometric tests for axes of linear motion

Object G1
Checking of the straighiness of motion of the table (X"-axis) in the horizontal XY plane, Fyx.
Diagram
Z
v ]
A
1 \A ﬁ_]
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4 B
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Key
1 microscope 2 taut wire
Tolerance For a measuring length up to:
2500 5000 7 500 10 000
Fora) and b): 0,025 0,050 0,075 0,100

Lacal tolerance: 0,010 for any measuring length of 1 000

For measuring lengths over 10 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results: For a measuring length of:

Measuring instruments

Microscope and taut wire or other straightness measurement optical instruments

Observations and references to 1S0 230-1:2012, 8.2.2.1, 8.2.2.2, 8.2.2.3 and 8.2.2.4
The microscope shall be fixed on the spindle, ifit can be locked, or on the spindle head.

When optical instruments are used, it should be considered that, their measurement uncertainty for long
measurement length can be higher than the measurement uncertainty of microscope and taut wire,

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 500. Traverse the table in the X-axis direction and note the readings.

Measurements shall be with Y- and Z-axis at their mid travel positions or otherwise, measurement location shall
be reported.
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Object G2
Checking of the straightness of motion of representative points of the table (X'-axis) in the vertical ZX plane, Ezx;
Diagram
Z ' 7
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Key
1 target 2 laser scanning device
Tolerance For a measuring length up to:
2500 5000 7 500 10 000
For a) and b): 0,050 0,100 0,150 0,200

Local tolerance: 0,020 for any measuring length of 1 000

For measuring lengths over 10 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results; For a measuring length of:

Measuring instruments

Laser scanning device or straightness measurement optical instruments excluding microscope and taut wire

Observations and references to1S0 230-1:2012, 8.2.2.1, 8.2.2.2,8.2.2.3 and 8.2.24
Taut wire is not recommended because of the sag of the wire.

The laser scanning device can be mounted on the spindle head so that the optical plane is parallel to the X'-axis
motion, or the lack of parallelism shall be considered in the measurement.

The target can be mounted on a representative point on the table.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 500. Traverse the table in the X-axis direction and note the readings.

Measurements shall be with Y- and Z-axis at their mid travel positions or otherwise, measurement location shall
be reported.

The rigid body model is typically not applicable to the motion of the table.
The target shall be placed at the two ends of the table and possibly in the middle of the table,
The target located at one end of the table explores the characteristics of half of the bed.

The target located in the middle of the table reveals different deviations from the ones located at both ends of the
table.

See Annex B for information on possible methods to be applied to minimize the effect of non-rigid body behaviour
of the table motion on measurement uncertainty,
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Object G3

Checking of the angular errors of the table motion (X'-axis):
a) in the vertical ZX plane (Frx: pitch);
b) in the vertical YZ plane (Eax~: roll);

Diagram 7

—p- -
E T LT
Key a) b)
1 measuring level for pitch 3 measuring level for roll
2 reference level for pitch 4 reference level for roll
Tolerance For measuring length up to:
2500 5000 7500 10 000
For a): 0,030/1 000 0,040/1 000 0,050/1 000 0,060/1 000
Forb): 0,020/1 000 0,020/1000 0,020/1 000 0,020/1 000

Local tolerance for a) and b): 0,020/1 000 for any measuring length of 1 000

For measuring lengths over 10 000, the tolerance shall be agreed between manufacfurer/ supplier and user.

Measurement results For a measuring length of:
a) b)
Measuring instruments

For a): precision level or optical instruments;

for b): precision level;

Observations and references to IS0 230-1:2012, 8.4.2.1, 8.4.2.2 and 8.4.2.3
The measuring level or the instrument shall be placed on the table:

If the X'-axis motion causes angular deviation of both the table and spindle head, differential measurements of the
two angular motions shall be taken.

Fora) and b}, measurements shall be carried cut on at least six positions along the travel, with equally spaced steps
not exceeding 500.

For a) and b), the angular error to be reported is the difference between the maximum and the minimum readings.
Measurement location shall be reported.

For tests a) and b), the instrument shall be placed at the twe ends and possibly in the middle of the table. The
instrument located at one end of the table explores the characteristics of half of the bed.

The instrument located in the middle of the table reveals different deviations from the ones located at both ends of
the table.
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Object G4

Checking of the angular errors of the table motion (X-axis) in the horizontal XY plane (Ecx': yaw);

Diagram 7z

1 X,‘_T 2 T
- i

E[
i
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Key
1 autocollimator ‘ 2 mirror
Tolerance For measuring length up to:
2500 5000 7 500 10 000

0,030/1 000 0,040/1 000 0,050/1 000 0,060/1 000

Local telerance: 0,020/1 000 for any measuring length of 1 000

For measuring lengths over 10 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results For a measuring length of:

Measuring instruments
Autocollimator or other optical angular measurement instrument

Observations and references to 1S0 230-1:2012,8.4.2.1,8.4.2.2 and 84.2.3

The autocollimator shall be placed on the table:

Measurements shall be carried cut on at least six positions along the travel, with equally spaced steps not exceeding
500.

The angular error to be reported is the difference between the maximum and the minimum readings. Measurement
location shall be reported,
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Object G5

Checking of the straightness of the horizontal motion of the spindle head on the cross-rail (Y-axis):
a) in the horizontal XY plane, Exy;
b) in the vertical YZ plane, Fzy.

x*-_T | ‘?"' | Y._r
gﬁ %_1 - |

-

- i
a) b)
Tolerance For measuring length up to:
1000 - 2000 3000 4000
For a) and b): 0,010 0,020 0,030 0,040

Local tolerance for a} and b): 0,015 for any measuring length of 800

For measuring lengths over 4 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results For a measuring length of:
a) b)

Measuring instruments

Dial gauge, straightedge and gauge blocks or optical instruments.

Observations and references to ISO 230-1:2012, 8.2.2.1, 8.2.2.3, 8.2.2.4 and 8.2.2.5

Fix the movable cross-rail in mid travel and move the table in mid travel.

Set a straightedge on the table, with the reference surface approximately parallel to the Y-axis: in the horizontal
plane for a) and in the vertical plane for b).

If the spindle can be locked, the dial gauge may be mounted on it. If the spindle cannot be locked, the dial gauge
shall be mounted on the ram.

Traverse the spindle head in the Y-direction through the measuring length and record the readings. The measuring
length is normally the length between the two columns {not the full length of cross-rail). In other cases, this shall
be agreed upon between the supplier/manufacturer and user.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 400.
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Object G6

Checking of the angular errors of the horizontal motion of the spindle head (Y-axis):
a) in the vertical YZ plane (Eay: pitch);

b) in the vertical ZX plane (Esy: roll);

¢) in the horizontal XY plane (Ecy: yaw).

Diagram
Z Z
e ]
Y 1 I X 5
“JT] |
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6
\- hi/ %
oL o \%
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a} and ¢} . b)
Key
1 measuring level for pitch 3 autocollimator for yvaw/pitch 5 measuring level for roll
2 reference level for pitch 4 mirror for yaw/pitch 6 reference level for roll
Tolerance For measuring length up to:
2000 3000 4000 5000
For a), b} and c}): 0,040/1 000 0,050/1000 0,060/1000 0,060/1 000

For a), b) and c), local tolerance: 0,015/1 000 for any measuring length of 800

For measuring lengths over 5 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results For a measuring length of;
a} b) c)
Measuring instruments

For a): Precision level or optical instruments;
for b): Precision level;

for ¢): Autocollimator or other optical instruments.

Observations and references to 150 230-1:2012, 8.4.2.1, 8.4.2.2 and 8.4.2.3
The level or mirror or retro-reflector shall be placed on the movable component;
for a), (Eav: pitch}: the level shall be placed in the Y-axis direction;

for b), {Eey: roll): the level shall be placed in the X-axis direction;

for ¢}: (Ecy: yaw): set autocollimator horizontally in the Y-axis direction.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 400,

For a), b) and ¢}, the angular error to be reported is the difference between the maximum and the minimum
readings.
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Object G7

Checking of the angular errors of the spindle head vertical motion (Z-axis):
a) in the vertical YZ plane, Eaz;

b) in the vertical ZX plane, Ezz.

Diagram
Z Z
Y c-—T 1 | X _-—T |
— =
. ) 4\‘@ =T
N\ \
-
A1 U= | 1
Key a) b)
1 measuring level for Eaz 3 measuring level for Egz
2 reference level for Eaz 4 reference level for Enz
Tolerance For measuring length up to:
1000 2000 3 000 4000
For a) and b): 0,020/1 000 0,030/1 000 0,040/1000 0,050/1000

Local tolerance for a) and b): 0,015/1 000 for any measuring length of 600

For measuring lengths over 4 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results For a measuring length of:
a) . b)’
Measuring instruments

Precision level or optical instruments.

Observations and references to IS0 230-1:2012

The level or mirror or retro-reflector shall be placed on the movable component:
for a), (Eaz): the level shall be placed in the Y-axis direction;

for b), (Esz): the level shall be placed in the X-axis direction.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 300. .

For a) and b), the angular error to be reported is the difference between the maximum and the minimum readings.
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Object G8

Checking of the angular error of the spindle head vertical motion (Z-axis) in the horizontal XY plane,
Ecz (roll).

Diagram

7
o]
]l
ANEN
e
LT | | }
Key
1 square 2 special arm d travelled distance along Y-axis
Tolerance For measuring length up to:
1000 2000 3000 4000

0,020/1 000 0,030/1000 0,040/1000 0,050/1 000
Local tolerance: 0,015/1 000 for any measuring length of 600

For measuring lengths over 4 000, the tolerance shall be agreed between manufacturer/supplier and user.

Measurement results Fora measuring length of:

Measuring instruments

Square, dial gauge mounted on special arm or taut wire and microscope or sweeping [aser.

Observations and references to 1S0 230-1:2012, 8.4.2.4

Measure the Exz straightness deviation of the Z-axis by an instrument mounted on a special arm with a horizontal
offset d/2 from the spindle axis, alternatively: (i} by a dial gauge against a square set up as in G7 a) and in G11 a),
as depicted in Diagram, (ii) by a microscope targeting a vertical taut wire or (iii} by a target of a sweeping laser
generating an optical YZ plane. Note the readings and the relevant measuring positions on the spindle head travel
(Z-axis).

Position or turn the special arm (carrying the instrument) to the opposite side of the spindle head, and move the
Y-axis of d in order to repeat the same readings against the same reference; the possible roll of the Y-axis motion
shall be measured and taken into account.

For (iif) no Y-axis movement is required.

The instrument shall be reset, the new measurements shall be taken at the same heights of the previous ones, and
the results shall be noted.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 300,

For each measurement position, calculate the algebraic difference between the two readings, and then calculate
the difference between mazimum and minimum divided by the distance d for obtaining the angular deviation.

NOTE: this setup is also applicable for test G14.
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Object : G9

Checking of the squareness of the spindle head horizontal motion on cross-rail (Y-axis) to the table motion (X'~
axis), Ecjox)y.

Diagram Y

of T

Tolerance
0,040/1 000

Measurement results

Measuring instruments
Square and dial gauge or optical instruments.

Observations and references to IS0 230-1:2012, 10.3.2.2

Place the table in mid travel.
Fix the dial gauge on the spindle head.

Set a square on the table and align one side parallel to the table motion (X’-axis), or the lack of parallelism shall
be considered in the measurement.

Place the dial gauge stylus against the other arm of the square measuring in the X-direction. Position the Y-axis
close to one end of the square surface and zero the dial gauge.

Move the Y-axis to measure close to the other end of the square surface and note the reading.

The squareness error, Ecox)y, to be reported is the ratio between the reading and the travelled distance along
the Y-axis.

For large machines, the measurement should be repeated at the two extreme table positions.
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Object G10

Checking of the squareness of the spindle head vertical motion (Z-axis) to:
a) the X'-axis motion, Esoxz;

b) the Y-axis motion, Eaqovz.

This test is also applicable to additional vertical spindle heads on the cross-rail.

Diagram
Z - ___" Z
X -—T ) 4 Y 4—]
T E ]
28
_ b,
I . = —
Key

ay az, b1 and bz measurement positions

Tolerance
Fora) and b): 0,050/1 000

Measurement resulis
a) b}

Measuring instruments

Square, straightedge, adjustable blocks and dial gauge or optical instruments.
Observations and references to 1S0 230-1:2012, 10.3.2.2

Place table, movable cross-rail and spindle head at mid travel.

For a): set a straightedge parallel to the X"-axis motion using adjustable blocks or the lack of parallelism shall be
considered in the measurement and then place a square on it. Fix a dial gauge on the spindle head. Lock movable
cross-rail on columns, where possible.

Apply the stylus of the dial gauge to the square in position a1, measuring in the X-direction and zero the dial
gauge. Move the Z-axis to position az and record the dial gauge reading. The squareness error, Ep(oxyz, to be
reported is the ratio between the reading in az and the travelled distance along the Z-axis.

For b): set the straightedge parallel to the Y-axis motion using adjustable blocks or the lack of parallelism shall
be considered in the measurement and then place the square on it.

Apply the stylus of the dial gauge to the square in position b1, measuring in the Y-direction and zero the dial
gauge. Move the Z-axis to position bz and record the dial gauge reading. The squareness error, Eawvyz, to be
reported is the ratio between the reading in bz and the travelled distance along the Z-axis.

For large machines, checking of the squareness error of Z- to X-axis, Egpxyz, should be repeated at the two
extreme table positions.

NOTE: This test setup is also applicable to tests G7, G12 and G15. The use of the straightedge is optional.
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Object G13

Checking of the angular error of the movable cross-rail in its W-axis motion in the horizontal XY plane, Ecw.

Diagram
Y
— Z(w)
X ‘J 5 X -
1 P
4 \ 1
> |
) -
L 1
I ]
Key
1 square 2 special arm d travelled distance along Y-axis
Tolerance For measuring length up to:
2000 3000 4 000 5000

0,030/1 000 0,040/1 000 0,050/1000 0,060/1000
Local tolerance: 0,015/1 000 for any measuring length of 1 000

For measuring lengths over 5 000, the tolerance shall be agreed between manufacturer/ supplier and user.

Measurement results For a measuring length of:

Measuring instruments
Square, dial gauge mounted on special arm, or taut wire and microscope, or sweeping laser.

Observations and references to 150 230-1:2012, 84.2.4

Measure the Exw straightness deviation of the W-axis by an instrument mounted on a special arm with a horizontal
offset d/2 from the spindle axis, alternatively: (i) by a dial gauge against a square setup asin G7 a) and in G11 a),
as depicted in Diagram, (ii) by a microscope targeting a vertical taut wire or fiii) by a target of a sweeping laser
generating an optical YZ plane. Note the readings and the relevant measuring positions on the cross-rail travel (W-
axis). :

If used, the taut wire shall be tightened hetween the table and another fixed part independent from the bridge.

Position or turn the special arm (carrying the instrument) to the opposite side of the spindle head and move the
Y-axis of d in order to repeat the same readings against the same reference; the possible roll of the Y-axis motion
shall be measured and taken into account.

For (iif) no Y-axis movement is required.

The instrument shall be reset and the new measurements shall be taken at the same heights of the previous ones,
and the results shall be noted.

Measurements shall be carried out on at least six positions along the travel, with equally spaced steps not
exceeding 500, Ifthe cross-rail is only movable when being positioned in fixed steps, measurements positions shall
be selected accordingly.

For each measurement position calculate the algebraic difference between the two readings, and then calculate
the difference between maximum and minimum divided by the distance d for obtaining the angular error.

NOTE: This test setup is also applicable to test G9.
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Object G14

Checking of the parallelism of the movable cross-rail vertical motion (W-axis) to the Z-axis motion:
a) in the vertical ZX plane, Ezponyw;

) in the vertical YZ plane Eapzyw.

Diagram
Z(W) _ Z(W)
1 T =
, [t I ) I
' e e Tt Y
JEN E— |
] || L
a) b)
Tolerance
For a) and b): 0,030/1 000
Measurement results
a) b)

Measuring instruments

Square, straightedge on adjustable blocks and dial gauge.

Observations and references to IS0 230-1:2012,10,1.2.2
This test uses the same test setup as G7, G11 and G12.

For a): execute the straightness measurement Exz described in G7 a) and record the computed slope then, without
altering the square alignment, execute the straightness measurement Exw described in G12 a) and record the
computed slope.

The parallelism error, Esozw, to be reported, is the difference of the slopes obtained in G7 a) and
in G12 a).

For b): execute the straightness measurement Evz described in G7 b) and record the computed slope then, without
altering the square alignment, execute the straightness measurement Eyw described in G12 b) and record the
computed slope.

The parallelism error, Eawzw, to be reported, is the difference of the slopes obtained in G7 b) and
in G12 h).
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7 Geometric tests for the table

Object G15

Checking of the parallelism of the table surface to the motion of the table (X'-axis).

Diagram
Z r Z
X 1——1 T '
[ | . ,
i_] e ]
T 1 1
: l ( L~ *y T
Lo ) LT
I e —
[ 1 1 C -
Key a) 1))
1  gauge block
Tolerance For lengths of the longest side of the table up to;
2500 5000 7 500 10000
Parallelism tolerance 0,050 0,750 0,150 0,200

For table lengths over 10 000, the tolerance shall be agreed upon between manufacturer/supplier and user.

The above tolerances are specified assuming that finish-machining of the table is not carried out in situ after
assembly. If the table is finished in situ, the tolerances shall be agreed upon between the manufacturer/supplier
and user.

Measurement results For a measurement distance of; Over a table length of:

Measuring instruments

Dial gauge and gauge block.

Observations and references to 150 230-1:2012, 12.3.2.5.2

Attach a dial gauge to the tool-holding spindle or to the head near the spindle. The dial gauge stylus shall be
touching the table surface directly or touching a gauge block located on the table surface.

The spindle head is at mid travel.
Move the table in the X-direction and record the dial gauge readings.

Measurements shall be carried out at a number of positions equally spaced at steps not exceeding 1/10 of the
longest side of the table (see Diagram a)).

Repeat the test in two other Y-axis positions of the spindle head, symmetrical to the previous position, and record
the maximum difference of the readings in the same way (see Diagram b)).

The parallelism error to be reported is the largest of the maximum differences recorded at each Y-axis position.
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Object G16

Checking of the parallelism of the table surface to the motion of the spindle head (Y-axis).

Diagram

Key a) b)

1 gauge block

Tolerance For lengths of the shortest side of the table up to:
3000 4000 5000 6000
Parallelism tolerance 0,030 0,050 0,070 0,090

For table with shortest side lengths over 6 000, the tolerance shall be agreed upon between
manufacturer/supplier and user.

The above tolerances are specified assuming that finish-machining of the table is not carried out in situ after
assembly. If the table is finished in situ, the tolerances shall be agreed upon between the manufacturer/supplier
and user.

Measurement For a measurement distance of: Over a table width of:
results
Measuring instruments

Dial gauge and gauge block.
Observations and references to [SO 230-1:2012, 12.3.2.5.2

Attach a dial gauge to the tool-holding spindle or to the head near the spindle. The dial gauge stylus shall be
touching the table surface directly or touching a gauge block located on the table surface.

The table is at mid travel.
Move the spindle head in the Y-direction and record the dial gauge readings.

Measurements shall be carried out at a number of positions equally spaced at steps not exceeding 1/5 of the
shortest side of the table (see Diagram a)).

Repeat the test in the two extreme positions of the table and record the maximum differences of the reading in the
same way (see Diagram b)).

The parallelism error to be reported is the largest of the maximum differences recorded at each position of the
table.
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Object G17
Checking of the parallelism of the median or reference T-slot (where present) to the motion of the table (X'-axis).
Diagram
Key
1 cross-square
Tolerance For length of the longest side of the table up to:
2500 5000 7 500 10 000

Parallelism tolerance 0,075 0,100 0,125 0,150
For table lengths over 10 000, the tolerance shall be agreed upon between manufacturer/supplier and user.
Measurement results For a measurement distance of: Over a table length of:
Measuring instruments

Dial gauge and cross-square.

Observations and references to 150 230-1:2012, 12.3.2.5.2

Attach a dial gauge to the tool-holding spindle or to the head near the spindle.
Place the gauge stylus in contact with the measuring face of the reference T-slot or use a cross-square.
Move the table and record the dial gauge readings.

Measurements shall be carried out at a number of positions equally spaced at steps not exceeding 1/10 of the
longest side of the table.

Traverse the X-axis from one measurement position to the following without contact between the stylus and the
reference surface. At each measurement position either move down the Z-axis to bring the dial gauge into contact
with the reference surface or insert the cross-square between the stylus and the table surface.

The parallelism error to be reported is the difference between the maximum and the minimum readings.
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8 Geometric tests for the vertical spindle head

Object G18

Checking of the run-out of internal taper of the tool-holding spindle:
a) close to the spindle nose;
b] at a distance of 250 mm from position a).

Carry out these tests for each tool-holding spindle of the machine.

Diagram

v ]

Key

a)Jand b) measurement positions

Tolerance

D<125 125 <D <200 D =200

For aj: 0,010 0,015 0,020
For b): 0,020 0,025 0,030
where D is the diameter of the spindle-nose face (See G20 Diagram).
Measurement results '
a) b)

Measuring instruments

Dial gauge and test mandrel.

Observations and references to 1SO 230-1:2012,12.5.2

Attach a dial gauge to a fixed part of the machine and insert the test mandrel in the spindle,

For a): Place the dial gauge stylus as close as possible to the'spindle nose, rotate the spindle and record the reading,
Repeat the same operation at position b) at a distance of 250 from position a).

See also test AR1 in Annex A.
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For b): place a straightedge at the centre of the table parallel to the Y-axis in the vertical plane or the lack of
parallelism shall be considered in the measurement. Attach the special arm with dial gauge to the tool-holding
spindle and adjust the stylus of the dial gauge to touch the straightedge, and record the reading. Then rotate the
spindle by 180° and record the new reading. The squareness error, Eawv), to be reported is the difference
between the two readings over the distance between the two measurement points.

This test can be performed without straightedge.

Mount the dial gauge on special arm and touch a gauge block placed on a specific point of the table. Set the dial
gauge to zero and mark the point. Rotate the arm by 180° and move the X-axis for a) and the Y-axis for b) to touch
the marked point and read the dial gauge. The difference between the two readings divided by the distance of
movement of the axis is the error to be reported.

Straightness error motions and pitch error motions of moving axis Ezx and Es¢ for a) and Fzy and Eay for b),
influence the test results.

9 Geometric tests for the horizontal spindle head

Object ' G21

Checking of the squareness of the vertical motion of the horizontal spindle head (R-axis) on a column to:

a) the X-axis motion, Eroxr;

b) the Y-axis motion, Eagvjr.

Diagram
Z{R) Z(R) '
BE
X ‘J i— i i | Yd——T
] | | |
dy & vm—} l f T T b2
Lo ] [
by 65 ] E;ﬂb
| \ Sl 1

a) b)

Key

ay, az, brand b2 measurement positions

Tolerance

For a) and b): 0,050/1 000

Measurement results

a) b)

Measuring instruments

Cylindrical square, surface plate, adjustable blocks and dial gauge or optical instruments.

Observations and references to IS0 230-1:2012, 10.3.2.2

Place movable cross-rail and vertical spindle head at mid travel.
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Fix the dial gauge to the side spindle head. If the spindle can be locked, the dial gauge may be mounted on it. Ifthe
spindle cannot be locked, the dial gauge shall be placed on a fixed part of the side spindle head.

Place a cylindrical square, or a regular square, on a surface plate oriented parallel to the reference plane defined
by the X’-axis motion of the table and the Y-axis motion of the vertical spindle head, or the lack of parallelism shall
be considered in the measurement; then orient the dial gauge stylus in the X-axis direction to touch at point a: on
the cylindrical square and zero the dial gauge. Move side spindle head to pointaz and record the dial gauge reading.

Rotate the cylindrical square by 180° and repeat the checking in the same order.

The squareness error, Espxr, to be reported is the average value of the recorded dial gauge readings divided by
the distance between points ajand az for a) and between points biand bz for b).

Then carry out checking in the Y-axis direction at points b1 and b for the determination of the squareness error,
Fa(one.
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Object G22

Checking of the parallelism of the horizontal spindle head spindle axis, (B), to the Y-axis motion:
a) in the vertical YZ plane, Earovya);

b] in the horizontal XY plane, Ecov)m.

Diagram
A _ 7 Z
J
]
V [! 13 [I 1) X‘
250
] &)
O Q
S b)
Tolerance

For a) and b): 0,060/1 000 (0,015/250)

Measurement results
a) b)

Measuring instruments

Test mandrel and dial gauge or optical instruments.

Observations and references to iSO 230-1:2012,10.1.4

Attach the dial gauge to the vertical spindle head and adjust its stylus to touch the test mandrel mounted on the
horizontal tool-holding spindle, for a) vertically and for b) horizontally, as near as possible to the spindle nose.

Horizontal spindle head is locked in low-position. Movable cross-rail is locked in mid travel, where possible.
Move the vertical spindle head (Y-axis) for the measuring length and record the readings.

Record the maximum difference of dial gauge readings, then rotate the spindle axis, (B), by 180° and record again
the maximum difference of dial gauge readings. The measurement results to be reported are the averages of the
maximun: readings recorded with spindle axis, (B), at 0° and at 180° respectively.
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Object G23

Checking of the squareness of the axis of rotation of the horizontal tool-holding spindle, (B), to the motion of the
table (X"-axis), Eciox). :

Diagram
el Y
i 2
-w-}‘“ ¥ "
e SR R O N A b}
Tolerance

0,060/1 000 (0,030/500)

Measurement results

Measuring instruments

Straightedge, dial gauge mounted on special arm.

Observations and references to ISO 230-1:2012, 10.3.3

Place a straightedge at the centre of the table parallel to the X’-axis motion in the horizontal plane or the lack of
parallelism shall be considered in the measurement.

The table is locked at mid travel, where possible.

Attach the special arm with dial gauge to the horizontal tool-holding spindle and adjust the stylus ofthe dial gauge
to touch the straightedge and record the reading. Then rotate the spindle by 180° and record the new reading,

The squareness error, Ecpoxyms), to be reported is the ratio of the difference between the two readings over the
distance between the two measurement points.
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10 Accuracy and repeatability of positioning of linear axes

Object P1

Checking of the accuracy and repeatability of the X-axis motion of the table, Fxx.

Diagram Y

| ail ]

Key
1 laser head 2 interferometer 3 retro-reflector
Tolerance Measured length Measurement
For axes up to 2 000 <500 | <1000 | <2000 results
Bi-directional positioning accuracy of X-axis Exva 0,020 0,025 0,032
Unidirectional positioning repeatability of X-axis Exwrr; BExxept | 0,008 0,010 0,013
Bi-directional positioning repeatability of X-axis Exen 0,011 0,014 0,017
Mean reversal value of X-axis Exx's 0,010 0,013 0,016
Bi-directional systematic positioning error of X-axis? - Ewve 0,016 0,020 0,025
Mean bi-directional positioning error of X-axis Fyxx M 0,010 0,013 0,016
For axes exceeding 2 000

. . . e R 0,025 + 0,005 for each
Bi-directional systematic positioning error of X-axis 2 Exx g additional 1 000

G s . 0,016+ 0,003 for each

Mean bi-directional positioning error of X-axis Fxx,m additional 1 000

a Possible basis for machine acceptance.

Measuring instruments
Laser measurement equipment or linear scale.

Observations and references to 150 230-1:2012, 3.4.3; IS0 230-2:2014, 3, 5.3.2 and 5.3.3

Relative measurement between the too) position and work-piece position is desired. When a linear scale is used,
it shall be set on the table parallel to the X'-axis, the scale reader being on the tool position. When laser equipment
is used, the reflector shall be set on the vertical spindle head and the interferometer on the table.

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each. Tolerances
for axis lengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended; for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with any excess length equally divided at the
| beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test
over the total travel of the axis {once forward and once backward) shall be performed.

Concerning the test conditions, test program and presentation of results, 150 230-2:2014, Clauses 3, 4 and 7 and

subclause 8.2.4 shall be referred to. The starting point of measurement shall be stated.
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Object P2
Checking of the accuracy and repeatability of the Y-axis motion of the vertical spindle head, Eyv.
Diagram
Z
vt
-—
3 —
\ I | 2
! ' 3 o 1
i e
Key
1laser head 2 interferometer 3 retro-reflector
Tolerance Measured length Measurement
For axes up to 2 000 <500 | <1000 | <2000 results
Bi-directional positioning accuracy of Y-axis @ Evva 0,020 | 0,025 0,032
Unidirectional positioning repeatability of Y-axis Evyer; Evepe | 0,008 | 0,010 0,013
Bi-directional positioning repeatability of Y-axis Evyi 0,011 0,014 0,017
Mean reversal value of Y-axis Evyg 0,010 0,013 0,016
|Bi-directional systematic positioning error of Y-axis Evvp 0,016 0,020 0,025
Mean bi-directional positioning error of Y-axis a Eyvym 0,010 0,013 0,016
For axes exceeding 2 000
. . . e . 0,025 + 0,605 for each
Bi-directional systematic positioning error of Y-axis » Evvp additional 1 000
. . . . - 0,016 + 0,003 for each
Mean bi-directional positioning error of Y-axis Evvm additional 1 000

@ Possible basis for machine acceptance.

Measuring instruments
Laser measurement equipment or linear scale.

Observations and references to ISO 230-1:2012, 3.4.3; IS0 230-2:2014, 3, 5.3.2 and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used, it
shall be set on the table parallel to the Y-axis, the scale reader being on the tool position. When laser equipment is
used, the reflector shall be set on the vertical spindle head and the interferometer on the table.

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each. Tolerances for
axis lengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended; for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with ahy excess length equally divided at the
beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test over]
the total travel of the axis (once forward and once backward) shall be performed.

Concerning the test conditions, test program and presentation of results, IS0 230-2:2014, Clauses 3, 4 and 7 and|
subclause 8.2.4 shall be referred to. The starting point of measurement shall be stated.
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Object P3

Checking of the accuracy and repeatability of the Z-axis motion of the vertical spindle head ram or quill, Ezz.

Diagram
Z
3 ]
\ ! Y
N

.—|‘/ 1
Key
1 laser head 2 interferometer 3 retro-reflector
Tolerance Measured length Measiremant
For axes up to 2 000 <500 | <1000 | <2000 results
Bi-directional positioning accuracy of Z-axis? Fuza 0,020 0,025 0,032
Unidirectional positioning repeatability of Z-axis EZZ'RTEZZ'R 0,008 0,010 0,013
Bi-directional positioning repeatability of Z-axis Ezp 0,011 0,014 0,017
Mean reversal value of Z-axis Ezzg 0,010 0,013 0,016
Bi-directional systematic positioning error of Z-axis Emg 0,016 0,020 0,025
Mean bi-directional positioning error of Z-axis Erzm 0,010 0,013 0,016
For axes exceeding 2 000

C oy . e . 0,025 -+ 0,005 for each
Bi-directional systematic positioning error of Z-axis 2 Eozp additional 1 000
C e — . 0,016+ 0,003 for each

Mean bi-directional positioning error of Z-axis # Ezzm additional 1 000

a  Possible basis for machine acceptance.

Measuring instrumesnts
Laser measurement equipment or linear scale.

Observations and references to IS0 230-1:2012, 3.4.3; IS0 230-2:2014, 3, 5.3.2Z and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used, it
shall be set on the table parallel to the Z-axis, the scale reader being on the tool position. When laser equipment is
used, the reflector shall be set on the vertical spindle head and the interferometer on the table.

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each. Tolerances for
axis lengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended; for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with any excess length equally divided at the
beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test over
the total travel of the axis (once forward and once backward]) shall be performed.

Concerning the test conditions, test program and presentation of results, IS0 230-2:2014, Clauses 3, 4 and 7 and
subclause 8.2.4 shall be referred to. The starting point of measurement shall be stated. '
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Object P4

Checking of the accuracy and repeatability of the vertical R-axis motion of the horizontal spindle head, Ezz.

Diagram
. Z(R)
F ‘L = Y .
3
I.}.__..w 2 ‘_—r/ 1
L —AL
Key
1 laser head Z interferometer 3 retro-reflector )
Tolerance Measured length Measurement
Foraxesup to 2 000 <500 |=1000]| <2000 results
Bi-directional positioning accuracy of R-axisa Ezra 0,020 | 0,025 0,032
Unidirectional positioning repeatability of R-axls Ezrgpt; Ezrpe | 0,008 | 0,010 0,013
Bi-directional positioning repeatability of R-axis Ezrp 0,011 | 0,014 | 0,017
Mean reversal value of R-axis Ezrs 0,010 | 0,013 | 0,016
Bi-directional systematic positioning error of R-axis? Erp 0,016 | 0,020 0,025
Mean bi-directional positioning error of R-axis 2 Eznm 0,010 | 0,013 0,016
For axes exceeding 2 000
Doy . . e . . 0,025 + 0,005 for each
Bi-directional systematic positioning error of R-axis 2 Erg additional 1 000
. , e - 0,016 + 0,003 for each
Mean bi-directional positioning error of R-axis 2 EzrM additional 1 000

*  Possible basis for machine acceptance.

Measuring instruments

Laser measurement equipment or linear scale.

Observations and references to ISO 230-1:2012, 3.4.3; ISO 230-2:2014, 3,5.3.2 and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used,
it shall be set on the table parallel to the Z-axis, the scale reader being on the tool position. When laser equipment
Is used, the reflector shall be set on the horizontal spindle head and the interferometer on the table,

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each. Tolerances
for axis lengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended; for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with any excess length equally divided at the
beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test
over the total travel of the axis (once forward and once backward) shall be performed.

Concerning the test conditions, test program and presentation of results, IS0 230-2:2014, Clauses 3, 4 and 7 and
subclause 8.2.4 shall be referred to. The starting point of measurement shall be stated.
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Object P5

Checking of the accuracy and repeatability of the horizontal V-axis motion of the horizontal spindle head or quill,
Fyv.

Diagram

Key

1 laser head 2 interferometer 3 retro-reflector

Tolerance Measured length Measurement
For axes up to 1 000 <500 <1000 results
Bi-directional positioning accuracy of V-axis ® Evva 0,020 0,025

Unidirectional positioning repeatability of V-axis 2 Evvir; Byvel 0,008 0,010

Bi-directional positioning repeatability of V-axis Evvr 0,011 0,014

Mean reversal value of V-axis Eyvp -0,010 0,013

Bi-directional systematic positioning error of V-axis @ Eyve 0,016 0,020

Mean bi-directional positioning error of V-axis ? Evvm 0,010 0,013

a  Pgssible basis for machine acceptance.

Measuring instroments
Laser measurement equipment or linear scale.

Observations and references to 1SO 230-1:2012, 3.4.3; ISO 230-2:2014, 3,5.3.2 and 5.3.3

Relative measurement between the tool position and work-piece position is desired. When a linear scale is used,
it shall be set on the table parallel to the Y-axis, the scale reader being on the tool position. When laser equipment
is used, the reflector shall be set on the horizontal spindle head and the interferometer on the table.

Concerning the test conditions, test program and presentation of results, ISO 230-2:2006, Clauses 3, 4 and 7 and
subclause 8.2.4 shall be referred to.
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Object P6
Checking of the accuracy and repeatability of the W-axis motion of the cross-rail when numerically controlled, Ezw.
Diagram
Ztw)
Z
Y
\ I_i—
= —!I
1
2 ‘_7/
Key
1 laser head 2 interferometer 3 retro-reflector
Tolerance Measured length Measurement
For axes up to 2 000 <500 |<1000|<2000| Tesults
Bi-directional positioning accuracy of W-axis 2 Ezw.a 0,020 | 0,025 | 0,032
Unidirectional positioning repeatability of W-axis® EzwrtEzwrl | 0,008 0,010 0,013
Bi-directional positioning repeatability of W-axis Fzwr 0,011 | 0,014 | 0,017
Mean reversal value of W-axis Ezwg 0,010 | 0,013 | 0,016
Bi-directional systematic positioning error of W-axis # Eawg 0,016 0,020 | 0,025
Mean bi-directional positioning error of W-axig = o ATAY] 0,010 0,013 0,016
For axes exceeding 2 000
. , . e . 0,025+ 0,005 for each
Bi-directional systematic positioning error of W-axis Ezw additional 1 000
. . s . 0,016 + 0,003 for each

Mean bi-directional positicning error of W-axis Eowm additional 1 000

*  Possible basis for machine acceptance.

Measuring instruments
Laser measurement equipment or linear scale.
Observations and references to ISO 230-1:2012, 3.4.3; ISO 230-2:2014, 3,5.3.2 and 5.3.3

Relative measurement between the tool position and work~piece- position is desired. When a linear scale is used,
it shall be set on the table parallel to the Z-axis, the scale reader being on the tool position. When laser equipment
is used, the reflector shall be set on the vertical spindle head and the interferometer on the table.

For axes exceeding 2 000, one or more segments of 2 000 with 5 runs forward and backward each, Tolerances
for axis Iengths < 2 000 shall be applied.

For axes up to 4 000 one measurement over one 2 000 segment is recommended; for axes over 4 000 and up to
8 000 two 2 000 segments are recommended, and so forth.

Test segments shall be equally spaced along the full axis length, with any excess length equally divided at the
beginning, in between, and at the end of the test segments.

Other number of 2 000 mm segments, other lengths of segments, as well as the positions of the segments within
the working area can be subject to agreement between manufacturer/supplier and user. Additionally, one test
over the total travel of the axis (once forward and once backward) shall be performed.

Concerning the test conditions, test program and presentation of results, IS0 230-2:2014, Clauses 3, 4 and 7 and
subclause 8.2.4 shall be referred to. The starting point of measurement shall be stated.
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The difference between the readings of target 1 and target 2 allows for appropriate differential
measurements. Stability is monitored by the readings of optional target 3.

In Figure B.2, for graphical reasons, target 1 is represented as not being aligned with the centre of rotation
of the laser scanning device head but, to improve measurement execution efficiency, it is suggested to
locate target 1 to be in alignment.

In the setup depicted in Figure B.2, the distances between the laser scanning device and the various
targets (especially for optional target 3) are larger than the distances required with the setup depicted in
Figure B.1, so measurement uncertainty is expected to increase as it is highly influenced by any air
turbulences, e.g., caused by changing surface temperatures along the laser path.
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(informative)

Terms in other languages

ISO WD 8636-1(E)

See Table C.1.
Table C.1 — Terms in other than official ISO languages for Figure 1
Key | German Italian Japanese Persian

1 Bett banco

2 | Fiihrungsbahn, Bett guida del banco

3 | Tisch tavola

4 | Stinder, links montante sinistro

5 | Stdnder, rechts montante destro

6 Fuhrungsba.hn, Stander guide dei montanti
rechts und links

7 Querbalken (beweglich, traversa mobile (o fissa)
fest)

8 | Spindelstock, senkrecht teStE.‘ porta-utensili

: verticale
9 | Spindelstock, waagerecht testa porta-utensili
; orizzontale
10 | Traverse traversa fissa
11 | Unterschlitten slitta orizzontale
12 | Traghiilse (Pinale) cannotto

13 mandrino porta-utensile

14 | Werkzeug (Friser) utensile (fresa)

15 | Richtnut s_can:aiatura di

riferimento

vertikale Bewegung des movimento verticale della

R | horizontalen Fraskopfes (R- | testa di fresatura
Achse) orizzontale {asse R)
horizentale Bewegung des movimento orizzontale

V | horizentalen Friskopfes (V- | della testa di fresatura
Achse) orizzontale (asse V)
bewegliche Traverse, . .

W | vertikale Bewegung (W- movimento Vt_artlcale della

traversa mobile (asse W)

Achse)

X' | X-Achse asse X

Y Y-Achse asse Y

Z Z-Achse asse 7
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