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Foreword

0-1:2012(E)

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-g
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cond,

This
revise

ISO 2
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— F

avernmental in liaison with 1ISO_also take part in the wark [ISQO collaborates clos

ational Standards are drafted in accordance with the rules given in the ISO/IEC Dirgctives,
ain task of technical committees is to prepare International Standards. Draft Internation
ed by the technical committees are circulated to the member bodies for voting. Publi
ational Standard requires approval by at least 75 % of the member bodie§ tasting a vote.

ion is drawn to the possibility that some of the elements of this document may be the sub
. ISO shall not be held responsible for identifying any or all such patent rights.

fions for metal cutting machine tools.

third edition cancels and replaces the second edition (ISO 230-1:1996), which has begq
d.

30 consists of the following parts, under the general title Test code for machine tools:

Part 1: Geometric accuracy of machines\eperating under no-load or quasi-static conditions
Part 2: Determination of accuracy and repeatability of positioning of numerically controlled aX
Part 3: Determination of thermal effects

Part 4: Circular tests for numerically controlled machine tools
Part 5: Determination of the noise emission

Part 6: Deteftmination of positioning accuracy on body and face diagonals (Diagonal displace

Part 7i-Geometric accuracy of axes of rotation

ational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization,.

ely with the
Part 2.
al Standards

cation as an

ject of patent

30-1 was prepared by Technical Committee ISO/TC 39,“Machine tools, Subcommitte¢ SC 2, Test

n technically

es

ment tests)

— F

Part 8 Vibrations [Technical Report]

— Part9:

equations [Technical Report]

Estimation of measurement uncertainty for machine tool tests according to series ISO 230, basic

— Part 10: Determination of the measuring performance of probing systems of numerically controlled
machine tools

The following part is under preparation:

— Part 11: Measuring instruments and their application to machine tool geometry tests [Technical Report].
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Introduction

ISO/TC 39/SC 2 decided to revise and restructure this part of ISO 230 for the following reasons:

a)

b)

c)

f)

Vi

some subclauses of the previous edition overlapped with other newly specified test codes;

for pract
in order

NOTE 1
compone
error and

a clear
surfaces

there was a need to address advances in machine tool technologies, measurement methods

measure
Annex A
developd
from the

furtherm

of measdirement have been introduced.

cal reasons, it was necessary to mr\dif\]/ the definitions of parnllnlicm error-and sguarenss.
o exclude straightness error when looking at machine tool motion;

hese definitions are not intended to be used for describing parallelism and perpendicularity ern
ts and features. For components and features, this part of ISO 230 directly complies with\the para|
perpendicularity error definitions derived from other International Standards (e.g. ISO 1101).

separation was desired among error motions of a trajectory and imperfections of fund
and workpieces;

ment instruments.

of the second edition became wider, as new measuring methods/apparatus have
d and introduced for higher accuracy and faster measurements. Therefore, it was sep4

main body to become a future Part 11 (Technical Repart).

bre, to align this part of ISO 230 with ISO 14253-(all parts), subclauses related to the uncel

error

ors of
lelism

tional

and

been
rated

tainty
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Test code for machine tools —

Part 1:
Geometric accuracy of machines operating under no-load or
quasi-static conditions

1 §

This

bcope

pbart of ISO 230 specifies methods for testing the accuracy of machiné“tools, operating

no-load or under quasi-static conditions, by means of geometric and machining tests. The meth

be ap

This
the rg
tools.

This
of thg
(spee

This
force

plied to other types of industrial machines.

part of ISO 230 covers power-driven machines, which can beused for machining metal, W
moval of chips or swarf material or by plastic deformation. lt.does not cover power-driven

part of ISO 230 relates to the testing of geometric aceuracy. It is not applicable to the operd
machine tool (vibrations, stick-slip motion of components, etc.) or to the checking of ¢
ds, feeds).

part of ISO 230 does not cover the geometric accuracy of high-speed machine motions whg
5 are typically smaller than acceleration.forces.

2 Normative references

The
refere

ollowing referenced doc¢uments are indispensable for the application of this documer
nces, only the editian)cited applies. For undated references, the latest edition of th

document (including any.amendments) applies.

I1ISO 1
speci

ISO 2
nume

, GeometricalhProduct Specifications (GPS) — Standard reference temperature for geomg
fication andiverification

30-2,.Test code for machine tools — Part 2: Determination of accuracy and repeatability of
rically‘controlled axes

either under
ods can also

ood, etc., by
ortable hand

tional testing
haracteristics

re machining

t. For dated
e referenced

trical product

positioning of

ISO 230-4, Test code for machine tools — Part 4. Circular tests for numerically controlled machine tools

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

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

ISO/TR 230-8, Test code for machine tools — Part 8: Vibrations

ISO 841, Industrial automation systems and integration — Numerical control of machines — Coordinate
system and motion nomenclature

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2

012(E)

ISO 1101, Geometrical Product Specifications (GPS) — Geometrical tolerancing — Tolerances of form,

orientation, lo

cation and run-out

ISO 12181-1:2011, Geometrical product specifications (GPS) — Roundness — Part 1: Vocabulary and

parameters of

roundness

ISO 12780-1:2011, Geometrical product specifications (GPS) — Straightness — Part 1: Vocabulary and

parameters of straightness

ISO 12781-1:2011, Geometrical product specifications (GPS)— Flatness— Part 1. Vocabulary and
parameters of flatness

ISO 14253-1] Geometrical Product Specifications (GPS) — Inspection by measurement of workpiecep and
measuring equipment — Part 1: Decision rules for proving conformance or non-conformance| with
specifications

3 Termsjand definitions

3.1 General

For the purposes of this document, the terms and definitions given in ISO 230-2, 1SO 230-4, 1SO 230-7,
ISO 841, 1S 12181-1, ISO 12780-1 and ISO 12781-1 and the following apply.

This part of [SO 230 uses metrological definitions, which take into account actual motions, real lineg and
surfaces accessible to measurement taking into account the limitations introduced by the construction or the
practicality off geometric verification.

NOTE 1 In bome cases, geometric definitions (definitions of run=out, etc.) have been retained in this part of ISO 230, in
order to elimirfate any confusion and to clarify the language used. However, when describing test methods, meassuring

instruments an

NOTE2 Fo

3.2 Termg for machine coordinate system and motion nomenclature

3.21

machine cogrdinate system
ctangular system with-the three principal axes labelled X, Y and Z, with rotary axes about each of

right-hand re
these axes |4

See Figure 1

d tolerances, metrological definitions are taken@s the basis.

I the alphabetical list of terms and definitions, see the index.

belled A, B and Crespectively

+Y
+B

+Y

+X +C

+Z +X

+A

Figure 1 — Right-hand rectangular machine coordinate system
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3.3.1

ISO 23

Terms for static compliance and hysteresis

structural loop
assembly of components, which maintains the relative position between two specified objects

[ISO 230-7:2006, definition 3.1.13]

NOTE

0-1:2012(E)

A typical pair of specified objects is a cutting tool and a workpiece, in which case the structural loop includes
the spindle, bearings and spindle housing, the machine head stock, the machine slideways and frame, and the fixtures for
holding the tool and workpiece. For large machines, the foundation can also be part of the structural loop.

3.3.2
statig
linear
to the
displa

NOTH
prope

NOTH

3.3.3

play
condi

structural loop

[1ISO

3.34

hysteresis
(or angular) displacement between.two'objects resulting from the sequential application and removal of

linear
equa

[1ISO

3.3.5
setuy
hyste|

[1ISO
3.3.6

macHh
hyste|

compliance

(or angular) displacement per unit static force (or moment) between two objects, specified
structural loop, the location and direction of the applied forces, and the location ‘and di

cement of interest

1 Static compliance is reciprocal to static stiffness. Static compliance is(preferred because
ties.

2 The term “cross compliance” is used when displacement and force are’not measured in the sam

lion of zero stiffness over a limited range of displacement'due to clearance between the con

P30-7:2006, definition 3.1.21]

forces (or moments) in opposite directions
P30-7:2006, definition 3.1.22]

hysteresis
resis of the various.components in a test setup, normally due to loose mechanical connectig
P30-7:2006, definition 3.1.22.1]

ine hysteresis
resis of the machine structure when subjected to specific loads

with respect
rection of the

of its additive

e direction.

hponents of a

[ISO 230-7:2006, definition 3.1.22.2]
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3.4 Terms for linear axes

3.4.1 General

In this part of 1ISO 230, many definitions and tests address errors in the relative motion between the
component of the machine that carries the cutting tool and the component that carries the workpiece. These
errors are defined and measured at the position or trajectory of the functional point.

3.4.2

functional point
cutting tool centre point or point associated with a component on the machine tool where cutting tool would
contact the part for the purposes of material removal

See Figure 2

NOTE 1 The functional point is a single point that can move within the machine tool working volume. This part of
ISO 230 and rg¢lated machine tool-specific standards, typically recommend to perform tests of geemetrical charactgristics
applying test detups that are representative of the relative position between a (moving) tool of-estimated average |ength
and the hypotHhetical centre of a (moving) workpiece assumed to be located near the centre travel-of the machine toql axes.

NOTE 2  Td improve readability, definitions and tests of this part of ISO 230 use the expression: “functional point on a
moving compgnent” instead of the formally more accurate expression: “moving poifit representing the relative ppsition
between a (mqving) tool and a (moving) workpiece”.

Key

1 functionall point

Figure 2 — Examples of functional points

3.43
error motions of a linear axis
unwanted linear and angular motions of a component commanded to move along a (nominal) straight-line
trajectory

See Figure 3.

NOTE 1 Error motions are identified by the letter E followed by a subscript, where the first letter is the name of the axis
corresponding to the direction of the error motion and the second letter is the name of the axis of motion (see Figure 3 and
Annex A).

NOTE 2 Linear error motions are defined in 3.4.4; angular error motions are defined in 3.4.16.

4 © 1SO 2012 — All rights reserved
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3.4.4

linear error motions of a linear axis

three translational error motions of the functional point of a moving component commanded to move along a
(nominal) straight-line trajectory, the first one being along the direction of the (nominal) motion and the other
two being along two directions orthogonal to this direction

NOTE 1 The linear error motion along the direction of motion is called linear positioning error motion (3.4.5). The
other two translational error motions are called straightness error motions (3.4.8).

NOTE 2  The linear error motions measured at the functional point include the effects of angular error motions. The
effects of these angular error motions are different when the location of a measurement point on the moving component is
different from the functional point. In such cases, angular error motions are taken into account to determine the deviations
of the|trajectory of the functional point.

NOTH3  If the moving component cannot be regarded as a rigid body, e.g. in the case of a largeqmoving fable, tests are
carriedl out for more than one point on the moving component.

1 X-axis commanded linear motion

Enx | angular error motion around A-axis, (roll)

Egy | angular error motion around B-axis (yaw)

Eqy | angular error motion around-C-axis (pitch)

Eyy | linear positioning error-motion of X-axis; positioning deviations of X-axis
Eyy | straightness error mation in Y-axis direction

E,y | straightness error motion in Z-axis direction

Figare'3 — Angular and linear error motions of a component commanded to moye
along a (nominal) straight-line trajectory parallel to the X-axis

3.4.5
linearpositioning error motion

unwanted motion along the direction of motion that results in the actual local position reached by the moving
component at the functional point differing from the local commanded position along the direction of motion

See Figure 4.

NOTE 1 The positive sign of the positioning error motion is in the direction of the positive direction of the motion
(according to ISO 841).

NOTE 2  Linear positioning error motion is associated with imperfections of the moving component and its guiding
system. It is not associated with the dynamic response of the moving component and its positioning servo control system.

© I1SO 2012 — All rights reserved 5
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3.4.6
linear positioning deviation
position reached by the functional point on the moving component minus the target position

NOTE 1 Adapted from ISO 230-2:2006, definition 2.5.

NOTE 2 Positioning deviations are measured at specified discrete intervals in accordance with the requirements of
ISO 230-2, to determine positioning accuracy and repeatability of numerically controlled axes.

NOTE 3 Positioning deviations, measured in accordance with the requirements of 1ISO 230-2, constitute a limited
representation of positioning error motion (see Figure 4).

E X
10
1 T,
§ 2 N\
, P 2
\ J \ N\ L& |
o LAY { A a
Fs LY W
N

Key
X  X-axis cqordinates (mm)

Eyy X-axis pgsitioning deviation and positioning error maction (um)
1 plot of the actual positioning error motion of the X-axis

2 plot of the measured positioning deviations.of the X-axis

Figure 4 — Example.of-linear positioning error motion and measured linear
positioning deviations.-of the linear motion of a functional point along the X-axis

3.4.7
linear positipning error

linear positipning accuracy
accuracy of Jinear pesitioning
value of the Jargest.positive linear positioning deviation added to the absolute value of the largest negative
positioning dTviation, evaluated in accordance with specified conventions

NOTE 1 This definition only applies to axes that are not continuously numerically controlled. Accuracy of linear
positioning of continuous numerically controlled axes is established and determined in accordance with the requirements
of ISO 230-2.

NOTE 2 A convention for linear positioning error evaluation can be to position a linear axis manually over 100 mm, ten
times forward, ten times backward and evaluate for each positioning the linear positioning deviation.

3.4.38

straightness error motion

unwanted motion in one of the two directions orthogonal to the direction of a linear axis commanded to move
along a (nominal) straight-line trajectory

See Figures 5 and 6.

6 © ISO 2012 — Al rights reserved
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]
5y 40 BN B 1200 530 A0 125 184 00, X
Key
X K-axis coordinates (mm)
E,y $traightness deviations of X in Z-axis direction (um)
1 blot of the actual linear error motion of X in Z-axis direction
2 blot of the measured straightness error motion
3 ]:ean minimum zone reference straight line associated with actual linear error motion
4 ean minimum zone reference straight line associated with measuredstraightness error motion
Figure 5 — Example of straightness error motion in Z-direction and measured
straightness error motion of the functionalpoint trajectory for X-axis motion
+Y
]
E\r' (
. X
Y
Ve ey
+7 Mg ™
+ Y T
+X
|
>
o 4
= \_/-\\_
-
Ezx +X

Key

Eyy straightness deviations of X in Y-axis direction
E,y straightness deviations of X in Z-axis direction

Figure 6 — Representation of straightness deviations of X-axis in Y- and Z-axis direction
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3.49

straightness deviation

distance of the functional point from the reference straight line (3.4.12) fitting its trajectory, measured in one
of the two directions orthogonal to the direction of a commanded (nominal) straight-line trajectory

See Figure 6.

NOTE 1 Straightness deviations are measured at low speed (or when the axis under test has stopped) in order to avoid
dynamic cross-talk.

NOTE 2  Straightness deviations, measured at discrete intervals (400 mm in the example of Figure 5), constitute a
limited representation of the actual straightness error motion

NOTE 3  The positive sign of the straightness deviation is in the positive direction of the associated prineipal axis
according to 10 841.

3.4.10
straightnessg error of a linear axis
value of the|largest positive straightness deviation added to the absolute value of, the largest negative
straightness geviation (with respect to any previously defined reference straight line)

NOTE Thie minimum straightness error is obtained by using the minimum zone referénce straight line.
3.4.1

straightness
property of alstraight line

[ISO 12780-1:2011, definition 3.1.1]

NOTE T
straight-line trg

e actual trajectory of the functional point of a movihg component, commanded to move along a npminal
jectory, is not a straight line.

3.4.12
reference straight line

general direcfion of the line
associated sfraight line fitting the measured trajectory of a functional point in accordance with spgcified
conventions, [to which the straightness deviations and the straightness error are referred

NOTE 1 The reference straight line is computed from the measured deviations in two orthogonal planes (see Figpre 6),
within the bourjdary of the measurement being performed.

NOTE 2  The previous edition of this part of ISO 230 used the expressions “representative line”; it is a non-prgferred
expression for[‘reference straight line”.

NOTE3 The meanc-minimum zone reference straight line (3.4.13), or the least squares reference straight
line (3.4.14), dr the’end-point reference straight line (3.4.15) can be used (see Figures 7, 8 and 9).

NOTE 4  The-rrinimurm-straightress-errorts-typieafy-evatua gthe-freanrrinimumzoreteference-straig
However, since software for minimum zone calculation has limited availability, straightness error is evaluated as the
minimum error resulting from using the least squares reference straight line or using the end-point reference straight line.

3.4.13

mean minimum zone reference straight line

arithmetic mean of two parallel straight lines in the straightness plane enclosing the measured straightness
deviations and having the least separation

See Figure 7.

8 © ISO 2012 — Al rights reserved
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K-axis coordinates (mm)

btraightness deviations of X in Z-axis direction (um)

ipper minimum zone reference straight line at positive £,y
fnean minimum zone reference straight line

ower minimum zone reference straight line at negative E,y
Measured straightness deviations

Figure 7 — Example of minimum zone reference straight lines for straightness of X in thg ZX plane

3.4.14

least|squares reference straight line

straight line, where the sum of the squares of the measured straightness deviations is minimum
See Figure 8.

E ZX

: "-‘“ ; 4 I,-'"'f“ \ 1

II. 3 J‘I h —
\ L 1 4 N _!_f,-’ \\'
. —— e~ Y 4

4 ‘i j

W 1
Key
X  X-axis coordinates (mm)

Ezy
1

2
3
4

straightness deviations of X in Z-axis direction (um)
least squares reference straight line

largest positive straightness deviation E,y

largest negative straightness deviation £,y
measured straightness deviations

Figure 8 — Example of least squares reference straight line for straightness of X in ZX plane
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3.4.15
end-point reference straight line
straight line connecting the first and the last point of the measured straightness deviations

See Figure 9.
Ezx
. | 2
1 a 1 __.-"!_""'1 4 b
‘ ; . fr i NI'\ : f"f_ K'b
'\ 1 [ T N~
"I,I 3 -j}
i IH' ki 4 .----“'_—"’-‘flj
“u-——\ﬂ__&u—!_ P L
= *: ] 400 [ iy ) x
Key

X  X-axis cqordinates (mm)

2% Straightngss deviations of X in Z-axis direction (um)
end-poin} reference straight line
largest ppsitive straightness deviation E,y
largest negative straightness deviation £,y
measuref straightness deviations

AW N - I

Q

First meagurement point.

o

Last measurement point.

Figune 9 — Example of end-point reference straight line for straightness of X in ZX plane

motions of a linear axis

three unwanted rotational movements (of *a moving component commanded to move along a (nominal)

straight-line tfrajectory
NOTE 1 T
NOTE2 T

positive sign of the angular error motions follows the right-hand rule described in ISO 841 (see Figu

re are three rotatiens around the three orthogonal directions: one around the axis of motion an
around each of the two axes square to the axis of motion (see Figure 3). The rotation around the moving direction
called roll. The rotations around axes, which are perpendicular to the moving direction, are called tilt. There are tw
For a horizontally moving-axis, tilt around the vertical axis can be called yaw, tilt around the horizontal axis can be
pitch.

NOTE 3  The linear error motions of the functional point include the effects of angular error motions. The effg

e 3).

d one
an be
o tilts.
called

cts of
fferent

these angular prres motions are different when the location of a measurement point on the moving component is di
from the funct i i - - i f i
deviations of the trajectory of the functional point (see Figure 10).

te the

NOTE 4  The terms “pitch” and “yaw” are used for horizontal axes only. These terms are not relevant to vertical axes.

3.4.17
angular deviation

reading of an angular measuring instrument in the direction around any of the three orthogonal directions,

measured during a complete traverse of the moving component

3.4.18
angular error of a linear axis

value of the largest positive angular deviation added to the absolute value of the largest negative angular

deviation measured during a complete traverse of the moving component, evaluated in each one of the
orthogonal directions

three
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i 200 400 B00 800 1000 1200 1400 1600 1800 :)DC'II

X

Key

X  X-axis coordinates (mm) 3 Eyy deviations measured at FP1

Egyx angular error motion (pitch) (urad) 4 Ey deviations at FP2 (assumed to be affected by Ey only)

Eyy positioning error motion (um) d Y-axis coordinate difference between FP2 and FP1 (1 000 mm, for
1 X-axis motion the depicted diagrams)

2 measured Ey deviations FP1 functional point 1

FP2 functional point 2

Figure 10 — Example of E.y effect on Eyy
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3.5 Terms for axes of rotation

3.5.1 Gene

ral

The complete set of definitions related to the geometric accuracy of axes of rotation (i.e. spindles, rotary
tables and other rotary axes) are given in ISO 230-7. Some important definitions are repeated in this

subclause.

3.5.2

axis of rotation

line segment

about which rotation occurs

See Figure 1
[ISO 230-7:2

3.5.3

(¥

D06, definition 3.1.5]

axis averagg line

straight line 3
the axis of ro

[ISO 230-7:2
3.5.4

axis of rotat
changes in p

ation

D06, definition 3.1.10]

on error motion
bsition and orientation of axis of rotation relative to itsiaxis average line as a function of an

rotation of th¢ rotary axis

See Figure 1

NOTE 1 Th
decreases the
the direction tg

NOTE2 Er
corresponding
and Annex A).

NOTE3 Ad

1 and Figure 12.

e positive direction of linear (error) motion™is that which increases the positive position value
negative position values (see ISO 841:2001;5.2.1). The positive direction for the angular error motig
advance right-hand screws in the positive*direction of linear motion (see Figure 1).

or motions are identified by the letter E followed by a subscript, where the first letter is the name of th
to the direction of the error motion and the second letter is the name of the axis of motion (see Fig

apted from ISO 230-712006, definition 3.2.1.

egment located with respect to the reference coordinate axes representing the mean locatjon of

gle of

5 and
nisin

e axis
Lre 12

12
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Key

1 spindle (rotor)

2 eﬁror motion of axis of rotation (prior to angle C)
3 axis average line

4  axis of rotation (at angle C)

5 spindle housing (stator)

a

REference axis.

Figure 11 — Reference coordinate axes, axis of rotation,
axis average line and error motion for a rotary axis (C-axis)
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Eyc radial errpr motion of C in X-direction

Ey radial erpr motion of C in Y-direction

E, axial errgr motion of C

Epc tilt error motion of C around X-axis

Egc tilterror :Eotion of C around Y-axis

Esc angular gositioning error motion of-C; measured angular positioning deviations of C-axis

a8  Reference|axis.
NOTE See I1SO 230-7.

Figure 12 — Error motions of an axis of rotation

3.5.5
axial error motion
error motion coaxial with the axis average line

[ISO 230-7:2006, definition 3.2.13]

3.5.6

radial error motion

error motion in a direction perpendicular to the axis average line at a specified axial location

[ISO 230-7:2006, definition 3.2.10]
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3.5.7
tilt error motion
error motion in an angular direction relative to the axis average line

[I1SO 230-7:2006, definition 3.2.12]
NOTE “Coning”, “wobble”, “swash”, “tumbling” and “towering” are non-preferred terms for tilt error motion.

3.5.8

axis shift
(axes of rotation) quasi-static change in location and orientation of the axis average line due to a change in
conditiens

See Rigure 13.

NOTH1 Causes of axis shift include temperature changes, load changes and speed changes (see IO 230-7:2006,
3.7).

NOTH2 Location and orientation errors are identified by the letter E followed by a subscript where the fifst character is
the ngme of the axis corresponding to the direction of the error, the second characteris the numeral 0 (zer¢) and the third
charagter is the name of the axis of motion (see Figure 13); see Annex A.

Key

Eyoc error of the position of C in X-axis direction

Eyoc error of the position of C in Y-axis direction

Epgc  error of the orientation of C in the A-axis direction; squareness of Cto Y
Eggc error of the orientation of C in the A-axis direction; squareness of C to X

a8 Reference axis.

Figure 13 — Location and orientation errors of axis average line
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3.5.9

eccentricity of a driven axis
distance between a driven axis and an axis of rotation when the first is rotated around the second and is
nominally parallel to it

See Figure 14.

NOTE Eccentricity is not an error, but a dimension subject to tolerances.
1
3 i S N N —

Key

1  axis of rotation

2 driven axis

3 specified gccentricity

3.5.10

radial throw|of a rotary axis at a given point

Figure 14 — Eccentricity between a driven axis’and an axis of rotation

distance between the geometric axis of a part (or test artefact) connected to a rotary axis and the axis average

line, when the¢ two axes do not coincide

See Figure 15.

NOTE 1 The geometric axis of the part (ortest artefact) is derived from part (or test artefact) measurements condlucted

at different axial locations.

NOTE 2  Where the part (or test ‘artefact) form error and the radial error motion are negligible, the radial throw |of the

axis at a given|point is half the run-out (3.9.7) measured at such a point.

16
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Key
g¢ometric axis
axis of rotation
run-out

dial throw

A OWON -~
=
Q

Figure 15 — Radial throw and run-out of\an axis at a given point

3.51
anguljar positioning error motion
unwahted motion along the direction of rotary motion that results in the actual local angular position reached
by th¢ rotating component at the functional pointdiffering from the local commanded position

See Kigure 16.

NOTH1 The positive sign of the angular positioning error motion is in the direction of the positive @angular motion
(acconding to ISO 841).

NOTH2  Angular positioning-error motion is associated with imperfections of the rotating component anggilar positioning
and it$ guiding system. It is pot.associated with the dynamic response of the rotating component and its pgsitioning servo
contrdl system.

3.5.11
anguljar positioning deviation
actual angular position reached by the moving component minus the commanded angular ppsition in the
plang| perpendicular to the axis average line

™

NOTH 1 The positive sign of the angular positioning deviation is in the direction of positive anguldr motion (see
Figure 16).

NOTE 2  ISO 230-2 defines parameters and test procedures for the positioning accuracy and repeatability of continuous
numerically controlled axes.

NOTE 3  Angular positioning deviations, measured in accordance with the requirements of ISO 230-2, constitute a
limited representation of angular positioning error motion.

© 1SO 2012 — Al rights reserved 17


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

Key
C-axis neg
target pos
actual pos|
angular pd

A WODN -~

3.5.13

+Y «¥/—

ative motion direction

tion

tion

sitioning deviation (negative)

Figure 16 — Angular positioning deviation of the C-axis

angular pos
angular pos
accuracy of
value of the

angular posit

NOTE Th
positioning of ¢

3.5.14

unidirection
range of ang
target positio

NOTE1 Th

NOTE2 Th
accordance wi

3.5.15
bidirectiona
range of ang

ioning accuracy

ngular positioning

argest positive angular positioning deviation added to the absolute value of the largest ne
oning deviation, evaluated in accordance with.§pecified conventions

[ioning error
t

s definition only applies to axes that are net-continuously numerically controlled. Accuracy of a
ontinuous numerically controlled axes is established and determined in accordance with ISO 230-2.
bl repeatability of angular indexing

N under the same conditions of direction and speed of approach

s parameter includes the effects of clamping at each target position, where applicable, and angular pl
e repeatability ,of\continuous numerically controlled angular positioning is established and determi

h 1SO 230-2,

repeatability of angular indexing
trials when approaching any one a

target positioF

ular, positioning deviations resulting from a series of

hative

hgular

ular positioning deviations(resulting from a series of trials when approaching any one angular

hed in

NOTE 1 This parameter includes the effects of clamping at each target position, where applicable, and angular play.
NOTE 2  The repeatability of numerically controlled angular positioning is established and determined in accordance
with 1ISO 230-2.
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3.6 Terms for parallelism error and squareness error of axes of motion

3.6.1 General

The orientations of axis of motion with respect to each other are generally affected by geometric imperfections
of assembly of machine components (e.g. alignment of guideways, bearing surfaces). However, linear and
angular error motions of the moving components also affect the orientation of these axes by introducing local
perturbations/deviations.

Therefore, specification and measurement of the relative orientation between the trajectory of the functional

point of a linear moving component and

requi
pertu
referg
referg
axes
includ

Defin

and

same

Defin

and
ang

Error

functional surface (support or slideway),

A
g

A
g

straight line (axis average line or intersection of planes), or

the trajectory of a functional point on another linear moving component
e disregarding (avoiding) the effects of local perturbations on the trajectory itself and the ¢
bations on the reference (datum) element. These objectives are reached by associating

nce plane to datum elements; thus, new definitions for squarengss error and parallelism e
of motion (as opposed to the definitions contained in the previeus edition of this part of IS¢
e straightness and flatness deviations.

tions (as opposed to the previous edition of this partiof ISO 230) for parallelism error, rel
btary axes of motion, consider the term “parallelism?® ‘as the property of two straight lines
angle of inclination to the abscissa of a common‘coordinate plane.

r

tions (as opposed to the previous edition ef this part of ISO 230) for squareness error, rel
ptary axes of motion, consider the term “squareness” as the property of two straight lin
between the two is 90°.

M
le

parameters for orientation of coordinate axes are identified by the following notations: The

ffects of local
the relevant

nce straight lines to linear motion trajectories and by associating 'the reference straight line or the

ror related to
D 230) do not

ated to linear
that have the

ated to linear
es where the

Lirst character
character is
the name of

after [ (for error) is the name of the\axis corresponding to the direction of deviation, the secon
the numeral O (zero) accompanied with the chosen reference (datum) axis, the last character ig
ordinate axis of concern (see Annex A).

the j
EXAMPLE 1 Squareness-error of Z relative to X: Egy)z; if X is primary or secondary axes the ng
simplified as Egg.

tation may be

EXAMPLE 2 Parallelism error (in ZX plane) of Z relative to W: Eg qgy7-

NOTH {Fhe actual trajectory of the functional point of a moving component, commanded to move al
straiglt-line_trajectory, is not a straight line. Measurements constitute a sampling of the actual trajectory and a limited
repreJ‘entation of it. Parallelism error and squareness error, related to linear and rotary axes of motioh, are defined
considering the angular relafionship between the reference siraight Tines associated with the measured deviations of the
actual trajectories.

png a nominal

These new definitions in this edition shall not be confused with parallelism error and perpendicularity error of
components and machine functional surfaces addressed in 3.9, where direct compliance to parallelism error
and perpendicularity error definitions derived from other International Standards (e.g. ISO 1101) is specified.

3.6.2

parallelism error between two axes of linear motion

angle between (orientation of) the reference straight line of the trajectory of the functional point of a linear
moving component and (in relation to) that of another linear (datum) component, measured on two common
orthogonal planes

© 1SO 2012 — Al rights reserved 19
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See Figure 17.

NOTE 1 The sign of the angle of inclination follows the right-hand rule for a rotation around an axis of the machine
coordinate system, as described in ISO 841.

NOTE 2 Parallelism error has a positive sign when the difference between the inclination of the reference straight line
associated with the referred axis and the inclination of the reference line associated with the datum axis yields a positive
result. Parallelism error sign is reversed when the referred axis and the datum axis are swapped; for example, parallelism
error between Z-axis (referred axis) and W-axis (datum axis) has an opposite sign to parallelism error between W-axis
(referred axis) and Z-axis (datum axis).

NOTE 3  Referred axis straightness deviations and datum axis straightness deviations are measured with respect to a
common physical straightness reference. For each one of the two coordinate planes, parallelism error between Z-axis and
We-axis is typi¢ally measured by recording the readings of a linear displacement sensor fixed to the spindle’ hdusing,
sensing a (stationary) point on the table while Z-axis and W-axis are commanded to move simultaneously, in ‘ogposite
directions. Theg angle of inclination of the reference straight line associated with the recorded readings -represerfts the
parallelism error.

NOTE 4  Fof the example of Figure 17, Equations (1) and (2) apply:
Eg(ow)z [ 9z.zx ~ Ow,zx (1)
and
Epow)z [F 9zvz — 0w,z (2)

NOTE 5  Pdrallelism error evaluation over short measurement lengths(can tend to lose significance.

3.6.3
parallelism 1rror between two axes of rotation
angle betwe¢n (orientation of) the axis average linex@f a rotating component and (in relation to) the axis
average line pf another (datum) rotating component;évaluated in two orthogonal planes

NOTE 1 The common reference for the determination of inclinations is the positive direction of the machine pr{ncipal
axis associategl with the axes of rotation.

NOTE 2  Pgrallelism error has a positive’sign when the difference between the inclination of the average line assdciated
with the referred axis (spindle axis in Figure 18) and the inclination of the average line associated with the datum axis
(C-axis in Figufe 18) yield a positive result.

NOTE 3  Fof the example of Figure 18, Equations (3) and (4) apply:
Ep(oc)c1F fc1.zx Peizx (3)

and

Ep(oc)c1 =0c1,yz = vz (4)
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Figure 17 — Example of parallelism error between Z-axis and W-axis in ZX and YZ planes (continued)
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Ey, Z-axis gtraightness deviations, measured in the ZX plane, with respect to a physical straightness reference dligned
with thg W-axis

Eyw We-axis ptraightness deviations, measured in the ZX plane, with respect to a physical straightness reference gligned
with thg W-axis

1 referenge straight line associated to Ey,

2 Exz refdrence straight line inclination; &, x (positive value, as shown)
3 referenge straight line associated to Ey,y

4 Eyy reference straight line inclination; &, zx (positive value, as\shown)

Ey, Z-axis gtraightness deviations, measured in the YZ plane, with respect to a physical straightness reference dligned
with thd W-axis

Ey W-axis ptraightness deviations, measured in the YZ plane, with respect to a physical straightness reference gligned
with thd W-axis

referenge straight line associated to £y
Ey, refgrence straight line inclination; &,y (negative value, as shown)
referenge straight line associated to Eyy
E\,y reference straight line inclination;\4,, v, (positive value, as shown)

NOTE Sede Note 4 of 3.6.2.

© N O O

Figurp 17 — Example\of parallelism error between Z-axis and W-axis in ZX and YZ planes

3.6.4

parallelism
angle betweg¢n (orientation of
moving compesren a
orthogonal planes

error hetween an axis of linear motion and an axis of rotation
) the reference straight line of the trajectory of the

functional point of a |inear
-------- v n two

3.6.5

parallelism error between an axis of linear motion and a surface

angle between (orientation of) the reference straight line of the trajectory of the functional point of a linear
moving component and (in relation to) a (datum) machine functional surface

NOTE The common reference for the determination of inclinations is the positive direction of the (common)
associated machine principal axis.
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+2 +Z
A 4
5
+z 2 +Z
| ) ,
3 | s

+Y 1A

/[ n

+

+Y gl
# ¥
Key
+C1 |spindle axis (referred axis) 3 C-axis average line inclination in YZ plane;| 6; vz
+C  |rotary table (datum axis) (positive valug, as shown)
+Z |common reference for inclination evaluation 4 Ci-axis@verage line inclination in YZ plang; 0c vz

(negative‘value, as shown)
5 C-axisraverage line inclination in ZX plane;| 6 7«
(negative value, as shown) '
6 C1-axis average line inclination in ZX plang; 64 7%
(negative value, as shown) '

1 C-axis average line
2 C1-axis (spindle axis) average line

NOTIE See Note 3 of 3.6.3.

Figure 18 — Example of parallelism error between C-axis and spindle axis

3.6.6
parallelism error between an axis of rotation and a surface
angle between (orientation of)the axis average line of a rotating component and (in relation to) fhe reference
plan€| associated to a machine functional surface

NOTH The commorireference for the determination of inclinations is the positive direction of fthe (common)
assoclated machine principal axis.

3.6.7
squareness.error between two axes of linear motion
differgence between the inclination of the reference straight line of the trajectory of the functional point of a
linear moving component with respect to its corresponding principal axis of linear motion and (|n relation to)

the inglination-of thereference—straight line—of thetrajectorny of the functional pointofanotherlinear moving

component with respect to its corresponding principal axis of linear motion

See Figure 19.

NOTE 1 This definition is conceptually different from the definition for perpendicularity error between two functional
lines (3.9.5).

NOTE 2 A positive squareness error corresponds to a positive angular error in the orientation of the referred axis
relative to the datum axis, following the right-hand rule for rotations as described in ISO 841. The squareness error sign is
reversed when the referred axis and the datum axis are swapped; for example, the squareness error between the X-axis
(referred axis) and Y-axis (datum axis) has an opposite sign to the squareness error between the Y-axis (referred axis)
and X-axis (datum axis). To avoid confusion, squareness errors may also be accompanied with additional text like “larger
than 90°” or “smaller than 90°”.
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NOTE 3  For the example of Figure 19, Equation (5) applies:

Ep(oz)x = EBox = Oxzx ~0z.2x

NOTE 4  Squareness error evaluation over short measurement lengths can tend to lose significance.

1 reference
2 Ey,refere
3 reference
4 Eyy refere

NOTE Se

straight line associated to £y,

nce straight line inclination; ¢, ,, (positive value, as shown)
straight line associated to £,y

nce straighttine inclination; &, ,, (negative value, as shown)

e NOTE'3 of 3.6.7.

3.6.8
squareness

gure 19 — Example of squareness error between X- and Z-axis of linear motion

error between an axis of linear motion and an axis average line

angular deviation from 90° between the reference straight line of the trajectory of a point on a linear moving
component and (in relation to) the axis average line of a rotating component of the machine

NOTE The positive direction associated with the axis of rotation is taken as the positive direction of the linear motion
resulting from the right-hand rule according to ISO 841.

24
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3.6.9

squareness error between two axis average lines

angular deviation from 90° between the axis average line of a rotating component of the machine and (in
relation to) the axis average line of another rotating component of the machine

3.7 Terms for other relationships between axis average lines

3.71

offset between two axis average lines

distance, in the radial direction, between two nominally parallel axis average lines at a specified position in the
axial direction

3.7.2
coax(ality error of axis average lines
offsef at a specified location and angle between two nominally coaxial axis average lines, evdluated in two
orthogonal planes
See Kigure 20.

NOTH1 This definition considers the term “coaxiality” as the property of twa, straight lines, where thg two lines are
parall¢l with zero offset.

NOTH2  Coaxiality error is represented by two offsets at a specified loeation and two angles of parallelism evaluated in
two onthogonal planes.

NOTH3  Coaxiality error is measured in two perpendicular planes similar to parallelism error measuremgnts.

NOTH4  The terms “coincidence” and “alignment” are not_ preferred.

v k
» ! - ' - 2
‘ -
-— - ‘ - '
> [ -

Key
1 axis average line 1
2 axis average line,.2
3 offset of coaxialify~deviation (measured in one plane)
4 anmgle of coaxiality deviation (measured in one plane)
L s;[ecified distance for offset measurement

Figure 20 — Example of coaxiality error of axis average lines |

(depicted in one of the two orthogonal planes)

3.7.3

equidistance error of axis average lines

difference between the distance of an axis average line and a reference plane, and the distance of another
axis average line and the same reference plane

3.74
error of intersection between axis average lines
shortest actual distance between two nominally intersecting axis average lines

See Figure 21.
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NOTE The projections of the two non-intersecting axis average lines intersect at a point on their symmetry plane. The
shortest actual distance between the two axis average lines is the diameter of the sphere, centred in their projections
intersection point, tangent to the two axis average lines.

3
. 51 4

A —
\M ,.-’d_ﬁ_ﬁ-"'f T

ﬂ-’r ]

fﬁ "\ 5
T “\.\

- “r i "'\\\I 2

Key
axis average line 1

axis averape line 2

symmetry plane

projection pof axis average line 1 on the symmetry plane

projection pf axis average line 2 on the symmetry plane

intersecting point of projections 4 and 5

diameter df the sphere centred on 6 and tangent to the two axis avérage lines 1 and 2; error of intersection

ULO T WON -

Figure 21 — Error of intersection between axis average lines

3.8 Termsg for multi-axes motion or kinematic tests

3.8.1
synchronougs motion
motion of thg workpiece and/or the to6l along a predetermined path in space, involving the motions of two or
more axes, s|multaneously coordinated by the machine controller

3.8.2
circular error
minimum radial separation. between two concentric reference circles enveloping the actual circular path
resulting fron} synchrofous motion

NJ

See Figure 2

NOTE 1 Reference circle may be mean minimum Zone circle (3.8.3) or least squares circle (3.8.4).

NOTE 2 Circular error is different from the term “roundness”, which is related to parts and machine tool functional
surfaces; the use of the term “roundness” in association to synchronous motion is not appropriate.
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Key
1 Circular path
2,3 Minimum zone circles
4 minimum radial separation; circular deviation
Figure 22 — Example of circular path showing circular deviation
3.8.3

mear}) minimum zone circle
arithmetic mean of two concentric circles enclosing the actual circular path and having the least radial
sepaiation

NOTH Adapted from ISO 12181-1:2011, definition 3.3.1.1.

3.84
least|squares circle
assogiated circle fitting the actual circular \path such that the squares of the local circular dgviations is a
mininjum

NOTH Adapted from ISO 12181-1:2011, definition 3.3.1.2.

3.8.5
flatngss
propdrty of a plane

[ISO [12781-1:2011, definition 3.1.1]

3.8.6
surface generated by two linear motions
set of functional points obtained by the combined motion of two linear components commanded ffo move on a
(nomi|nal) plane, creating a virtual surface

See Figure 23.

NOTE The expression “virtual surface” is conceptually similar to the “flatness surface” defined in ISO 12781-1:2011,
3.2.2, referring to the extracted surface representing a real surface.

3.8.7

flatness deviation

deviation of a point (on a surface generated by two linear motions) from a reference plane, the deviation being
normal to the reference plane

NOTE 1 Adapted from ISO 12781-1:2011, definition 3.2.3.

NOTE 2  The positive sign of the flatness deviation being in the positive direction according to ISO 841.
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3.8.8

reference plane

associated plane fitting the surface generated by two linear motions in accordance with specified conventions,
to which the deviations from flatness and the flatness parameters are referred

NOTE Adapted from ISO 12781-1:2011, definition 3.3.1.

+7'

=¥,

X"
2
+7'

+x'
Key
1 functional point
2 reference plane
3 trajectory ¢f functional point
4 |ocal flatngss deviation

Figure 23 — Plane defined by two linear motions

3.8.9

mean minimum zone reference plane

arithmetic mean plane of two parallel planes enclosing the surface generated by two linear motions and
having the least separation

See Figure 24.

NOTE Adapted from ISO 12781-1:2011, definition 3.3.1.1.
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+Y

Key
1 upper minimum zone reference plane
2 mean minimum zone reference plane
3 lower minimum zone reference plane
d lepst separation
Figure 24 — Minimum zonereference planes
3.8.10

least[squares zone reference plane
plang| such that the sum of the squares of theflatness deviations is a minimum

NOTH Adapted from ISO 12781-1:2011, définition 3.3.1.2.

@ss error of a surface defined by two linear motions

value| of the largest positive.flathess deviation added to the absolute value of the largest negptive flatness

NOT The minimum flatness error is evaluated by using minimum zone reference planes.
3.8.1
volumetric accuracy for three linear axes

volume concerned, where the deviations are relative deviations between the tool side and the
of the machine tool for specified primary and secondary axes of alignment

See Figure 25.

um ‘range of relative deviations between actual and ideal position in X-, Y- and Z-axis directions and

hotions in the
workpiece side

There are six statements for the volumetric accuracy, Vyyzone for each translational and one for each

rotational range of deviations:

Vxyzx maximum X-axis relative deviations range  Vxyz o maximum deviations range in A-axis direction

Vxyzy mMmaximum Y-axis relative deviations range  Vxyzg maximum deviations range in B-axis direction

Vxyz,z maximum Z-axis relative deviations range  Vxyzc maximum deviations range in C-axis direction

© I1SO 2012 — All rights reserved
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The measurement coordinate system used and the following parameters shall be stated:
— tool offsetin X, Y, Z;

— volume concerned; X-Y-Z;

— volume centred at position X, Y, Z;

— adopted measurement coordinate system (see Annex A).

NOTE Although the rotary axes of motion also influence the volumetric accuracy of a machine, for simplicity, they are
excluded from [consideration here.

-

]

=5

cp

+X

Key
deviation ip X-axis direction
deviation ip Y-axis direction
deviation ip Z-axis direction
deviation in A-axis direction
deviation ip B-axis direction
deviation in C-axis direction
AP actual posjtion

SP starting pgsition

TP target position

o b~ WN -

Figure 25 — Target position deviations

3.8.13
volumetric performance

ability of a machine tool to perform the intended multi-axes functions anywhere within the entire machine
working volume or a smaller volume as agreed between the manufacturer/supplier and user

3.9 Terms for geometric accuracy of machine functional surfaces, machine tool
components and test pieces

3.9.1 General

Machine tool functional surfaces are actual components. Terms and definitions related to their geometric
accuracy are derived from the definitions of tolerances given in ISO 1101.
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Terms and definitions for straightness (3.4.11), reference straight line (3.4.12), flatness (3.8.5) and
reference plane (3.8.8) also apply for components.

Terms and definitions for parallelism error and perpendicularity error between machine functional surfaces are
conceptually different from definitions for parallelism error and squareness error related to axis of motion.
“Perpendicularity” is the preferred term for the relationship between features pertaining to functional surfaces,
to maintain consistency with 1ISO 1101 and to distinguish it from the term “squareness”, which refers to the

angul

3.9.2

ar relationship between geometrical elements involving axes of motion.

stralghtness error of a functional Ilne ina plane

NOTH
conce|

3.9.4
mini

functi
NOTH

NOTH
(see H

parar:!elism error between a functional line and a plane
imum distance between two straight lines, parallel to a ‘teference plane (3.8.8) associgted with the

parar:!elism error between two functional‘planes

igst contain all

1 The general direction of the line or reference straight line is defined so as to minimize the straightness error

ean minimum zone reference straight line (3.4.9)]. It may also be conventionally defined either

t line calculated from plotted points [see least squares reference straight line (3.4710)].

2  Straightness error of a line in space is specified by the straightness error-of its projections in

m) functional plane, that just contain all measured pointscef'the referred line
1 Adapted from ISO 1101:2004, 18.9.3.

2  Parallelism error according to this definition”includes the (referred) line straightness dey
ptually different from the parallelism error betweéen an axis of linear motion and a surface (3.6.5).

um distance between two planes;“parallel to a reference plane (3.8.8) associated with
pnal plane, that just contain all.measured points of the (referred) functional plane

1 Adapted from ISO 1101:2004, 18.9.6.

2  Parallelism errof-according to this definition includes the (referred) functional plane flatn
igure 26).

by two points
.4.11)] or by a

wo orthogonal

ations and is

the (datum)

pss deviations

ﬁ.
| )
ke

x
N

W= R N
3

O

>.\_/f =
..:7-
'(.'-.._‘ __f.><\

planes parallel to a

reference plane associated to the (datum) functional plane
measured points of the (referred) functional plane
minimum distance; parallelism error

Figure 26 — Parallelism error between two functional planes
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3.9.5

012(E)

perpendicularity error between two functional lines

minimum dist
to the (datum

ance between two parallel planes, perpendicular to a reference straight line (3.4.8) associated
) line, that just contain all measured points of the (referred) functional line

NOTE1  Adapted from ISO 1101:2004, 18.10.1.

NOTE 2 The datum line may also be the axis average line of a rotating component or the straight line intersecting two
reference planes (see Figure 27).

NOTE3 Pe
conceptually d

rpendicularity error, according to this definition, includes the (referred) line straightness deviations and is
fferent from squareness error between two axes of linear motion (3.6.7).

Key

1,2 planes,
a

n,m measur
d minimu
3.9.6

perpendicularity error between two functional planes

datum reference straight line

square to a

d points of the (referred) functional line
m distance; perpendicularity.error

Figure 27 ——Perpendicularity error between two functional lines

minimum dis

(datum) pIanT, that just contain all measured points of the (referred) functional plane

ancebefween two parallel planes, perpendicular to a reference plane (3.8.8) associated o the

See Figure 28.

NOTE1 Ad

apted from ISO 1101:2004,18.10.5.

NOTE 2  Perpendicularity error, according to this definition, includes the (referred) plane flatness deviations.
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o

Key
1,2 | planes, square to a and parallel to each other
a datum reference plane
n, m | measured points of the (referred) functional plane
d minimum distance; perpendicularity error
Figure 28 — Perpendicularity error.between two functional planes
3.9.7

run-dut of a functional surface at a given section
total Hisplacement measured by a displacement sensor sensing against a moving surface of moved with
respect to a fixed surface

NOTH 1 Adapted from ISO 1101:2004,-18.15.

NOTH2 Radial run-out is twice.the radial throw of an axis in a given section (see Figure 14) when no agcount is taken
of the [out-of-roundness or of the radial error motion.

NOTH 3 In general, the'measured run-out is the resultant of
a) the radial throw.of the axis at the measurement point (3.5.10),

b) the out:of<roundness of the component (see ISO 1101:2004, 18.3), and

c) the-radial error motion of the axis of rotation (see ISO 230-7:2006, 3.2.10).

NOTE 4 In geometric testing of machine tools, the radial throw of an axis is measured by observing the run-out of a
part mounted on the axis. In order to avoid any confusion in the minds of the personnel in charge of machine testing and
to eliminate any risk of error, only the term run-out is used in this part of ISO 230, and the indicated tolerance to be given
has been applied systematically to this run-out so that the readings of the measuring instruments are not to be divided by
two. The proposed measuring methods take this note into consideration.

NOTE 5  With rolling bearings, the rollers and cage rotate once for more than two rotations of the shaft and it is
common for the run-out of a shaft to repeat cyclically every several rotations. To account for these variations, run-out is
measured over several (at least two) rotations (see ISO 230-7:2006, 5.4 and 5.5).

NOTE6  From the metrological point of view, the bearing of a cylindrical or conical surface is said to have an axis
exactly coincident with a rotating axis if, on measuring over a given length (after fixing a test mandrel in this bearing, if
necessary), the run-out at each measuring point does not exceed the given value.
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3.9.8

flatness error of a functional surface
minimum distance between two planes, parallel to the general direction of the plane, that just contains all its

measured po
NOTE 1

NOTE 2
i.e. convention

local defe,

ints and that have minimum separation

Adapted from ISO 1101:2004, 18.2.

ally, either

ts_can he dierpgnrdpd) Qr

The general direction of the plane or reference plane (3.8.8) is defined so as to minimize the flatness error,

by three points conveniently chosen in the plane to be tested (usually the part very near to the edge, having minor

by a plan

by the me

3.9.9

coaxiality er
twice the ma
the functiona
NOTE 1 Ad

NOTEZ2 A

4 Tolera

4.1 Genern

Tolerances i
parameters
establishing

Tolerances s

e calculated from the plotted points by the least squares method (see 3.8.11), or

an minimum zone reference plane.

ror of a functional cylinder to a datum straight line

imum radial distance (evaluated within a specified measuring length).between the median
cylinder and the datum straight line

apted from 1ISO 1101:2004, 18.13.2.

ypical functional cylinder is a quill; a typical datum straight line istits associated spindle axis average li

Nces

al

dentify the permissible errors of the* machine tool characteristic and geometric acg
peing evaluated and shall be specified in accordance with functional requirements.
plerances, manufacturing, assembling and inspection requirements should also be consider

hall be expressed with the-unit of the corresponding measured characteristic under test.

4.1.1 Rule

concerning tolerances and conformance zone

Measurement uncertainties should be taken into account (see Clause 5 and 6.3) when specifying toler

and when |evaluating _‘eonformance with specified

tolerances. The zones of conformance

non-conform@nce shall-bg determined in accordance with the rules provided in ISO 14253-1 [see Figure

and b)].

ine of

uracy
When
ed.

hnces
and
29 a)
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2 RARY 1 ARA >

Key
1 conformance zone
2 hon-conformance zone

T, ¢ne-sided tolerance zone, e.g. £,y straightness 0,012 mm
T, wo-sided tolerance zone, e.g. 100 mm + 0,006 mm
U  easurement uncertainty

Figure 29 — Determination of zones of confermance and non-conformance
for one-sided tolerance zone andtwo-sided tolerance zone

EXAMPLE Tolerance of run-out: x mm
Measurement uncertainty: y mm
Maximum permissible difference\in-the readings during the test: (x-y) mm (zone of conformgance)

Othel definitions of conformance ,zene are subject to agreement between the pariies involved
(supglier/manufacturer and user).

If thg determinations of geometric accuracy parameters are repeated, the arithmetical mgan of these
parameters should be takeny The dispersion of the resulting parameters is one of the contriputors to the
measjurement uncertaintyt

4.1.2| Specified measuring boundaries

Unlegs otherwise specified, for any tests described in this part of 1ISO 230, tolerances shall indicate the
maximhum allowable value for the parameter of interest within the specified measuremgnt boundary
(measurément length for straightness test, measurement volume for volumetric accuracy test, japplied force
rangg for’compliance and hysteresis test, etc.).

When the tolerance is specified for a given boundary, the tolerance for another boundary comparable to the
first one may be determined by means of the law of proportionality. For example, when a tolerance, T4, is
given for a specific measurement length of up to L, and a larger tolerance, 75, is given for a measurement
length, L,, a tolerance, 7, for a measurement length between L, and L, can be determined by the law of
proportionality:

L<Ly:T, =Ty (6)

Ty -T.
Ly<L<Ly:T =Tj+-2—1(L-Ly) 7)
Ly =Ly
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For measurement lengths greatly different from the specified measurement length (e.g. the available
measurement length is 30 mm instead of 300 mm), the law of proportionality cannot be applied.

4.1.3 Local tolerances

Unless otherwise specified, tolerances apply to measurement results obtained over the entire measurement
boundary. It may be desirable to specify a local tolerance with reference to a partial measurement boundary.

Local tolerances shall not be established by the simple application of the law of proportionality. Specification
of local tolerances shall take into account functional requirements and inspection requirements assogiated to
the charactenjstic under test or to the component under test.

Local straightness error specification for axis of linear motion directly applies to definition 8,4.10, biit the
reference straight line is evaluated over the local measurement length (see Figure 30).

2
- />

T A — = —~
\ //‘V 1

Key

1 total stralghtness error

2 local megsurement length
3 local straightness error

4 end-poin}s reference straight line associated to local'straightness measurement results

MN end-poinfs reference straight line associated to straightness measurements conducted over the full measurement
length

Figute)30 — Local straightness error
Additional atfention shall be devoted to clearly specify local tolerances for parallelism error and squar¢ness
error between axes of linear mgtion.

Parallelism grror and squareness error between axes of linear motion refer to the angular relatignship
between the feference straight lines associated to the referred axis trajectory and to the datum axis trajegtory.

When specifyingnand testing local parallelism error and local squareness error, it shall be clearly stated
whether the fleférence straight line associated to the datum axis trajectory shall be evaluated from the results
obtained from measurements over the full travel of the datum axis or if it shall be evaluated from the results
obtained from measurements over the local travel of the datum axis (see Figures 31, 32 and 33).
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Ey, ¥-axis straightness deviations, measured in the ZX plane, with respeet'to a physical straightness refgrence aligned
ith the W-axis

Eyw YV-axis straightness deviations, measured in the ZX plane, with.respect to a physical straightness reference aligned
ith the W-axis

Lz local Z-axis measurement length

eference straight line associated to Ey, measurements over the full Z-axis travel

nclination of reference straight line1; &, , (positive.value, as shown)

eference straight line associated to Ey,,

Ex reference straight line inclination; &, x.(positive value, as shown)

eference straight line associated to Ey,'measurements over measurement length L, starting at Z,
nclination of reference straight line 5; 05 ,y (negative value, as shown)

o O~ WN -

NOTE Local parallelism error: 5% — &y zx-

Figure 31+ Evaluation of local Z-axis parallelism error with respect to
the full travel of the datum W-axis
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Key
Ey, Z-axis st
with the
Ey W-axis s
with the
Ly, local W-
L, local Z-a
1 reference
2 inclinatio
3 reference
4 Exw refe
5 reference
6 inclinatio
7 reference
8 inclinatio
NOTE Lo|
38

V-axis

V-axis
xis measurement length

is measurement length

straight line associated to Ey, measurements Over the full Z-axis travel
n of reference straight line1; 6, 7 (positive.value, as shown)

straight line associated to Ey,y
ence straight line inclination; &, 7y (positive value, as shown)

straight line associated to Exz measurements over measurement length L starting at Z,
h of reference straight line 5,6, %y (negative value, as shown)
straight line associated to g, measurements over measurement length L, starting at W,
h of reference straight line-7; &,y 7x (positive value, as shown)

Cal parallelism erroft, 7y — Gry 7x-

Figure 32 — Evaluation of local Z-axis parallelism error with respect to
the local travel of the datum W-axis

aightness deviations, measured in the ZX plane, with respect to’a physical straightness reference 3

raightness deviations, measured in the ZX plane, with respect to a physical straightness reference 4

ligned

ligned
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Key

B~
X

ocal X-axis measurement length

ocal Z-axis measurement length

eference straight line associated to Ey,, evaluated over the full Z-axis travel

Exz reference straight line inclination; €&, , (positive value, as shown)

eference straight line associated to E,y, evaluated over the full X-axis trave|

2x reference straight line inclination; &, ,y (negative value, as shown)

eference straight line associated to Ey, measurements over measurement length L, starting at Z,
nclination of reference straight line 5; &, 7y (negative value, as shawn)

eference straight line associated to E,, measurements over measurement length Ly starting at X,
nclination of reference straight line 7; 8y, - (positive value, as'shown)

B~
N

O NOoO O WOWN -

NOTE Local squareness error: Eggy = Oy 75 — O 7x-

Figure 33 — Evaluation of local squareness error between axes of linear motion

Specification of local tolerances for parallelism error and squareness error between two axg¢s of motion,
defingd over short measurement lengths, can tend to lose significance. Measurement resylts might be
signiflcantly bigger than the corresponding results evaluated over the entire available measuremgnt lengths.

EXAMPLE Specification of tolerances for straightness error, parallelism error and squareness error|shall consider
the following three alternatives\related, for simplicity, to specification of parallelism error of Z-axis (referred pxis) to W-axis
(daturp axis)].

a) o specification/forlocal tolerances.

N
Rarallelismcserror of Z relative to W: full stroke of Z-axis over the full stroke of W-axis (corresponds to ljnes 1 and 3 in
Higure 31).

b) Ypecification of local tolerances for Z-axis only.

Rarallelism-errorof Z relative to W for each- 300 mm of Z: full stroke for \A\L gvie‘ local measurementle gth of 300 mm

for Z, evaluation of maximum difference over all contiguous 300 mm segments of Z (corresponds to lines 5 and 3 in
Figure 31, whereas, for the evaluation, Z, varies from 0 to full stroke minus 300 mm);

c) Specification of local tolerances for Z-axis and local tolerances for W-axis.

Parallelism error of Z relative to W for each 300 mm of Z and each 300 mm of W: local measurement length of
300 mm for Z-axis and for W-axis, evaluation of maximum difference over all possible 300 mm segments of Z and W
(corresponds to lines 1 and 7 in Figure 32, whereas, for the evaluation, Z, varies from 0 to overall Z-axis stroke
minus 300 mm, and W, varies from 0 to overall W-axis stroke minus 300 mm).

Specification of local tolerances shall primarily reflect functional requirements but due consideration shall be
given to practical testing of the machine tool performances.
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4.1.4 Overall or inclusive tolerances

In many cases, overall tolerances are used to limit a geometric parameter which is the resultant effect of
several geometric errors. Such a parameter is determined by a single measurement, without each error being
individually known or measured.

EXAMPLE
“ab”, with which the stylus is in contact, the coaxiality error between the geometric axis and the axis of rotation of the shaft
and the radial error motion of the spindle axis of rotation in the plane “ab” (see Figure 34).

Key

ab
oT

4.2 Tolergnces applicable to'machine tool functional surfaces, machine tool components
and test pieces

axis average line

geometri
measure

overall tdlerance (run-out)

ISO 1101 is
characteristigs. Such a-standard shall also be applied for specification and testing of machine tool fungtional
surfaces.

4.3

Additi

The run-out of a shaft shall be taken as the sum of the out-of-roundness of the circumference in the plane

+' +Y

1 2 —
l ----- l a‘, ] - '.I'T-H“\,I
- D
T 7 &
' ) g
R

C axis of shaft
Ment plane

Figure 34 — Overall:tolerance for run-out of a rotating shaft

the referencé/standard for tolerances applicable to machine tool components and workpiece

|onal limiting conditions associated with tolerances

Specific functional requirements, as well as assembling and inspection requirements, might need to be stated
by adding limiting conditions to the specification of tolerance for a given geometric characteristic or accuracy
parameter. Such additional limiting conditions shall be specified with plain text. Table 1 contains a non-
exhaustive list of such conditions.

40
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Table 1 — Examples of additional limiting conditions associated with tolerances

. o Reference
Geometric characteristic or . . " .
accuracy parameter defif:ii;ion Additional limiting conditions for the corresponding tolerance

Parallelism of motions 3.6 As a rule, the direction of the error is not important; however, if the
error of parallelism is to be allowed only in one direction, the direction
shall be indicated, e.g. angle between motions only greater than
zero.

Squareness involving axes of linear 3.6.7 When the squareness error is permissible in only one direction, that

motion and/or axis of rotation npa direction shall be indicated, e.g. angle greater than 90°.

averdgeTines | 0

3.6.9

Interdection between axis average 3.74 If one of the two axis average lines can be considered as the

lines reference axis, then the tolerance may havée.additiongl specification
e.g. axis average line 1 to be higher than((ef in front of) axis average
line 2.

Equidistance of axis average lines 3.7.3 If the difference is permissible infone direction only,[that direction
shall be specified, e.g. axis avetage line 1 higher than axis average
line 2.

Coax|ality of axis average lines 3.7.2 In special cases, an additional indication may be given|depending on
operating conditions, fef instance:
— axis average liné\1 only higher than axis average ljne 2,
— free end of<axis average line 1 directed only outwards in relation

to axis average line 2.
Straightness and/or flatness of ISO 1101 |Additional requirement could be specified, were agplicable, e.g.
functipnal surfaces concaye or convex (with respect to the material side).

5 Uncertainty of measurements, test methods and measuring instruments

Unceftainty of measurement should\be taken into account when specifying tolerances and when evaluating
conformance with specified tolerances.

Wher) reporting the result, of @l measurement, a quantitative indication of the quality of the result ghall be given
in order to allow the comparison of measurement results, either among themselves or with spegified values.
Such|quantitative indieation is evaluated and expressed as the measurement uncertainty.

ISO/IEC Guide 98+3 contains internationally recognized procedures for the expression and the [evaluation of
measurementuncertainty.

ISO/TR.230-9 provides practical information for the estimation of measurement uncertainty for machine tool
tests pccording to the ISO 230 series.

ISO 14253-2 introduces the Procedure for Uncertainty Management (PUMA). Other practical information can
be found in Knappl”l, W. Knapp et al.[8] and Belll®].

It shall be considered that simplified testing for verification purposes does not require the preparation of a
formal statement for measurement uncertainty, nevertheless good practice suggests that an uncertainty
budget is made available for all most common measurements (straightness, squareness, accuracy and
repeatability of positioning numerically controlled axes, etc.) with the application of the available testing
procedures and measurement systems.

Proper definition of the object of the measurement (the measurand) is indispensable. No measurement shall
be performed without clear understanding of what shall be measured and under what conditions.
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The main contributors to the measurement uncertainty shall be taken as:
a) the measurement uncertainty of the measuring device;
b) the calibration uncertainty and deviations of artefacts;

c) the application of the measuring device and the artefacts, such as misalignment and centring of the
measuring device and artefacts to the machine tool axis;

d) environmental variation errors, such as temperature influences and vibration;

e) the repeatability of the measurement including the set up.

The following assumptions shall be made.

— The mepsurement device and artefacts are used according to the guidelines of thelrequipment
supplier/manufacturer.

— The measurement device and artefacts are mounted statically and dynamically stiff and withoyt any
hysteresjs (see 6.3.2).

— The madhine components holding the equipment behave as rigid bodies, if not stated otherwise.

— If these |assumptions are not fulfilled, additional contributors to the measurement uncertainty shall be
taken intp account and reported.

— For any measurement, the combined standard uncertainty<jin accordance with Equation (1) of
ISO/TR 230-9:2005] should be calculated and the measurement uncertainty, U, should be stated|for a
coveragg factor & of 2 [in accordance with Equation (3) of ISO/TR 230-9:2005].

— Geometijical tests are generally performed using measuring instruments, reference artefact(s) and/or
natural references (e.g. light beam, gravity). Reference artefacts are objects, such as straightedges and
test mandrels.

— Inaccuracies of measurement due to the inStruments, as well as to the methods used, shall be taken into
account fduring the tests.

— The me3gsuring instrument should not)cause any error of measurement exceeding a given fraction pf the
tolerance to be verified. A calibration sheet should be available for each instrument. Machines undgr test
and instjumentation should belprotected from effects of external temperature variation, such as draughts
and from disturbing light or7heat radiation (sunlight, excessively close electric lamps, etc.), and the
temperafure of the measuring instruments should be stabilized before measuring.

— A given measurement should preferably be repeated, the result of the test being obtained by taking the
average |of the méasurements. If the measurement results vary significantly, the cause should be spught
either in| the method or the measuring instrument, or in the machine tool itself. For more precise
indicatiops, see ISO/TR 230-11.

6 Preliminary operations
6.1 Installation of the machine before tests

6.1.1 General

The machine shall be completely assembled and fully operational in accordance with the
supplier/manufacturer's instructions that shall be provided in written form. All necessary operations, geometric
alignment and functional checks shall be completed satisfactorily and results be documented before starting
the tests.
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The machine tool should be installed on a suitable foundation subject to agreement between the
supplier/manufacturer and the user. Geometric tests shall be carried out in an environment with acceptable
vibration conditions. If vibration problems occur, environmental vibration values (amplitude and frequency)
should be checked to satisfy the requirement of the manufacturer. The vibration test methods are specified in
ISO/TR 230-8.

6.1.2 Levelling

The aim of the levelling is to obtain the condition of static stability of the machine, which facilitates subsequent
meas

urements, especially those relative to the straightness of certain components.

Altho gh orten a convenient method Tor achieving straightness of motion, absolute levell

ng is not a

requifement for machine tools (e.g. machine tools used in ships cannot be levelled, but function just like the
statiopary machine tools).

6.2 |Conditions before machine tests

6.2.1| Disassembling of certain components

As the tests are carried out, in principle, on a completely finished-machine, disassembling of certain
components should only be carried out in exceptional circumstances), in“accordance with the instructions of

the suipplier/manufacturer (e.g. disassembling of a machine table inorder to check the slideways).

6.2.2

Temperature conditions of certain components before tests

The

im of the tests described in this part of 1ISO 230is to evaluate the accuracy of the m

condifions as near as possible to those of normal operation as regards lubrication and warm u
geometric and machining tests, components suchZas spindles, which are susceptible to W

cons
in acq

In ag
there

quently to changing position or shape, shall'be brought to the proper temperature by idling
ordance with the conditions of use and thesinstructions of the supplier/manufacturer.

cordance with 1SO 1, the referencetemperature for industrial dimensional measureme
ore the measuring instruments and-the measured objects should be in equilibrium with the

wherg the temperature is kept at.20.°C. If the environment is at a temperature other than 2(

Differ
(mac

NOTH
which

It sha
from

which
the u

ential thermal Expansion (NDE) correction between the measurement system and the me
hine tool) shall be made to_correct the results to correspond to 20 °C.

Special conditiens)can be applied to high-precision machines and some numerically controlle
temperature fluctuations have a marked effect on the accuracy.

Il be taken into consideration how much the machine alters in dimensions during a normal
ambient f0yworking temperature. The preliminary warm-up sequence and the ambient tg
the machine is to be tested should be the subject of agreement between the supplier/man
ber,

achine under
p. During the
arm up and
the machine

nts is 20 °C,
environment
°C, Nominal
hsured object

i machines for

working cycle
mperature at
ufacturer and

Usefu

6.2.3

rintormation on the machine tool thermal environment can be gathered 1rom 15U Z5U-5:ZUU

Preliminary checks

7, Annex C.

Spindle speeds and feedrates may influence geometric and machining tests. Therefore, conformance of
actual spindle speeds and feedrates with those commanded should be verified before conducting these tests.

6.2.4 Operating conditions

Geometric tests shall be made either when the machine is at a standstill (e.g. flatness) or when it is running

under quasi-static no-load conditions. However, under special circumstances, the machine
supplier/manufacturer and the user may agree that the tests be run with a specified workpiece weight.
© 1SO 2012 — Al rights reserved 43


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

6.3 Test setup and instrumentation

6.3.1 General

Most measurements described in this part of ISO 230 are carried out to measure error motion between the
component of the machine that holds the workpiece and the component of the machine that holds the cutting

tool.

The setups and instrumentation described are provided as suggestions only. Other instruments and s
capable of measuring the same quantities and having the same or smaller measurement uncertainty m
used. All software compensation used shall be stated on the test report.

etups
ay be

Attention shpll be devoted to the thermal stabilization of the instruments in accordance hwit
manufacturer/supplier's instructions (see ISO/TR 230-11).

All test setugs normally involve two fixtures, one which establishes the reference point orsurface, ar
second whicl holds some type of sensor to read against this reference point or surface~The reference
can be the test ball or the retroreflector. The sensor can be a linearly variable differential tfansformer (L
a capacitancg gauge, an eddy current sensor, laser interferometer or a dial indicator-Before starting 3
the measurements, ensure that the particular setup and instrumentation function,properly within the ma
tool environment. Two main tests are recommended for such checks: setup hystéresis and stability.

6.3.2 Setup hysteresis and play test

The goal of this test is to discover any effects of setup hysteresis or play, which may be caused by loose
, insufficient structural strength in the brackets, etc.“Any hysteresis associated with the

n the

d the
point
VDT),
ny of
chine

bolts
setup

used for gedmetric accuracy measurements is normally observed as lack of repeatability in measurgment

results, which may erroneously be attributed to the machine's;behaviour.

Hysteresis a measurement setup is determined cby applying a suitable bi-directional force, i
measurement direction, between the two fixtures and observing the resulting deflection. The sensitivity
test result to the magnitude of such force is, in genéral, insignificant. The range of forces can be between
and 200 N, depending upon the test setup and the resolution of the linear displacement sensor. The f
applied should not threaten damage to the ‘machine or the metrology setups. Forces less than 40
recommended to avoid causing machine hysteresis. There is no need to measure forces.

The test procgdure is the following.

a) Set up and zero a displacement sensor between the two fixtures in the direction and location

intended| axis performanceg test.

b) Apply a force, by hand; to the fixture holding the reference point/surface.

c) After the[force\is-applied, gradually decrease this force to zero and read the displacement sensor.

n the
of the
20N
orces
N are

bf the

d A |y a force—bv_hand in tha aonnasite_direction—araduslh decrease -the force to zarao and ra
Foree—y—aha——He—oppPeSHe—aGHe6HoR—¢ Y—&e6reaS6—He—1orce—0—=Xero—ahRa— e

the

displacement semsor.
e) The difference in readings is the reference point/surface fixture hysteresis.
f)  Apply the force to the fixture holding the displacement sensor.
g) Gradually decrease this force to zero and read the displacement sensor.

h) Apply a force by hand in the opposite direction, gradually decrease the force to zero and rea
displacement sensor.

i) The difference in readings is the displacement sensor fixture hysteresis.

d the
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i) The arithmetic sum of the hysteresis values for the two fixtures is the total test setup hysteresis.

Conventional practice is that the setup hysteresis be less than 10 % of the desired measurement repeatability.
If significantly more than this is measured and if this hysteresis cannot be reduced by adjusting the test setup,
it may be caused by the machine itself. In such cases, further testing shall be discontinued until this condition
is corrected.

6.3.3 Setup stability test

Machine tools are subject to a wide variety of vibrations from both internal and external sources. These
vibrations vary in both frequency and amplitude depending on time, location within the machine and machine
axis Eosmons. Ihe stiffness and damping characteristicsS of machineés may exclude these v{rations from

having an effect on the actual performance of the machine. However, improper mounting ef tgst equipment
may @lso make the instrument/test sensitive to these vibrations. The setup stability test is,desig
that the mounting of instruments does not significantly affect the uncertainty of measurements.

ed to assure

The test procedure is the following.
a) Nount the measuring instrument in the manner used for the performance-test.
b) Rosition the machine in the middle of travel for the performance test:

et the instrument to zero and sample the output at a rate~and time equal to those usefd in the test,
without moving the machine. The range of data sampled should not exceed 10 % of the tolerance of the
gpecified test.

7 Machine static compliance and hysteresis tests

7.1 |General

Thes¢ tests are designed to estimate machine static compliance and hysteresis when a static Igad is applied
betwegen the tool and the workpiece or, between any machine components. They provide a simplified indication
of whiat more rigorous compliance testing would measure. Compliance values vary as functions of the position of
the machine tool axes and the difection of applied force. The positions should be recorded alond with the test
results.

The lipnear compliance is theasured near the centre of the work zone and is measured for each lingar positioning
axis. Linear compliancefor machines with rotary axes is measured at a radial distance from the axis gverage line of
the rotary axis (see 74).

In general, the supplier/manufacturer should specify the maximum load and provide detailed instructions on
fixturing construction. As the loads applied in these tests are large, appropriately designed fixturing is essential for
the sgfetylofipersonnel and the machine.

7.2 Tests for machine static compliance and hysteresis by applying force externally

7.21 General

A typical test setup is shown in Figure 35. A linear actuator and a force sensor (load cell) are rigidly fixed in
series between the tool holding side of the machine (e.g. spindle) and the work holding side of the machine
(e.g. table) in the direction along the linear axis to be tested. A linear displacement sensor is also set to read
the relative motion generated by the actuator.

The static load may be applied using an external linear actuator, such as a differential screw or hydraulic
actuator (see Figure 35). The method and the amount of applied loads may be specified in machine-specific
standards and should be subject to agreement between user and supplier/manufacturer as high loads can
damage the machine.
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Figure 35 — Setup for machine static compliance and hysteresis
test by applying external force using a differential screw

brocedure

wise specified, the machine axes” shall be positioned approximately at the centre off

zero-force condition with\the actuator and set the linear displacement sensor to zero.

maximum test load(or permissible maximum deflection) using the actuator. Call this the pq

he force and;displacement readings.

the actuator in the opposite direction until the force drops to 1 % of the maximum applied
prefoad).

Record the force and displacement readings.

their

sitive

force

Continue operating the actuator in the same (negative) direction until the force (or deflection) reaches its
maximum (negative) value.

Record the force and displacement readings.

Operate the actuator in the opposite (positive) direction until the force drops to 1 % of the maximum force
(negative preload).

Record the force and displacement readings.
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7.2.3 Data analysis

The compliance for the axis is the total range of recording displacements divided by the total range of
recorded forces, expressed in micrometres per newton (um/N).

The machine hysteresis for the axis is computed as the range of recorded displacements between the positive
preload and negative preload points, expressed in micrometres. This computation of hysteresis includes the
machine compliance between —P and +P, thus it yields a very small overestimation of hysteresis (as —P and
+P are 1 % of the maximum applied force). This method is nevertheless preferred to the measurement of
deflection at zero force, due to practical difficulty in properly applying and measuring such (nominal) zero force.
Smaller preloads may be applied, where required and feasible.

The values of these computations are indicated in Figure 36.
D
180 +
i —
100 1 >
50
Dtut \ ‘?
0 P S
Al
& g H
- -|-P
-Pe
100 1
Y,
3004 28 1000 a G 2000 040
-F M +Fmax
Key
F applied force (N)
D deflection (um)
Do total measured deflection
+F . Mmaximum)positive applied force
~Fax] maximum negative applied force
+P positive preload
-P negative preload
H hysteresis

Figure 36 — Example of machine static compliance and hysteresis test results applying external force

7.3 Tests for machine static compliance and hysteresis by applying force internally

7.3.1 General

A typical setup for vertical axes is shown in Figure 37. A linear displacement sensor is set to read the relative
motion between the tool holding side of the machine (e.g. spindle) and the work holding side of the machine
(e.g. table) in the direction along the linear axis to be tested. A load cell is aligned with the same machine axis
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and rigidly fixtured between the machine table and the spindle. The static load is generated by moving a
machine axis. It is recommended that the setup be such that the load cell functions both under tension and
compression. If the machine has backlash compensation, this test is conducted with the backlash
compensation on. The method and the amount of generated loads may be specified in machine-specific
standards and should be subject to agreement between the user and supplier/manufacturer, as high loads can
damage the machine.

Key
1 spindle housing
2 load cell

3 linear dispjJacement sensor
4 machine table surface

Figure 37 + Setup for machine static compliance and hysteresis test with internally applied forde in
the vertical direction-by moving the spindle head

7.3.2 Test procedure

Performing the test in the fashion.described in this subclause removes any effects due to clearance in thee test
fixtures or deflections of the load-cell. Results obtained by the execution of this test tend to show sinaller
machine conjpliance values than the results obtained by the execution of tests with the application of external
force. This tgst is only proposed as a possible alternative to tests specified in 7.2 when apparatus for the
application of external force are not available.

Unless othefwise sspecified, the machine axes shall be positioned approximately at the centre of] their
respective working travels.

a) Set to zero the indicator at the beginning of each test.

b) Move the machine axis under test in small increments until the maximum force specified, or a maximum
specified deflection (the difference between the actual displacement and the commanded displacement)
has been reached. Call this the positive direction.

c) Record the commanded displacement, the displacement measured by the indicator and the force.

d) Incrementally move the axis in the opposite (negative) direction until the force drops to one percent of the
maximum force (positive preload).

e) Record the commanded displacement, the displacement measured by the indicator and the force.
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f)  Continue incrementally moving in the same (negative) direction until the force (or deflection) reaches its
maximum value.

NOTE For some machines, it can be inappropriate to apply force in both directions.
g) Record the commanded displacement, the displacement measured by the indicator and the force.

h) Incrementally move the axis back in the plus direction until the force drops to one percent of the
maximum force (negative preload).

i) Record the commanded displacement, the displacement measured by the indicator and the force.

7.3.3| Data analysis

To eyaluate machine compliance and hysteresis, the deflection (actual displacement minus| commanded
displgcement) at each measurement point is computed. The compliance in the~direction of the axis is
computed as the total range of the deflections divided by the total range of force'(expressed inf micrometres
per newton [um/N]).

The machine hysteresis for the axis is computed as the range of deflection\bétween the positive preload and
negafive preload points (expressed in micrometres). This computation"of hysteresis includes|the machine
compliance between —P and +P, thus it yields a very small overestimation of hysteresis (as —P anld +P are 1 %
of the maximum applied force). This method is nevertheless preferred to the measurement off deflection at
zero force, due to practical difficulty in properly applying and measuring such (nominal) zero fprce. Smaller
preloads may be applied, where required and feasible. Thevalues to be used for these computations are
indicgted in Figure 38.

Deflegtions at intermediate points can be recorded.:as shown in Figure 38. The data analygis yields the
avergge compliance over the tested range.
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H hysteresis
Figure 38 — Example of machine staticicompliance and hysteresis test results applying internal force
7.4 Tests [for machines with-rotary axes
The tests for machines with/rotary axes are similar to the tests described in 7.2 and 7.3 except that the fdrce is
applied at a|distance,R)from the axis of rotation. Correspondingly, a load cell and a linear displacgment
sensor are aljgned withi\the direction of the applied force at the same distance R.
Two typical setups for measuring the compliance and hysteresis of machines with rotary axis, applying
internal forcel—are_shown in Figllrne 39 and 40. The rr_\rnm:rlllrne for data annl\lleie are also similar to thel ones

described in 7.2 and 7.3. The resulting calculated compliance shall be expressed in micrometres per newton
(Mm/N) at a specified distance R. The hysteresis shall be expressed in micrometres (um).
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spindle housing
opd cell
inear displacement sensor (hidden)

acket

rgtary table
offset between the point of deflection measurement and the point where force is applied
distance between the rotary table axis average line and the point where force is applied

Figure 39 — Setup for static machine compliance and hysteresis test for machines equipped with

rotary axis applying internal force (horizontally)
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Figure 40— Setup for static machine compliance and hysteresis test for machines equipped wijith
tilting rotary table applying internal force (vertically)

8 Geomatric accuracy tests)of axes of linear motion

8.1 Genernal

All machine fools are composed of moving carriages, tables, or other elements whose purpose is to change,
under manugl or automatic control, the relative position between the workpiece and the cutting tool. Assiiming
it has rigid bpdy behaviour (no deformation due to loads), a typical linear carriage exhibits six error mgtions
associated wijth-its.nominal linear motion (see 3.4.3):

a) one linear displacement (positioning) error motion along the intended direction of travel;
b) two straightness error motions in the two orthogonal directions to the direction of travel;
c) three angular error motions, which are rotations around the three orthogonal axes (X-, Y- and Z-axes).

Among these, straightness and angular errors are considered pure geometric errors, whereas the linear
displacement (positioning) errors are a function of both geometry and the axis drive system characteristics.
Linear displacement (positioning) error measurements for numerically-controlled axes are covered separately
in ISO 230-2.

Dependent on machine configuration, some error motions have reduced relevance as they do not cause

errors in a sensitive direction (e.g. for a turning centre without live tooling, straightness error of Z in Y direction
is not necessarily of primary concern).
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8.2 Straightness error motion tests

8.2.1 General

The straightness error motions of a machine tool component moving on a linear trajectory directly influence
the straightness and flatness of surfaces as well as the form, location and orientation of geometric features of
the workpiece produced by the machine tool.

The straightness error motion measurement methods are based on the measurement of displacement relative
to a straightness reference. Straightness reference can be a physical artefact (straightedge, taut-wire) or
reference lines provided by a light beam of an optical device. A straightness reference shall be placed
apprdximately parallel to the direction of motion of the moving component (similar readings at both ends of the
travel). The measuring instrument provides deviations of the distance between the straightnessifieference and
the trpjectory of motion (straightness deviations) at various points (uniformly distributed @r.random) over the
entird measurement length. The relative deviations between the tool holding side of.the madhine and the
workpiece holding side of the machine shall be measured.

NOTE Measurement of straightness error motion is affected by the location of the_ liné of measurement due to the
inhergnt angular error motions of the slides and Bryan!'% offsets involved (see Figure 44). Therefore, similar tests for the
same [motion carried out at different locations can have different results. In Figure41, the effect of ong angular error
motion « is given as e = sin(a) - L, where L is the offset length.

- -
- L -
: &J‘
] i

Key

1 liear motion

e déeviation due-ta’angular error motion and the offset
L offset length

a angular error motion

Figure 41 — ETrect of one angular error motion on straightness measurements

8.2.2 Measurement setups and instrumentation

8.2.2.1 Straightedge and a linear displacement sensor

In this setup, the straightness reference is a straightedge. This setup can address straightness deviations in
vertical and horizontal directions. For measurements of straightness deviations in vertical direction, the
straightedge should be supported at the two points that yield a minimum deflection due to gravity (for optimum
support, see ISO/TR 230-11).
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The linear displacement sensor shall be located as close to the functional point of the moving component as
possible. The measurement shall be made by moving the linear displacement sensor along the straightedge
(or by moving the straightedge) and by recording the observed displacements [see Figure 42 a)].

Known errors of the straightedge should be taken into account, in processing the measurement data. If the
straightedge errors are not known, they can be determined and removed from the straightness error motion
measurements in the horizontal plane using the straightedge reversal method described in 8.2.2.1.1.

a) Normal setup

b) Reversed setup

Key

1 straightedge

2 measurement line

3 straightedge support points (3) both sides
4 linear displacement sensor

5 machine table

Figure 42 — Straightness measurement setup using straightedge
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8.2.2.1.1 Straightedge reversal method for measurement of straightness error motion

A feature of the straightedge method for straightness measurement in a horizontal plane is that it allows
measurement of straightness errors of both the straightedge reference face and the linear motion to be
checked (see Figures 42 and 43).

For this purpose, the so-called “reversal method” is used: After the first set of measurements is recorded for
the normal setup [see Figure 42 a) and see plot, E,, in Figure 43], the straightedge is rotated 180° about its
longitudinal axis and the linear displacement sensor is also reversed to read the displacement against the
same reference surface of the straightedge [see Figure 42 b)]. Measurements are then repeated, moving the
machine slide and recording the displacements (see plot E, in Figure 43).

Both Heviation plots, £, and E,, are influenced by the straightness error of the straightedge refergnce face and
the sfraightness error motion of the linear axis. However, due to the special configuration of\the fwo setups, it
is algebraically possible to separate these influences. In Figure 43, the average plot, M, rgpresents the
deviations of the reference face of the straightedge.

Equations (9) and (10) apply:

b = [E4(X) + E5(X)] ()
2
$ox) = )= Eo(X)] (10)
2
wher¢
M(X) is the straightness deviation.ef*the reference surface of the straightedge at a given
measurement position X;
S(X) is the straightness deviation of the axis of motion at a given measurement position X;

B4(X) and E5(X)  are the measurement data obtained from normal and reversed setups.

EYX
. a—°_¢ F
'} X
\

E,
Key
X X-axis positions
Eyy  straightness deviations of X in Y-axis direction
1 straightness error of X in Y-axis direction [S(X) 4]
2 straightness error of the straightedge
ato h measurement positions
E, plot of readings from normal setup

E, plot of readings from reverse setup
M mean of £, and E,

Figure 43 — Determination of the straightness error of the linear axis and
of the straightness error of the straightedge with reversal method
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8.2.2.2 Microscope and taut wire

A steel wire, with a diameter of approximately 0,1 mm, is stretched to be approximately parallel to the direction
of motion to be checked (see Figure 44). The trajectory of the motion in the horizontal plane with respect to
the taut wire is measured with a microscope [or with other means, such as a non-contacting linear
displacement sensor or a photoelectric device, such as a charge-coupled device (CCD) camera] mounted to
the machine spindle (see ISO/TR 230-11).

Taut wires are often used as the preferred reference straightness artefact for measuring the straightness
deviation in the horizontal plane on large machines.

With a microscope placed horizontally, It IS possible 10 measure the straightness error motion in a_veértical
plane when {he sag of the wire is known at each point, but this sag is extremely difficult to determing¢ with
adequate acguracy. Therefore, in general, it is not recommended to use taut-wire setup for straighthess error
motion measprements in a vertical plane.

_

4
Key
1 spindle
2 microscopg
3 taut wire
4  weight
5 table

Figure 44 — Straightness error measurement using taut wire and microscope

8.2.2.3 Alignment telescope

When using an alignment telescope (see Figure 45), the optical axis of the telescope constitutes the
straightness reference. Measurements shall be conducted to represent the relative position between the tool
and the workpiece. The telescope shall be mounted on the component that carries the workpiece and the
target shall be mounted on the component that carries the tool. The target shall be normal to the axis of
motion to be checked. The centre of the target shall be situated as near to the functional point as possible
(see ISO/TR 230-11). The distance between the optical axis of the telescope and the centre of the target shall
be read directly on the reticule or by means of the optical micrometer (see ISO/TR 230-11).

The telescope optical axis shall be adjusted to be reasonably parallel to the axis of linear motion trajectory.
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Any local bending causes the optical line of the telescope to change its position. The results obtained in such
cases do not reflect the straightness one would obtain on a machined part fixtured at multiple points over the
table surface. This situation can be partially rectified by mounting the telescope to a secondary surface, which
is kinematically supported over the table. Extreme care shall be taken in the fixing of the telescope,
particularly in situations where table bending is suspected. Best results can be obtained by securely fixing the
telescope to a support simulating a (rigid) workpiece connected to the table.

NOTE 1 In the case of long travel lengths, measurement uncertainty is affected by the variation of the refractive index
of air, which strongly contributes to the deflection of the light beam, which deviates from a straight line by about 46 pm in
10 m of travel in a vertical temperature gradient of 1 °C/m (see W.T. Estler et al.l'"l). For best results, mixing the ambient
air around the laser beam with fans can be considered, in addition to averaging with an adequate number of measurement
repetitions.

NOTH 2 By rotating the entire telescope and the target, it is possible to check the straightness of aline il any plane.

NOTH3  Some alignment telescopes can simultaneously detect displacements in two orthogonal dire¢tions. In such
cases| it is possible to measure straightness in two orthogonal planes.

5 6

Key
wprkpiece side (table)
tool side (position 1)
tool side (position 2)
telescope

ading micrometer
rgticule

target

light source
mieasured deviation
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Figure 45 — Straightness error measurement using alignment telescope

8.2.2/4 7~ Alignment laser

When using an alignment laser, a laser beam is the straightness reference of measurement. Measurements
shall be conducted to represent the relative position between the tool and the workpiece. The laser head shall
be mounted on the component that carries the workpiece and the four-quadrant photo-diode target shall be
mounted on the component that carries the tool. The centre of the detector shall be situated as near to the
functional point as possible (see ISO/TR 230-11). Horizontal and vertical deviations of the detector centre with
respect to the beam shall be recorded.

Any local bending causes the optical line of the alignment laser to change its position. The results obtained in
such cases do not reflect the straightness one would obtain on a machined part fixtured at multiple points over
the table surface. This situation can be partially rectified by mounting the alignment laser to a secondary
surface, which is kinematically supported over the table. Extreme care shall be taken in the fixing of the
alignment laser, particularly in situations where table bending is suspected. Best results can be obtained by
securely fixing the alignment laser on a support simulating a (rigid) workpiece connected to the table.
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The measuring instrument manufacturer's instructions should be consulted (see ISO/TR 230-11).

NOTE In the case of long travel lengths, measurement uncertainty is affected by the spatial variation of the refractive
index of air, which strongly contributes to the deflection of the light beam, which deviates from a straight line by about
46 um in 10 m of travel in a vertical temperature gradient of 1 °C/m (see W.T. Estler et al.['!]). For best results, mixing the
ambient air around the laser beam with fans can be considered, in addition to averaging with an adequate number of
measurement repetitions.

8.2.2.5 Laser straightness interferometer

The most commonly used laser straightness interferometers consist of a Wollaston prism and bi-mirror
straightness reflector. The centreline of the bi-mirror reflector defines the straightness reference of
measurement. Changes in the position of the Wollaston prism relative to the axis of symmetry (centrelipe) of
the bi-mirror reflector are detected by interferometry.

Measuremenis shall be conducted to represent the relative position between the tool and the workpiecg. The
bi-mirror reflg¢ctor shall be mounted on the component that carries the workpiece and the~Wollaston [prism
shall be mounted on the component that carries the tool. Optical components and measufing methodg vary
and manufacfurers' instructions should be applied (see ISO/TR 230-11 and ISO/IEC Guide99).

such
boints

Any local bending causes the centreline of the reflector to change its position. Theresults obtained in
cases do nof reflect the straightness one would obtain on a machined part seCurely fixed at multiple

over the tabl
which is kine
particularly in
reflector on 4

All optical ins
in the proper

surface. This situation can be partially rectified by mounting the¢eflector to a secondary s
matically supported over the table. Extreme care shall be takenvin the fixing of a bi-mirror re
situations where table bending is suspected. Best results;can be obtained by fixing the bi-
support simulating a (rigid) workpiece connected to the‘table.

lies of the air. Drift tests before the measurements are recommended (see ISO/TR 230-1

i

rface,
ector,
Mmirror

truments, e.g. laser straightness interferometers, alignment telescopes, are sensitive to changes

1 and

ISO/IEC Guide 99).

8.2.3 Measurement procedure and data analysis

The machinel component, motion of which is to be tested, shall be moved to a series of target positiong over
its travel range of interest. The measuring intervals shall be no larger than 25 mm for axes of 250 mm of less.
For longer axes the interval shall be no, morée than 1/10 of the axis length. At a target position, the mgchine
shall remain at rest long enough for the-measurement data to be recorded.

The measure
used and the

The default
and/or the in

Data shall be
is preferred.

ra
Jended use-of the machine tool.

intended use of the\machine tool.

verse speéd-shall be at a feedrate to suit the measuring equipment and setup being

analysed based on the definitions given in 3.4.9 and 3.4.10. A graphical presentation of r

ment may be carried-out in continuous mode (on the fly) dependent on the measuring equipment

used

bsults

Test data recorded shall include the date, time, machine, instrument used, location of measuring line, offsets
to the workpiece side (coordinates of the start and end point), offsets to the tool side, analysis method
(definition of reference line, number of runs, mean values), mode of operation (continuous or intermittent),
dwell time, feedrate, position of axes not under test, compensations used, sign convention used and the feed
direction.

8.3 Linear positioning error motion tests

8.3.1 General

The displacement measuring instrument shall be set so as to measure the distance traversed by the machine
component (slide) under test (corresponding to the relative motion between the tool and the work sides of the
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machine). The slide shall be positioned at each target position manually or by numerical control. Each
measured position value is recorded and the difference between the target position value and measured value
is calculated as linear positioning deviation (see 1ISO 230-2).

NOTE Measurement of linear positioning error motion is affected by the location of the line of measurement due to
the inherent angular error motions of the slides and the Abbe offsets involved. Therefore, similar tests for the same motion

carried out at different locations can have different results.

8.3.2

8.3.2.

Measurement setup and instrumentation

1 Laser interferometer

For li
retror
on th
to the
fixed

Air s
comp

near positioning error motion measurement with laser interferometer, two pieces of optics
eflector and the interferometer. One of these is mounted on the tool holding side; the othg
b workpiece holding side of the machine tool. The laser beam emitted from a laser head sh

linear motion as much as possible as misalignment causes cosine error. Alkoptics sha
fo the machine component to avoid vibrations and deflections due to acceleration.

bnsors (measuring air temperature, pressure and humidity) shall be~located near the K
ensate for air refraction.

Mate
to th
coeffi
loop
mea
or th
linea
accu
positi
temp
unce

8.3.2

For li
tool h
much

betwgen the reference linear scale and the machine shall be applied (see 6.2.2 and 8.3.2.1).

8.3.3

8.3.3
accof

ial temperature sensor(s) (to correct the laser readings for material thermal expansion) sha
suitable machine surface indicating representative machine/temperature. In common
ient of linear thermal expansion of the most significant material that composes the mach
etween the tool side and the work holding side is considered, and temperature senso
re the machine temperatures close to where the workpiece is normally located (e.g. the 1
work holding pallet). Nevertheless, if the ambient\temperature differs from 20 °C and t
thermal expansion coefficient differs from thewmaterial composing the machine structy
cy of the machined part is affected. Consideration should be taken of the fact that the nunj
ning system responds to the machine feedback transducers temperature, not to the ma
rature; thus, when significant spatial “temperature gradients are present, further cg
ainty in the estimation of the expected machined part accuracy shall be considered.

2 Linear scale

hear positioning error motion_measurement with linear scale, the scale and its reader are m

olding and workpiece holding sides of the machine. The scale shall be set parallel to the lin
as possible as misalighment causes cosine error. Nominal differential expansion (NDH

Measurement procedure and data analysis

1 Medsurement procedures and data analysis of numerically controlled axes shall be
dance with ISO 230-2.

are used: the
br is mounted
all be parallel
| be securely

eam path to

| be attached
practice, the
ine structural
rs are set to
nachine table
he workpiece
ral loop, the
erical control
chine (table)
ntributors to

bunted on the
bar motion as
) corrections

conducted in

8.3.3.

Positioning error motion of a machine slide is periodic over an interval that normally coincides with the natural
periodicity of the machine scales or their equivalent. For example, in a leadscrew driven machine with angular
encoders, the periodicity is usually synchronous with the pitch of the leadscrew (or synchronous with the pitch
of the angular encoder or both). For a linear scale or angular encoder, it is the line spacing of the scale or
encoder. For laser interferometer position scale, it is the wavelength of light or fraction thereof.

A set of at least 21 evenly spaced target positions is selected over two periods of the expected periodic
deviation. One unidirectional measurement is made at all the target positions. The periodic linear positioning
error, P, is the total range of the measured positioning deviations as shown in Figure 46.

NOTE Sometimes the periodicity of the linear motion is due to ballscrew misalignment, creating one per revolution
angular motion.
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Figure 46 — Periodic linear positioning error

ar axis of motion three angular efror' motions about the orthogonal directions (commonly
yaw) should be measured. The angle measuring instrument shall be set as to measure rg
motion between the tool holding side of the machine and the work holding side of the m3g
component (slide) moves-along its linear axis of motion.

urement setup andlinstrumentation

N methods of\angular error motion measurements use laser angular interferomete
rs to measurg. pitch and yaw of an axis (rotations about axes orthogonal to the direction
I motion);and precision levels to measure roll (rotation about the axis of linear motig
es. Differential straightness measurements are used to assess the roll of vertical

called
lative
chine

rs or
bf the
n) of
axes

NOTE W

e thetimear movement s ahorizontat ptame;a precisiom fevetcammeasurethepitchrand-rott,-wt

an autocollimator and laser can measure the pitch and yaw.

8.4.2.1

Precision level

ereas

When using a precision level, the instrument shall be attached to the moving component. For good practice,
differential measurements between the component of the machine holding the tool and the component holding
the workpiece should be carried out using two precision levels (see Figure 47).

60

© ISO 2012 — All rights reserved


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

o

Figure 47 — X'-axis angular error motion (r6ll) measurement with precision levels
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8.4.2[2 Autocollimator

The gutocollimator and the target mirror shall be mounted for relative measurement between the workpiece
holding side and the tool holding side aof the machine. The autocollimator shall be mounted on {he stationary
comppnent of the machine, coaxially: to the axis of motion (see Figure 48). A rotation of the|target mirror
(mounted on the moving component) around a horizontal axis, orthogonal to the optical axis, er;lails a vertical
displgcement of the image of the_reticule in the focal plane. The measurement of this displacenent, which is
mad¢g with the ocular micrometer, allows determining the angular deviation of the mirror (see ISQ/TR 230-11).
By rofating the ocular micrometer through 90°, the rotation angle of the target mirror around a vettical axis can
also e measured. Instruments capable of measuring both angles simultaneously are available.

Photqgelectric autocollimator can be used for more critical measurements requiring a resolution of less than 1”.
Some of them cap~measure two axes simultaneously so that angles around two orthogonal axgs (e.g. pitch
and yjaw) canbe/detected and analysed easily.

NOTE In the case of long travel lengths, measurement uncertainty is affected by the variation of the refractive index
of air,|which strongly contributes to the deflection of the light beam, which deviates by about 9 yrad in 10 i of travel in a
vertical temperature gradient of 1 °C/m (see W.T. Estler et all'™l). For best results, mixing the ambient air around the laser
beam with fans can be considered, in addition to averaging with an adequate number of measurement repetitions.
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Figure 48 — Angular error motion measurement using autocollimator

gle interferometer is used for measuring rotations around the axes orthogonal to the a
itch and yaw). The instrument consists of two pieces of optics: angle interferometer ang
When measuring the angular error of the axis of motion of a machine slide, one of

9). On machines where the spindle cannot.be' locked, external brackets or other suitable fi
bd to prevent instability.
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igure 49 — Angular error motion measurement using laser angle interferometer
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8.4.2.4 Method using differential straightness measurements

This measurement is performed by carrying out two parallel sets of straightness measurements. The principle
is illustrated in Figure 50, which shows the setup for measuring the roll of a vertical moving spindle using a
mechanical square and one or two linear displacement sensors and is applicable to any vertical moving slide.
Different straightness measuring instruments may be substituted.

The instrumentation is set to measure straightness perpendicular to the line of motion of the slide. The slide is
moved along its axis normal to the direction of the straightness measurement and straightness data are
recorded. The displacement sensor is next mounted on an extension and the straightness is re-measured.
The mach|ne spindle is then traversed horlzontally to posmon 2 (see Flgure 50) and the linear displacement

measuring procedure is repeated belng careful to follow the same measurement li
anical square reference face. The roll deviation in any particular vertical positionnis t

target positions.

At a target position, the machine remains at'rest long enough for the angular deviatio
.

intervals shall be no larger than 25 mm for.axes of 250 mm or less. For longer axes, the inf
o more than 1/10 of the axis length.

c)
ghall be agreed by the user and.the manufacturer/supplier. A set of measurements shall
target positions and the corrésponding instrument readings.

The gngular error (e.g. Exx).is the total range of the measured angular deviations. Sign conventi
deviafion shall be in accerdance with ISO 841.

Instegqd of discrete \measurements at selected target positions, continuous measurement
measurement range are allowed.

surface and
e along the
he difference
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mmodate the
ure, the roll
ble or spindle

. 1o the spindle

it pt a series of

h data to be

corded. The target positions are required.over the travel range of interest of the axis. The measuring
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At least one set of unidirectional .measurements is made at all the target positions. The traverse speed

consist of the

n for angular
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Figure 50 — Measurement of.roll of vertical moving slide
using differential straightness measurements

9 Geomatric accuracy tests of.axes of rotation

9.1 Referénce to ISO 230-7

The tests to pharacterize géeaometric accuracy of axes of rotation [i.e. radial, axial, tilt and face error motions
(see 3.5.5 10]3.5.8), their.synchronous and asynchronous components as well as structural motion] for fixed
and rotating gensitive directions shall be performed in accordance with ISO 230-7.

9.2 Angullar positioning error motion

9.2.1 General

Many machine tools are equipped with rotary axes with continuous or discrete positioning capabilities (e.g.
rotary tables, indexing tables, tilting heads and swivelling heads). While the rotary axes with continuous
positioning capability operate under numerical control (NC), the rotary axes with discrete positioning capability
may operate under various types of control including manual, mechanical, NC or Programmable Logic
Controller (PLC).The positioning resolution for the rotary axes with continuous positioning capability depends
on the angular position feedback device and the servo control system. For the rotary axes with discrete
positioning capability, the positioning resolution (increment) depends on the mechanical means of indexing
and may vary from 90° (for some milling and boring machines tables) to 0,5°. In some applications, the
combination of two angular indexing devices with different indexing pitch, allow to obtain minimum indexing
steps as small as 0,02°.
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Programmable indexing devices typically need an axial movement of several millimetres to unlock and allow
for relative movement between their components. After indexing, such devices are locked in position.

The measurements should be carried out between the tool holding side of the machine and the workpiece
holding side of the machine.

9.2.2

Measurement setup and instrumentation

9.2.21 Polygon with autocollimator

An optical polygon, as the reference angle artefact, should be mounted approximately concentrically to the

rotati
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eg.t
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12 fa
30°.

polyg
is the
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nce and rotating component should be parallel to each other and orthogonal to the axis.a
tating component under test. An autocollimator shall be mounted on the non-rotating)part o
he machine spindle head (see Figure 51).

The average parallelism error between the polygon reference surfaces and, the axis averg
nent under test influences the angular positioning measurements (inducing an additional periodic er|

).

ngular positioning increments of the rotating component under test §hould be the same as,
les of, the angle between the reference surfaces of the artefact:(For example, if an optical
ces is used as a reference artefact, each angular positioning increment is 30° or an integ
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Figure 51 — Angular positioning error motion measurement setup using autocollimator and polygon
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9.2.2.2 Reference indexing table with laser interferometer/autocollimator

The reference indexing table shall be fixed on the rotating component of the machine (e.g. rotary table). A flat
reflection mirror or angular optics shall be fixed on to the reference indexing table and its surface shall be
perpendicular to the light beam. A laser interferometer/autocollimator shall be fixed on the non-rotating part of
the machine (see Figure 52). The reference indexing table should rotate in the direction opposite to the
direction of rotation of the rotating component, i.e. if the rotating component rotates clockwise (CW), the
reference indexing table should rotate counterclockwise (anticlockwise) (CCW), so that the reflection mirror (or
angular optics) placed on the top surface of the reference indexing table always keeps the same orientation.
The angle measured by the instrument at each increment is the angular positioning deviation at that angular
position.

Autocollimatgqr with reference indexing table may be used for measuring the angular positioning cerfor of
indexing rotaly axes provided the available angles on the reference indexing table are integer multiples pf the
minimum indgxing increment of the indexing rotary axis under test.

If the laser interferometer is used as an angle measuring instrument, it is possible to detectthe angulan error
motions near]y up to 5° (or more than the minimum indexing angle of the master index). Therefore, continuous
angular posifioning error motion can be measured using this method. Generally, meastrement unceftainty
increases significantly if angles larger than 100 pm/m (20”) are measured.

Indexing rotary axes typically need an axial movement of several millimetres, ta_unlock and allow for reglative
movement between their components; when testing such devices, using-laser angle interferometerg with
reference indexing table and angular optics, special devices may be required to prevent interruption of the
laser beam.

9.2.2.3 Rdference rotary (angle) encoder

The reference (calibrated) rotary encoder shall be mounted sugh that the rotating component of the encoder is
aligned with fhe axis of rotation of the rotating component©f the machine. The encoder case (non-rgtating
component) [shall be attached to the non-rotating part*of the machine. The instrument manufacturer's
recommendations for mounting and alignment shall be’followed. The encoder reading provides the actual
angular displacement, which should be compared;to the commanded displacement to determine angular
positioning deviations.

Reference rdtary (angle) encoders shall not be used to measure the angular positioning error of indexing
tables that nged axial movement to operate:

Key

1 laser head 4 dual retroreflector

2 angle interferometer with bending mirror 5 reference indexing table
3 spindle head 6 rotary axis under test

Figure 52 — Angular positioning error motion measurement using reference indexing table
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9.2.3 Test procedures and data analysis

Test procedures for the determination of angular positioning accuracy and repeatability of rotary axes with
continuous positioning capability through numerical control (NC) are specified in ISO 230-2.

Test procedures specified in 1ISO 230-2 are also applicable for the determination of angular positioning
accuracy and repeatability of rotary axes with discrete positioning capability (programmable or manually

operated), but the following limitations apply.

a) The number of target angular positions may be limited by the combination between available angles of
the reference artefact and the minimum indexing step of the device under test.

b) When using reference polygon and the reference indexing table, no random component cah{be applied to
target the angular positioning selection.

c) Neasurements of locking type indexing rotary axes shall be performed after ‘the locking cycle is
dompleted and the (possible) axial movement between the indexing compenents shall be considered
when selecting the measurement system.

9.2.311 Periodic angular positioning error motion

Periofic angular positioning error motion of a machine rotary compenent is measured over two periods of

expe¢ted periodicity similar to the procedures for the periodic linear positioning error motion measurements. A

set of at least 21 evenly spaced target positions is selected over.two periods of the expected petiodic angular

positibning error motion.

One set of unidirectional measurements is made at all the target positions. The periodic angular positioning

error,| P, is the total range of the measured angular positioning deviations.

10 Alignment of axes of motion — Parallelism, squareness, coaxiality and
intersection

10.1 |Parallelism of axes of motion

10.1.1 General

It is necessary to measure-the parallelism error between axes of linear motion where they are d
nomimally parallel. For,example, parallelism may be checked between the Z- and W-axes on
centr¢, where the Z-aXis is an extending spindle and the W-axis is a moving table. It may also be
measjure the parallelism error between an axis of linear motion and an axis average line of ro
spind|e or any-stationary axis (such as a tail stock axis) or between two axis average lines of rota

esigned to be

a machining
necessary to
ary axis or a
[y axes.

10.1.2 [Parallelism error between two axes of linear motion (in two planes)

10.1.2.1 Stationary point run-out method

A linear displacement sensor shall be attached to one of the moving components of the machine so that its
stylus rests on a point on the other moving part to measure displacement in the direction perpendicular to its
axis of motion. The two moving components shall be moved together in the same direction by the same
amount and stationary point run-out as the change in the readings of the linear displacement sensor shall be
noted (see Figures 53 and 54) and used to determine the straightness reference line. The orientation of the
straightness reference line with respect to the nominal direction of motion (angle of the slope) is the
parallelism error.

A second linear displacement sensor can be used in the other plane (perpendicular to the first one) to obtain
parallelism in both planes simultaneously.
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Figure 53 — Parallelism error between two axes of linear motion

(5] D
| 1
L)
3 2
y
Key
1 linear displJacement sensor
2 slip gauge|(optional)
3 machine table
4 table lineal motion direction
5 motion dirgction of:2nhd linear axis

Figure 54 — Stationary point run-out measurement

10.1.2.2 Method based on the two straightness error motion measurements

This test is performed by using any straightness measurement device described in 8.2.2. Straightness of each
axis of motion shall be measured using the procedure described in 8.2.3.

The parallelism error between two axes of linear motion shall be calculated and reported for two mutually
orthogonal planes. For each plane, the straightness deviations of each moving component are measured
using a common straightness reference (e.g. artefact or optical beam). The straightness reference lines
associated with their respective straightness deviation data should be compared to the common straightness
reference line. The calculated slopes of the two straightness reference lines with respect to the common
straightness reference are algebraically added to obtain the parallelism error between the two axes of motion.
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NOTE The parallelism error is expressed in micrometres per metre (um/m) or arcseconds (”).

10.1.3 Parallelism error between an axis of linear motion and a stationary axis

A test mandrel is mounted on the stationary component to represent the stationary axis. A linear displacement
sensor shall be mounted on the moving component and positioned against the test mandrel to read
displacement in the direction orthogonal to the direction of motion (see Figure 55). The moving component
shall be moved over its travel range of interest. The change in the readings of the linear displacement sensor
shall be recorded and used to determine the straightness reference line for the trajectory of the linear motion.
The orientation of the straightness reference line with respect to the nominal direction of motion (angle of the
slope) is the parallelism error.

NOTE The stationary axis is an axis that does not move during measurement.

Unlegs all planes are of equal importance, the measurement shall be made, if possible; in“two perpendicular
planes selected as being the most important for the practical use of the machine.

— 3
— 1

Key

1 linear displacement sensor

2 ayis of linear motion moving component
3 test mandrel (stationary axis)

4 sg¢condary linear displacement sensor

Figure 55 — Parallelism error between an axis of linear motion and a stationary axis

10.1.4 Parallelism error between an axis of linear motion and an axis average line of a rotary axis or
machine spindle

10.1.4.1 General

The felationship between the axis of rotation of a rotary axis or machine spindle and a linear axis is
concgptually determined by first establishing an axis average line corresponding to the axis of rgtation. Then,
the motion of the linear axis is compared against this axis average line. The axis average line of rotation in the
plane of measurement (plane containing both the axis of rotation and the linear axis of motion) is determined
by averaging straightness measurements at two angular positions of the rotary axis that are 180° apart.

To indirectly represent the axis average line, a reference line perpendicular to the axis of rotation can
sometimes be established. Mechanical artefacts or optical methods can be used to generate these axis
average lines. The equipment specific test setups given in 10.1.4.2, 10.1.4.3 and 10.1.4.4 are examples only,
any other instrument providing comparable measurement uncertainties can be used instead.

10.1.4.2 Method using laser straightness interferometer

The setup for measurement using a laser straightness interferometer is shown in Figure 56.
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A straightness reflector shall be mounted to the rotary table or spindle and aligned such that its measurement

axis is close

to the axis of rotation and the straightness error motion measurement is in one of the orthogonal

panes of interest. The straightness error motion measurement shall first be made with the straightness

reflector and

rotary axis in the original angular position. The straightness error motion measurements shall

then be repeated after the reflector and rotary axis are rotated 180°. The parallelism error is one half the
algebraic sum of the slopes of the straightness reference lines with respect to the nominal direction of linear

motion meas

By changing

ured in two angular positions.

the angles of this measurement to 90° and to 270°, the parallelism error in the other orthogonal

plane may also be obtained.
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Figure 56 — Parallelism error measurement with straightness interferometer
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Figure 57 — Parallelism error measurement with test mandrel
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10.1.4.3 Method using a test mandrel or a straightedge and a linear displacement sensor

A test mandrel shall be mounted and centred on the machine spindle or rotary table. A linear displacement
sensor shall be mounted on the linear moving component of the machine to contact the side of the test
mandrel. The straightness error motion measurement shall be made by measuring displacement against the
mandrel, while traversing the linear moving component along the length of the mandrel as shown in Figure 57.
The straightness error motion measurement shall be repeated after the machine spindle/rotary table is rotated
180°. The parallelism error is one half the algebraic sum of the slopes of the straightness reference lines with
respect to the nominal direction of linear motion measured in two angular positions.

NOTE 1 Rotating the spindle/rotary table 180° ensures that any misalignment of test mandrel to machine spindle/rotary
table is eliminated.

NOTH2  This method, coupled with straightedge reversal, yields both straightness error and parallelism‘grror.

By performing these measurements again with the linear displacement sensor reading agginst the test
mandrel at 90° with respect to the first set of measurements, the spindle parallelism‘error in the orthogonal
direction can be determined.

10.1.4.4 Method using a test sphere and a linear displacement sensor.

The test sphere shall be mounted on the linear moving component of the(machine and the linear displacement
sensqgr shall be mounted on the rotary axis under test (rotary table or spindle) as shown in Figurg¢ 58. The test
sphefe shall be centred with respect to the axis of rotation average line by moving two mpachine axes
orthogonal to the axis under test, while rotating the rotary axis ar.spindle. The test sphere shall then be moved
to angther location along the axis of linear motion under test (4.in Figure 58) by moving the machjne slide. The
displgcement sensor is re-positioned to read against the test sphere at this new location. Th¢ error in the
centrg position shall be recorded as half the difference of the readings of the displacement sensdr at opposing
point$ on the sphere.

The parallelism error between the rotary axis and-the linear axis shall be computed by dividing the error in
centrg position between the two positions by the distance between the two positions (4 in Figure $8).

More|intermediary positions along the axis-of linear motion may be chosen to improve the repults (e.g. by
using|least squares calculations).

2

5
=M “%
hoi '3

A

| “

11

] - L

|

]
Key
1 tests sphere at position 1 5 linear displacement sensor at position 1
2 test sphere at position 2 h distance between position 1 and position 2
3 linear displacement sensor at position 2 LM linear motion direction
4 rotary axis under test (rotary table or spindle)

Figure 58 — Measurement of parallelism error between a linear
axis and a rotary axis using a test sphere
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10.1.5 Parallelism error between two axes of rotation

10.1.5.1

General

The relationship between two axes of rotation is conceptually determined by first establishing an axis average
line corresponding to one of the axis of rotation. Then, the other axis of rotation is compared against this axis
average line. The axis average line of rotation in the plane of measurement (machine Cartesian coordinate
plane nominally parallel to both axes of rotation) is determined by averaging the measurements at two angular
positions of the first rotary axis that are 180° apart.

To indirectly represent the axis average line, a reference line perpendicular to the axis of rotation can

sometimes

average lineg. The equipment specific test setups for measuring parallelism error between two coaxial a

rotation give

measurement uncertainties can be used instead.
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A test mandrel shall be mounted on one of the spindles (or rotary table). The testCmandrel shall be a

with respect
A fixture hol
mounted on
circumferenc
around the tg
function of th
from the twd
reference cir|
Sensors, res
reference cir

plane orthoggnal to the first one (see Figure 59).

It is necessa
deflection.

To completel
mentioned
parallelism d

established. Mechanical artetacts or optical methods can be used 10 generaie thes§

axis
es of

in 10.1.5.2 and 10.1.5.3 are examples only, any other instruments providing~eomparable

thod using a test mandrel

o the axis of rotation of the spindle by minimizing the run-out in twoiorthogonal radial dired
ding two linear displacement sensors, separated by a distancel.d (see Figure 59), sh
the other spindle of the machine. The displacement sensers are adjusted to contag
b of the test mandrel at two locations along its length. The diSplacement sensors shall be rq
st mandrel using the second spindle recording the linear displacements against the mandre
e angular position of the second spindle. A reference dircle centre (Cy, Cy) for each set o
sensors, is calculated by fitting each data set to(@ least squares circle. The differen
Cle centre coordinates in one direction, (Cy, — Cxy), divided by the distance, d, betweg
Iits in the angle between the two axes of rotation, which is the parallelism error. Sinj
Cle centre coordinates in the other direction (G4 and Cy,) provide the parallelism error

ry, particularly in the case of horizontal axes, to have very rigid mountings with neg

y eliminate the effects of misalignment between the test mandrel and the first spindle, the a
easurement may be repeated after the first spindle is rotated 180°. In such a case
viation is one half the algebraic sum of the two angles calculated.

igned
tions.
all be
t the
tated
| as a
[ data
ce in
n the
ilarly,
n the

igible

bove-
, the

72

© ISO 2012 — All rights reserved


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 23

0-1:2012(E)

A B
{ ] " ! 2
" II II - = -
. T - SN
— I 3
- ‘-"‘. i
Cx.Cy
e i __.I.
b d ¥ ' —
] ] ]
-2z SR, - - w X
Key
1 ests mandrel
2 rajectory of linear displacement sensors against the test mandrel
A, B linear displacement sensors
Cy K-axis coordinate of reference circle centre
Cy Y-axis coordinate of reference circle centre
d listance between linear displacement sensors A and B
Figure 59 — Parallelism error between two axes of rotation using a test mandr¢l
10.1.5.3 Method using two test spheres
Two test spheres, axially separated by some length, are mounted on one of the spindles or rotary tables. Each

sphefe is individually centred to have a minimum run-out with respect to the axis of rotation avenage line. The

fixture holding two linear displacement sensors separated by a distance shall be mounted on the
or rotpry table. The test procedure is the same as the one described in 10.1.5.2.

10.2 | Coaxiality error of axis average lines

10.2.1 General

other spindle

Four |parameters are.generally required to specify the coaxiality error between the two axis iverage lines

(see 8.7.2). Two ofthese parameters specify parallelism error between the two axes and the oth
offsets betweeh the two axes, all specified in two orthogonal planes (e.g. vertical and horizontd
the methodstused to measure parallelism error between two axes of rotation (see 10.1.5) may al
measjure<caaxiality error. Similarly, any method used for measuring coaxiality error, may als

r two are the
). Therefore,
50 be used to
b be used to

measjufte)parallelism error between two axes of rotation.

10.2.2 Stationary point run-out method (rim and face method)

This method is a very practical measurement method to yield both offset and parallelism error, while not

requiring any precision artefacts. This measurement method requires the use of two linear

sensors mounted on one of the spindles (or rotary table) and a target bracket mounted on the oth
rotary table) as shown in Figure 60. Displacement sensors are set to measure displacement
bracket in the radial (rim) and the axial (face) directions.

© I1SO 2012 — All rights reserved

displacement
er spindle (or
of the target

73


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

The two axes are rotated together reading the displacement sensors at the 0°, 90°, 180° and 270° positions.
These measurements should be repeated three times to avoid thermal effects. The coaxiality error parameters
of the two axes in two planes are given by Equations (11) to (14):

Vertical offset, V:

Ry -R
Vo=( 0 2180) (11)

Vertical angle, Vj:

v :(_FMD—_W (12)

Horizontal offset, Hq:

>

-R
Ho=(—90 . 270) (13)

Horizontal angle, Hy:

Ho70 — F
Ha :(_270D %) (14)
where
Ry s the mean radial reading at 0° angular position;
Rgg s the mean radial reading at 90° angular position;

Rygp  Is the mean radial reading at 180° angular position;

Ry7q  Is the mean radial reading at 270° angular position;

Fy s the mean axial reading at 0° ‘andular position;

Fyg s the mean axial reading(at)90° angular position;

Fig0 Is the mean axial reading at 180° angular position;

Fy70  Is the mean axialreading at 270° angular position;

D s the diameter of the circle travelled by the face displacement sensor centreline.

NOTE Thie circle diameter defined by the linear displacement sensor measurement point for the face measurement
corresponds tq thejlength over which the coaxiality error is assessed.

Before commencing the test, the sag (compliance) of the brackets may be measured. This is done by
attaching the brackets to a stiff mandrel supported between centres as shown in Figure 61. For spans of up to
200 mm, a steel mandrel 50 mm in diameter is considered adequate. (For very high accuracy machines, a
calculation of the required mandrel diameter should be made or a correction applied for mandrel sag.) The
displacement sensors are zeroed at the top position (0° position in Figure 61) and the mandrel rotated until
the linear displacement sensors are at the bottom position (180° position in Figure 61). The readings of both
displacement sensors indicate the effect of the sag in each direction.

When only one of the two axes is an axis of rotation, the arm carrying the measuring instrument should be
fixed to the mandrel representing the axis around which rotation is effected. If the measuring instrument is
required to rotate around a fixed mandrel, it should be mounted on a ring rotating with a minimum amount of
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play. This ring should be of sufficient length to ensure that the reading is not affected by the clearance in the
ring.

The parallelism error measured by the rim and face method is affected by axial error motion of the rotating
components being tested. To eliminate this source of measurement uncertainty, the measurement setup may
be modified as shown in Figure 62. In this setup, a second radial displacement sensor mounted on the target
spindle replaces the axial displacement sensor. Then, the horizontal and vertical angle calculations are based
on the differences of the offsets measured by the sensors divided by the distance between the two sensors.

2

q 0

TN

O™
B0* =i 270

_ 180

a) Side view b) Measurement positions (end|view)
Key
1 rddial linear displacement sensor
2 axial linear displacement sensor
3 target bracket
g gravity

Figure 60 — Coaxiality error measurements using stationary point run-out method

1
4 ke 4 g D
:Df T (1A
l
180
a) Side view b) Measurement positions (end|view)

Key
1 radial linear displacement sensor
2 axial linear displacement sensor
3 steel mandrel
4  centre
g gravity

Figure 61 — Calibration of the sag of the test rig
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a) Side view b) Measurement positions-(end view)
Key
1 radial IineIr displacement sensor
2 second raglial linear displacement sensor
3 target bragket
g gravity

Figurel 62 — Elimination of influence of axial error motion;in coaxiality error measurements

10.3 Squargness error of axes of motion

10.3.1 Geneyal

The measurgment of squareness error between two axes of motion consists of two measurements of
parallelism efror between an axis of linear motion and a stationary axis, where the stationary axes are
represented |by a reference square or—~an indexable straightedge. Measurement methods described in
Clause 11 ar¢ also used for evaluation'of-squareness error between axes of motion.

10.3.2 Squafeness error between two axes of linear motion

10.3.2.1 Ggneral

Squareness perror cansbe measured with a variety of setups and instruments as described in 10.3.2.2 to
10.3.2.5. The procedure is similar in all these cases. Two square measurement reference lines are
established in thexmiddle of the work zone where possible. The measurement reference lines are aligned such
that they are’rnominallv parallel to the axes of motion, whose squareness error with respect to each other is to
be measured. For each axis in turn, the linear moving component of the machine is traversed along its motion
axis. A linear displacement sensor measures the lateral displacement (in the direction orthogonal to the axis of
motion) (straightness deviation) between the functional point of the component and the measurement
reference line corresponding to this axis. The parallelism error of each axis of motion to the corresponding
measurement reference line is determined as described in 10.1.3. The algebraic sum of the two parallelism
errors results in the squareness error between the two axes of linear motion.

10.3.2.2 Method using mechanical reference square and a linear displacement sensor

The reference square shall be placed in such a way that its reference surfaces are nominally aligned with the
two axes of motion whose squareness to each other is to be measured. A linear displacement sensor shall be
used to measure parallelism error of each axis of motion to its corresponding reference surface of the square
(stationary axis). An example of the measurement setup is shown in Figure 63.
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One arm of the reference square may be lined up exactly to the first trajectory by means of a linear
displacement sensor and the second trajectory is measured in accordance with 10.1.3. The arm of the square
may also be set parallel to the first trajectory with a greater inclination than the tolerance, so as to allow the

displacement sensors to work in one direction only, eliminating their drag.

When a reference square is used for measurement, the reversal measurement procedure (rotate the
reference square 180° to cancel the artefact error) is recommended. The linear displacement sensor is re-
bracketed after the reversal to ensure that both measurements address the same axis motions and surfaces
of the reference square. If this is not done, the result is affected by an angular error motion of one of the axes.
In such cases, the calculated squareness error represents an average of the squareness errors at two axis
positions (see Figure 64). A two-dimensional (2-D) ball plate is also applicable to the same measurement.

NOTH The deflection of the components caused by the loads supported may need to be taken into con
i
LM,
' 1
2
B
A .
SN
- -
LMy
Key
1 linear displacement sensor
2 reference square
A 1st reference surface of reference,square
B 2nd reference surface of reference square
LMy [ linear motion along X-axis, (€xample)
LM, | linear motion along Z<axis (example)
Figure 63 — Squareness error measurement using reference square

sideration.
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a) Normal setup b) Reversed setup

1 linear d|splacement sensor

2 referenge square

3 straightedge

A 1st refeyence surface of reference square
B 2nd refgrence surface of reference square
LMy linear notion along X-axis (example)

LM,  linear n[otion along Z-axis (example)

Figure 64 — Reversal method on-the squareness measurement

10.3.2.3 Mg¢thod using reference straightedge and a reference indexing table

The referencg straightedge shall be mounted on a reference indexing table, which shall be rigidly attached to
the table of the machine. The reference straightedge shall be aligned initially along one machine axis and the
parallelism efror between the axis.6f motion and this reference surface (stationary axis) shall be measured as
described in| 10.1.3. The reference indexing table shall then be rotated 90° and the parallelism|error
measurement shall be repeated_for the second axis (see Figure 65).
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Key
1 straightedge in initial position
2 reference indexing table
3 straightedge position after 90° rotation
4 linear displacement sensor

LM, | linear motion along X-axis (example)
LM | linear motion along Y-axis (example)

Figure 65 — Squareness error measurement with reference indexing table

10.3.2.4 Method using optical square and laser straightness interferometer

The measurements may be performed inrtwo ways. In the first method, the straightness error of the first
trajeqtory is measured by aligning the laser beam to the straightness reflector (bi-mirror) through the optical
squane. Next the Wollaston prism-is moved to the second moving component of the machine and the
straightness error of the second)trajectory is measured without moving the optical square,| straightness
reflegtor (bi-mirror), or laser beam [see Figure 66 a) and b)].

In the second method,-the’ straightness error of the first trajectory is measured, as previously. The optical
squale is then remoyed-and the laser beam realigned with the straightness reflector (bi-mirror) Qy moving the
laser [beam only. The'straightness reflector (bi-mirror) shall not be moved during the procedure| and shall be
supp¢rted on a_stable, stationary stand.

For spme machine tool configuration, the use of an additional large retroreflector and turning mirror may be
requited[see Figure 66 c)]. Reference to the instrument manufacturer's instructions is strongly recommended.

An EVE test is recommended before the measurements.

10.3.2.5 Data analysis

The measurements obtained are first plotted as shown in Figure 67. Reference straight lines for the
trajectories can be determined as described in 8.2.3. For this purpose, the least squares fit method is
recommended. The slopes of the lines are calculated. These slopes correspond to the angular errors between
each axis of motion and its associated measurement reference line.

Depending on the sign convention chosen for the measurement, these two angles should be either subtracted

or added to determine the initial squareness error. For the purposes of this part of ISO 230, positive
squareness error indicates greater than 90° and the negative squareness error indicates less than 90°.
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Next, the correction for the squareness error of the reference square/reference indexing table should be
applied (see Clause 5).

The locations of measurement reference lines within the work zone shall be reported along with the calculated
squareness error value.

a) ExampLe 1 — Measurement of 1st linear axis b) Example¥— Measurement of 2nd linear pxis
for mepsurement in the horizontal plane for measurement in the horizontal plane

¢

|~

c) Example 2 — Measurement of 1st linear axis d) Example 2 — Measurement of 2nd linear axis

for measurement in the vertical plane for measurement in the vertical plane
Key
1 machine spindle 6 assembly with large retroreflector and Wollaston prism (interferometer)
2 straightness reflector (bi-mirror) 7 turning mirror
3 Wollaston prism (interferometer) LM,  1st linear axis motion
4 optical square LM,  2nd linear axis motion
5 laser head

Figure 66 — Squareness error measurements using optical square and laser interferometer
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MR 4

MRy | X-axis measurement reference line
MRy | Y-axis measurement reference line

1 measured X-axis motion trajectory
2 X-axis trajectory reference straight line
3 measured Y-axis motion trajectory
4 Y-axis trajectory reference straight line

O X-axis trajectory slope
&, Y-axis trajectory slope

Figure 67 — Data analysis for squareness error measurements
10.3.2.6 Estimating of squareness error by means of circular test and diagonal displacement test
(indinect method)

Squafeness error befween two axes of linear motion can be estimated using circular tests (se€e 1SO 230-4)
and diagonal displacement tests (see ISO 230-6).

For t:re circulartest, the difference of the two diameters at +45°, AL, divided by the nominal diameter is the
squaleness efror as a ratio.

TO erlnrnn tha acomatric infliicnnea An caniaranace Aarrar olraplar trainntamy chanlld ha Ao larn Ao OSSible see
e gt C- G oMttt a e CC- O SHquar Ce S oot e Ctory SOt asarge—as

Annex B of ISO 230-4:2005). The results obtained by small diameter trajectory indicate only the local
sguareness error.

To eliminate possible backlash and servo related effects in determining squareness error, the use of a 360°
bi-directional test at low feedrate with least squares-fit software is recommended.

For diagonal displacement test, the length difference of the two face diagonals at 45°, AL, divided by the
nominal diagonal, D, gives the squareness error as a ratio.
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If the two axes are not of the same length, the diagonals can also be used. Squareness error, S, as a ratio is

calculated by the following simplified equation, Equation (15):
S=Dy(D1—-Dy)/ (2X7Y)

where
Dy

is the nominal diagonal length;

Dy and D, are measured diagonal lengths;

(15)

XandY are programmed travel lengths along each axis of linear motion.

NOTE Mgasurement uncertainty increases with increased aspect ratio.

10.3.3 Squafeness error between an axis of linear motion and an axis average line of)a-rotary axig or a

machine spindle

The relationghip between the axis of rotation of a rotary axis or machine spindle and a linear akis is

conceptually |[determined by first establishing an axis average line corresponding-to the axis of rotation.
the motion offthe linear axis is compared against this axis average line. The axis average line of rotation

plane of megsurement (machine Cartesian coordinate plane nominally parallel to the axis of rotation ar
axis of linear|motion) is determined by averaging straightness error measdrements at two angular positig
the rotary axis that are 180° apart. To indirectly represent the axis ‘average line of rotation, sometin
measurement reference line perpendicular to the axis of rotation can‘\be established. Mechanical artefal
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a) Forward direction: C = 0° b) Reverse-direction: C = 180°

Figure 68 — Squareness error between a linear axis and a rotary axis

10.3.4 Squareness error between two axis average lines

A tesf mandrel is mounted and aligned with respect to theZaxis average line of the first rotary pxis. Then, a
linear| displacement sensor is attached to the second rotary axis through an arm radially offset with respect to
the sg¢cond axis average line. The linear displacemept-sensor is brought into contact with the tes{ mandrel and
the first rotary axis is rotated through several full turns while the data from the linear displacement sensor is
recorfled. Then, the second rotary axis holding-the linear displacement sensor is rotated 180° and the first
rotary axis is rotated again through several.full*turns while the data from the linear displacemept sensor are
recorfled (see Figure 69). The centres of.least squares circles are calculated corresponding to the two sets of
data.|The difference between the centre coordinates along the second axis of rotation divided by the sensor
distance between the two sets of data results is the squareness error between the two axis average lines.

Figure 69 — Squareness error between two axis average lines
10.4 Intersection of axis average lines

10.4.1 General

For most machine tools, multiple axes of rotations are either parallel or orthogonal to each other. When they
are non-parallel, it is necessary to test the point of intersection either directly or indirectly. Direct
measurements use precision artefacts representing at least one of the axes.
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10.4.2 Intersection of square axis average lines

A test sphere is attached to one of the rotary axes and adjusted/aligned such that it represents the axis
average line of the rotary axis at the nominal location of the axis average line of the second rotary axis. A
linear displacement sensor is attached to the second rotary axis to measure against the test sphere (see
Figure 70). The centre of the best-fit circle (in the direction orthogonal to both axis average lines) obtained
from the linear displacement sensor readings indicate the distance between the two axes of rotation.

The following

alternative procedure, called “Chase the spot test”, may also be used;

a) set the indicator against the artefact, then rotate the first axis by 180°;

b) then, rot

c) theindic

hte the second axis by 180°;

btor should read the same value for intersecting axis average lines.

10.4.3 Intergection of non-square axis average lines

The point of]
measuremen
checking the

intersection of two non-parallel (and non-orthogonal) axes can be determined by mea
ts made between the test mandrels representing these axes. The method is the same as th
equidistance of two axes with an additional plane (see 12.3.3.2). This check is easier if th

mandrels ar¢ replaced by two suitably machined bars, with flat face inia@ plane parallel to their

Measuremen
case represe

ts are taken between the two flat faces to determine the errorofintersection (see Figure 71
hted in Figure 71 corresponds to swivelling grinding head for cone grinding.

s average ling

b

b axis average line

b

ns of
at for
e test
axes.
. The

Key

1 spindle

2 spindle ax
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84

lacement sensor at start position

lacement sensor at intermediate position

Figure 70 — Intersection of orthogonal axis average lines
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1 spindle 1
2 spindle 1 axis average line
3 swivelling head
4  swivelling head spindle axis average line
5 rgference surface
6 linear displacement sensor support
7 test mandrel 1
8 test mandrel 2
9 linfear displacement sensor in measuring position 1
10 linear displacement sensor in measuring position 2
Figure/71 — Intersection of non-orthogonal axis average line
10.4.4 Indirect measurement
Indirdct measureément may be made by using a separate reference plane, for example a surface plate which is
set up parallel to the two axes. Measurements are taken from the reference plane to each axis ard compared.

11 Multi-axes motion (kinematic) tests

11.1 General

The tests described in this clause provide a quick and efficient way of assessing and estimating a numerically
controlled machine tool's contouring accuracy as well as its positioning capability over its work volume. Such
capabilities are affected by various sources of geometric errors (straightness error, squareness error, etc.)
associated with multiple axes of motion. Kinematic tests provide a way of observing the combination of those
error sources. Since they are relatively easy to carry out, highlighting multiple sources of error and multiple
axes with one measurement, such tests are also used for periodic checking of machine performance and
verifying performance after unexpected events, such as crashes.
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11.2 Linear trajectories

11.2.1 Gene

ral

The (simultaneously coordinated) two or more linear axes are moved nominally on a straight line, on a face or
a body diagonal of the prismatic work volume. During such movement, the positioning or straightness error
motions are measured, and deviations are recorded and evaluated.

11.2.2 Diagonal displacement tests

11.2.21

The purpose
numerically g

General

of diagonal displacement tests is the quick estimation of the volumetric performance
ontrolled machine tool. Complete testing of the volumetric performance of a machine tog

difficult and time-consuming process. Diagonal displacement tests reduce the time and cost associate

testing the vg

Diagonal disy

lumetric performance.

lacement tests, i.e. positioning tests on face or body diagonals of the prismatic work volum

multi-axes kifematic tests. For setup and evaluation, see ISO 230-6. Indication for reduced volume shall

stating “redu

ed volume” after the parameter stated (see ISO 230-6).

11.2.2.2 Face diagonal test

The test prod
that linear di
tool coordina

11.2.2.3 Bg
The test prog

that linear di
work volume

11.2.3 Diagq

11.2.3.1

The purpose
more linear g

In principle, t

edure is conceptually similar to that of the individual lineanaxes (described in ISO 230-2), ¢
Eplacements are not measured parallel to a linear axis, but along the diagonals of the m3g
e planes.

dy diagonal test
edure is conceptually similar to that of thetindividual linear axes (described in ISO 230-2), ¢

splacements are not measured parall€l;to a linear axis, but along the diagonals of the prig
of the machine tool.

pnal straightness tests

Géneral

of the diagonal straightness tests is to assess the simultaneous coordination of moving t
ixes of a machinetool.

bst methads described in 8.2 also apply to diagonal straightness tests.

of a
lis a
i with

e, are
be by

xcept
chine

xcept
matic

WO or

11.2.3.2 FT:e diagonal straightness test

The two linear axes are programmed to move the functional point along a straight line trajectory defined by the
diagonal of the rectangular surface generated by two linear motions. The straightness error is measured and

assessed as

described in 8.2.

11.2.3.3 Body diagonal straightness test

The three linear axes are programmed to move the functional point along a straight line trajectory defined by
the diagonal of the prismatic work volume formed by the three moving orthogonal linear axes. The
straightness error is measured and assessed as described in 8.2.
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11.3 Circular trajectories

11.3.1 General

0-1:2012(E)

The purpose of these tests is to provide a method for the estimation of the contouring performance of a
numerically controlled machine tool. Errors in circular contours, which are presented in a circular diagram (as
shown in Figure 72), are affected by the geometric errors and dynamic behaviour of the machine at the
applied feedrate. The results are a good representation of the results that would be obtained on machined
parts in ideal machining conditions, if the diameter and the feedrate are the same for machining and the
circular contouring tests. Definitions and test parameters are provided in 1ISO 230-4 (a typical measurement
result is shown in Figure 72).

NOTH1 ISO 230-4 defines G as “circular deviation”. In this part of ISO 230, a clear distinction is estab

the

tdrms “deviation” and “error” (see Clause 3). Therefore, the “circular deviation” indicated- 'in) Fig

corregponds to “circular error” according to Clause 3.

NOTH2 In actual machining of parts, the tool deflection, tool diameter and warkpiece materi

chara

tests, these error sources are absent.

11.3.2 Full circular trajectories

Sincg the evaluation of data from circular tests requires least squares fitting to compensate f1
centring errors, to minimize the computational errors and associated bias, generating full cirg

stro

Key

+ QN O

ngly recommended.

starting point
dferénce circles

-

ished between
ure 72 directly

Al mechanical

teristics, as well as machining of internal and external surfaces, affect the contouring errors, whefeas in circular

or any setup
ular paths is

actual path
circular deviation, Gyy
centre of least squares circle fitting the actual path

Figure 72 — Evaluation of circular error Gy
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11.3.3 Partial circular trajectories

Where the travel range of an axis involved in the circular tests or the instruments and fixtures used for tests
prevent the motion of the functional point from completing the full circular path, assessment may be carried
out on partial circular trajectories. However, it should be noted that the data processing can be influenced by
computational errors and therefore, it is strongly recommended that centring of the instrument with respect to
the programmed motions be physically done with extreme caution. For partial circular trajectories, evaluating
radial deviation, F, instead of circular deviation, G, is recommended (see Note 1 of 11.3.1).

11.3.4 Measuring instruments, methods and setups for circular trajectories generated by two or three
linear axes — Two-dimensional or three-dimensional circular tests

11.3.4.1

Two linear a
plane defined

Circular test
measuremen

out in any oflientation in space, provided the NC allows the interpolation of X-,%Y- and Z-axis for a ci

trajectory in g

11.3.4.2 Method using rotating one-dimensional linear displacement sensor

A 1-D linear
special rotary
fixed on a sp
on a circular
plotter, by co

11.3.4.3 Mg¢thod using circular master and two=dimensional displacement sensor

A 2-D probe

diameter of the circular trajectory are chosen 'so that the 2-D probe keeps in contact with the circular refe
times. The probe readings(in)two directions (X and Y) are recorded. These values are plotted on

artefact at all
a circular dia

Gé¢neral

es are programmed such that the functional point follows a full or partial circulartrajector
by the two moving linear axes (XY, YZ or ZX).
ts in the principal planes XY, YZ and ZX of the machine tool. Circulartests can also be ¢

ny orientation.

isplacement sensor is programmed to move on a cireular trajectory. The sensor is rotated
fixture and measures displacement relative to a test mandrel (see Figures 73 and 74) or a
ecial rotary fixture and rotated in conjunction withithe sensor. The signal of the sensor is p
diagram (see Figure 72). The circular diagran¥,can be produced, e.g. by a synchronized
mputer evaluation or by use of an additional retary encoder in the rotary fixture and a polar

s programmed to move on a circular trajectory (see Figure 75). The programmed centre ar

jram (see Figure 72).

y in a

, especially if carried out with a telescoping ball bar or 2-D digital scale, are not limited to

arried
rcular

by a
target
lotted
polar
lotter.

d the
rence

Key
1
2
3

88

one-dimensional linear displacement sensor
special rotary fixture
test mandrel

Figure 73 — Circular test using one-dimensional displacement sensor
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Key

1 special rotary fixture 1

2 special rotary fixture 2

3 ome-dimensional linear displacement sensor
4 target

5 amgular encoder

Figure 74 — Circular test using one-dimensional displacement sensor and angular encoder

1 two-dimensienal probe
2 cifcular master
3 mpachineslide(s)

Figure 75 — Circular test using two-dimensional probe

11.3.4.4 Method using telescoping ball bar

One socket or sphere of a telescoping ball bar device is attached to the work holding component of the
machine and one socket or sphere to the tool holding component (see Figure 76). The machine is
programmed to generate a circular trajectory between the tool side and the workpiece side with a radius equal
to the length of the telescoping ball bar. A change in the distance between the two balls is measured. The
measurement signal is plotted on a circular diagram (see Figure 72).
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11.3.4.5 Me¢thod using two-dimensional digital'scale

A digital scd

coordinate pg¢sitions along the circular trajectory (see ISO/TR 230-11). A 2-D scale position detector is
e and the 2-D scale (grid-scale) is placed on the workpiece side (see Figure 77). The coordinate

on the tool si
positions alo
Recorded ca
deviation dat

ocket

acement sensor

j bar

pbindle

upport (table side)

Figure 76 — Circular test using-telescoping ball bar

le that can simultaneously detect 2-D coordinate positions is used to obtain the ser

ng the circular trajectory, between the tool side and workpiece side are detected and recq
ordinate data are_processed (usually by specially designed software) to obtain the ci
h, which are plotted.on a circular diagram (see Figure 72).

es of
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rded.
rcular
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o-dimensional position detector
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Figure 77 — Circular error measurement using two-dimensional scale

1.6 Method using two linear displacement sensors and a reference square artefact

brence square artefact is mounted on the“table with its reference surfaces aligned to
inate axes (X- and Y-axis in the example. depicted in Figure 78). Two displacement senso
-axis direction and Y-axis direction, respectively) are mounted at tool side and placed
e displacement between the tool side” and workpiece side as shown in Figure 78. The
onents of the circular trajectory are-continuously detected and recorded by the two linear
rs. Obtained coordinate data (X,,7,) are calculated and the deviations are plotted on a cir

tular diagram is shown in Figure 72).

asic calculation is giveényas Equation (17):

’(3 +Yn2 :(r-i-en)z

[, ¥z \Zare the calculated coordinate values at position #;

n vn

two machine
rs (aligned to
to detect the
- and Y-axis
displacement
cular diagram

(17)

IS the programmed circle radius;

deviation is in the direction that increases the circular path radius.

are the signed deviations from the programmed circular path. The sign is positive when the

Laser interferometer with two flat mirrors, which are square to each other, can be used for this measurement.
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11.3.5 Circullar motion generated by any combination of linear and.rotary axes

11.3.5.1

The purpose
by any comi
principle of th
keep the rela

The deviatior]
nest, or teles

11.3.5.2 Method using a linear displacement sensor and a spherical artefact

The deviatio
combination
linear displac

A reference
workpiece hq
Figure 82). T

Gé¢neral

gure 78 — Small radius circular error test with two linear displacement sensors

of these tests is to check the deviations of the circular or constant radius trajectories gene
ination of simultaneously controlled (coordinated) three linear and two rotary axes. The
ese tests is to coordinate the multiple axes of motion (combination of rotary and linear ax
ive position between the tool and the workpiece constant.

s are measured using a sphericalartefact with a linear displacement sensor or a multiple s
coping ball bar.

ns of the multiple constant radius trajectories around a spherical artefact, generated b
bf simultaneously,controlled (coordinated) three linear and two rotary axes are measured u
ement sensor.

sphere is maunted on the tool holding side and a linear displacement sensor is mounted ¢
Iding sidevof the machine tool sensing in a direction perpendicular to the sphere surfacs
e displacement sensor output is captured either by a graphic recorder or a computer.

rated
basic
bs) to

ensor

y any
5ing a

n the
(see

The centre o

The

the prngrnmmnd cphnrn of rndilm’ Ky shall coincide with the centre of the reference. ephnrc i

reference sphere centre shall be adjusted to be coincident with the spindle axis average line.

11.3.5.3 Method using three linear displacement sensors and a spherical artefact — Radial test

The deviations of the relative position between the tool and the workpiece (along the trajectory generated by
the coordinated axes of motion) are measured by three displacement sensors reading against a reference
sphere and can be decomposed along the three orthogonal directions (e.g. X, Y and Z or radial, axial and
tangential) (see Figure 79).

The reference sphere is centred on the spindle axis average line (tool side) and three linear displacement
sensors are mounted on the workpiece side of the machine tool, such that they are aligned to measure the
variation in the position of the sphere centre.
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Figure 79 — Radial test method with three linear displacement sensors and reference ball — R-test

11.3.5.4 Method using telescoping ball bar

The deviations of the relative position-between the tool and the workpiece (along the trajectory generated by
the cpordinated axes of motion) canybe measured with a telescoping ball bar (see Figure 80), where the ball

bar can be arranged in three orientations:

a) parallel to the rotary axis;

b) rhdial to the circulartrajectory;

c) tangential {o'the circular trajectory.
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80 — Circular motion generated by coordinated two linear.and one rotary motion —
Measurements in axial, radial and tangential.orientations

e sphere of the telescoping ball bar is placed at the position away from the axis of rotation
spindle side sphere is placed on the axis of rotation of the spindle. The axis of the ball bar
table surface in b) and c) and orthogonal to thetable surface in a).

The deviations detected by the telescoping ball bar are plotted on a circular diagram corresponding

rotary axis pq

Other ball ba
side constant
motion [e.g. g

11.4 Conic

This method
controlled (cg
tool centre pn
of motion, thg

For machine

sitions. The circular error of the plotted frajectory is the range of measured deviations.

[ orientations and tool paths keeping the radial distance between the tool side and the work
may also be used to generate\circular error diagrams for testing coordination of multiple a
onical (shape) motion shown)in Figure 81].

al (shape) motion

is to check thedeviations of the circular tool centre point trajectory generated by simultane
ordinated) five-axes of motion (three linear and two rotary). Such a motion is programmed
pbgramming, fuhction of the NC) when machining a conical workpiece. In order to exercise al
re shall-be’an angle, g, between the axis of the cone and the C-axis average line.

rotary tables, the axis of the cone shall be offset, by a distance, R, from the axis av|

c) Tangential orientation

of the
is set

o the

piece
es of

ously
using
axes

crage

line of the rot

b with
hinrtahla At tha haca nftha cona (cao Einuar
ary-tabl

a 1)
SO

<

Tttt oaoC- O tnC— SO oC T gt

A telescoping ball bar is used to measure the deviations. The spindle side sphere of the ball bar is mounted
on the axis of rotation of the spindle, while the table side sphere of the ball bar is mounted to accommodate
the above-mentioned offset distance and angle cone axis. For trunnion type rotary tables, it is desirable that
the centre position of the table side sphere be higher than the centreline of the A-axis. The telescoping ball
bar is set approximately perpendicular to the imaginary conical surface.

Contouring speed shall be constant.

The diameter of the circular trajectory and the inclination angle between the circular trajectory and the table
surface, along with the cone apex angle and the C-axis offset shall be noted.

94

© ISO 2012 — All rights reserved


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 23

0-1:2012(E)

The deviations detected by the ball bar are plotted on the circular diagrams corresponding to the circular
trajectory. The difference between the maximum and the minimum recorded values is reported.

Similar tests can be conducted using any combination of four axes of motion. In such cases, the requirement
of the offset between the rotary table axis of rotation and the cone axis is relaxed.
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11.5
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artefd
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ary table axis average line

indle axis average line

ary table surface

set between the cone axis and the C-axis‘average line
If-apex angle of the cone

gle between the axis of the cone:and the C-axis average line

Higure 81 — Conical (shape) motion generated by coordinated three linear and two rot

Spherical inferpolation test using spherical artefacts and linear displacement

urpose of this test is to check the deviations of the multiple constant radius paths aroun
ct, generated by any combination of simultaneously controlled (coordinated) three linear a

ary axes

sensors

d a spherical
nd two rotary

This

eSl may Dbe pertormea using a spnerical artetact with linear displacement sensor(s) (see r

multiple sensor nest (see Figure 79), or telescoping ball bar.

gure 82) or a

The deviations are measured using a spherical artefact with a linear displacement sensor or a multiple sensor

nest,

or telescoping ball bar.
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11.6 Flatne

11.6.1 Meth

The flatness

artefact (surface plate) (see Figure 83). The linear displacement sensor sweeps the reference surface pl

two axes of |

to fit a refergnce plane (see 3.8.8, 3.8.9 and 3.8.:10) and to compute local flatness deviations (see 3

Flatness erro

NOTE Th

11.6.2 Meth

This method
by a sweepin
beam. The li
deviations in

The sweepin

e centred on spindle axis average line
acement sensor 1
acement sensor 2
acement sensor 3

Figure 82 — Spherical tests

ss error of a surface generated by two axes of l[inear motion

bd using reference surface plate and linear displacement sensor

of the virtual surface generated by two linear axes can be measured using a reference
near motion. Deviations detected by the linear displacement sensor are recorded and an3
I is the range of the computed flatness deviations (see 3.8.11).

e minimum flatness error is evaltated by using minimum zone reference planes.
bd using a sweeping'‘alignment laser

s similar to the one’described in 11.6.1. The reference planar artefact (surface plate) is rep
g alignment lasef, where the laser beam is swept by a rotating mirror to create a plane of]

hear displacement sensor is replaced by a photodiode sensor (photo-detector) to measu
the location of the incident beam.

j lasef head is mounted on the machine table (the location where the workpiece would no

be fixtured).

lanar
te by
lysed
.8.7).

laced
laser
e the

mally

The laser head is aligned such that the beam plane is nominally parallel to the virtual surface

generated by the two linear axes of motion. The photo-detector is mounted on the spindle (the Tocation where
the tool would normally be attached).

Deviations detected by the photo-detector are recorded and analysed to fit a reference plane (see 3.8.8, 3.8.9
and 3.8.10) and to compute local flatness deviations (see 3.8.7). Flatness error is the range of the computed
flatness deviations (see 3.8.11).

NOTE1 Th

NOTE 2

e minimum flatness error is evaluated by using minimum zone reference planes.

In the case of long travel lengths, measurement uncertainty is affected by the spatial variation of the refractive

index of air, which strongly contributes to the deflection of the light beam, which deviates from a straight line by about
46 um in 10 m of travel in a vertical temperature gradient of 1 °C/m (see W.T. Estler et al.['!]). For best results, mixing the
ambient air around the laser beam with fans can be considered, in addition to averaging with an adequate number of
measurement repetitions.
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Figure 83 — Measurement of flatness deviations by using reference surface pla

Special tests

General

Bsts described in this subclause rely on measurements of multiple distances in machine
e measurements utilize reference artefacts with spheres attached at known positions (1-[
frays) or laser interfetometers specially designed for measuring displacements along multip

mined using»a displacement measuring or surface detection system in conjunction with
5 (hereinafter the “probing system”). The measured positions of the artefact spheres are th

te

work volume.
D, 2-D or 3-D
e directions.

systems are
the machine
en compared
esulting from

The measuring instruments for artefact-based measurement are touch-trigger probe, linear displacement
sensor(s), nest of linear displacement sensors (for radial test sensor system, see Figure 79), and 2-D and 3-D
probes. A repeatability test of the measuring system is recommended before the measurement especially

when

a touch trigger probe is used.

11.7.2 One-dimensional ball array measurements

The test artefact with balls array may be oriented on the machine table so that the row of spheres is aligned to
the desired orientation (see Figure 84).

The qualification of the probing system used, according to ISO 230-10, is recommended.
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The exact orientation of the test artefact with respect to the coordinate axes should be measured by
measuring the position of the first and last spheres of the artefact with the probing system. With this
information, the (target) positions of all spheres of the artefact in the machine coordinate system can be

calculated.

During the measurement, the machine axes are moved to the calculated position of each sphere. The
deviations resulting from machine error motions and misalignments of the machine axes are measured using
the probing system.

After the position of the last sphere has been checked, the first sphere position can be probed again to check
for the effect of thermal effects.

The straightr
accuracy andg

11.7.3 Two-

The calibrate
are aligned tq

ess error can be determined from the measured deviations. The values for the posit
repeatability can be determined according to ISO 230-2.

limensional ball array measurements

d ball array plate may be oriented on the machine table so that the rows andicolumns of sp
two coordinate axes of the machine tool (see Figure 85).

The qualification of the probing system used, according to ISO 230-10, is recommended.

The exact or|
measuring th

entation of the ball plate with respect to the machine coordinate axes should be measur
e position of three or four corner spheres of the ball plate ‘with the probing system. Wit

information, {he (target) positions of all spheres of the ball plate in.the machine coordinate system c

calculated.

During the 1
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Specific mac
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neasurement, the machine axes are moved tovthe calculated position of each sphere
sulting from the machine error motions and misalignments of the machine axes are mea
bing system.

tion of the last sphere has been checked, the first sphere position can be probed again to
of thermal drift.

square sum of the range ofithe machine deviations.

hine errors can be derived redundantly from the measured data, e.g. positioning errors
s of motion used, straightness errors of these two axes of motion in the ball plate plan
rror between the.two axes of motion in the ball plate plane, and one angular error for each
e two axes ar€.0n the workpiece side of the machine tool.

sphere eoordinates have also been calibrated, also the straightness in the direction normal
e angular error motion around the axes of motion (roll) can be measured for the two axes,
on‘the workpiece side of the machine tool.
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ire 84 — One-dimensional ball array

I Three-dimensional ball array measurements

p tests can be carried out either using pyramid type 3-D_ball arrays or by locating 2-D
ent heights using calibrated kinematic mounts providing, target reference points in machine
sis for 2-D measurements is extended using the 3-D data.

b Multilateration method with laser interferometer

hteration uses a large number of length or position measurements to identify geometric
hg volume of a machine tool. The measurements are taken between the tool side and the wj
machine tool. The machine tool moyves over a set of measurement points (e.g. dotted line
hanges in the distance or relative location to a selected point on the workpiece side are req
er position of the point on the workpiece side is selected, the machine tool moves again o

al sets of measurements far several selected points are registered. Measurements can be
ent offsets on the tool side (see Figure 86).

pasurements are used to evaluate X, Y, Z deviations at the measurement points, or are u
b kinematic software model of the machine tool under test) to evaluate positioning €

the t4

rget reflector on the tool side of the machine tool and records the radial displacements and,

sphetlical‘angles when the machine tool moves on the programmed set of measurement points
long-fange ball bars are used for the length measurement.

Figure 85 — Two-dimensional ball arfay

ball arrays at
work volume.

errors in the
orkpiece side
n Figure 86),
orded. Then,
ver the same

f measurement points and another set of changes in the distance or relative position @re recorded.

blso taken for

sed (together
rror motions,

htness error motions, squareness errors, geometric errors, and roll, pitch and yaw error motjons.

heasuring.instrument used is, generally, a special laser tracking interferometer that automatically follows

possibly, the
. Sometimes

The uncertainty of the results depends on the uncertainty of the instrument, environmental influences,
repeatability, backlash and hysteresis of the machine tool, the setup of the measurements (positions of
selected points on workpiece side and on tool side, number of sets of measurements taken), and on the
completeness of the kinematic model of the machine tool used. An uncertainty budget in the classical sense is
almost impossible to set up; therefore, evaluation software for multilateration shall give uncertainty values for
all evaluated parameters, by using the Monte Carlo simulation method or other appropriate method of
uncertainty estimation.
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Figure 86 — Multilateration method

12 Geometric accuracy tests of machine functional surfaces — Straightness,
flatness, perpendicularity and parallelism

12.1 Straightness error of machine functional surfaces

12.1.1 General

There are twd methods for the measurement of straightness deviation, based on the measurement of distance
or on the measurement of angles,

The straightness reference can_be material artefacts (e.g. straightedge, taut-wire) or natural referenceq (e.g.

gravity for a|precision level,\light beam for laser straightness interferometer, autocollimator and alignment
telescope).

12.1.2 Methods based on measurement of distance

12.1.21 General

Machine functional surfaces are checked using special metrology carriages and reference artefacts. Linear
displacement sensors are mounted on the metrology carriage, which is moving along the surface of interest.
The linear displacement sensors sense against the reference artefacts and thus provide straightness deviation
values along the surface of interest. Methods described in 8.2.2 are applicable also to the measurement of
straightness of machine functional surfaces.

12.1.2.2 Straightedge method

See 8.2.2.1.
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2.3 Taut-wire and microscope method

See 8.2.2.2.

12.1.

2.4 Alignment telescope method

See 8.2.2.3.

12.1.

12.1.

In th
sepa

succH
conta
asal
NOTH

Relat

3 Methods based on the measurement of angles

se methods, a special metrology carriage is in contact with the line to be checked at twe po
ssive positions, PyQ,, and P4Q4, P4 is coincident with Qq. The angles, o and «y, in
evel, an autocollimator or a laser angle interferometer.

1 The surface between the feet of the metrology carriage is not checked by-this method.

are calculated by Equation (18):

NOTH

of an

E i) = d xtan(a;)

2  The reference of measurement is the horizontal level of a precision level or the arbitrarily set i
hutocollimator or laser angle interferometer.

The distances between any measurement points;*P,;, and the reference of measurement are

Equa

Point
devia

The 1
refere

The 1

ion (19):
5‘P(H—’I) =Ep, + Eh(i +1)

lions and straightness error;are evaluated.

nean minimum zone“reference straight line, or the least squares reference straight line, or
nce straight line can-be used (see Figures 7, 8 and 9).

upports, P ahd™Q, of the metrology carriage should be of sufficient area to minimize the e
be imperfections. It is necessary to prepare the supports very carefully and clean the surfa
ize dewviations, which can influence the overall measurement.
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ated by a distance, d (see Figure 87). The metrology carriage is displaced in such,-a wz

5 P, are plotted as shown in~Figure 88, a reference straight line is associated to them ang

nts, P and Q,
y that in two
a plane that

ns the measurement line and orthogonal to the surface, are measured usingqa‘suitable insfrument, such

ve differences of distance between subsequent measurement points and the reference of measurement

(18)

pference angle

given by the

(19)

straightness

the end-point

ffect of minor
Ce in order to

hosen so that

101


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

Key
1 reference

of measurement

d distance

4 4 4 HY £ oL oy | : ! H $o tL £ ] 4 4
CLWETTT LUTTIALL PUTNTTS UT THTC TTHITUUIUyIivar Laimtiayc tu uic ourtaut uriucr 1ot

Figure 87 — Straightness measurement based on measurement of angles

Key
1
2
3

straightne
end-point
reference

12.1.3.2 Pr

The measurs
successively
horizontal lev

If the line to
Figure 88). W\

S error
eference straight line
bf measurement

Figure 88 — Straightness-error evaluation based on measurement of angles

pcision level method

ement instrument is a precision level (see 8.4.2.1 and ISO/TR 230-11) which is posit
along the line to be checked as explained in 12.1.3.1. The reference of measurement
el of the.instrument, which measures small angles in the vertical plane (see Figure 87).

be“measured is not horizontal, the level is mounted on a suitably angled support blocK

ioned
s the

(see

hile checking line AB, the level together with its support should keep a constant orientatior

by means of a guiding straightedge (see Figure 89)].

[e.g.

The level permits checking the straightness only in the vertical plane; for the checking of a line in a second

plane anothe

102

r method should be used (e.g. taut-wire and microscope).
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Key

1 p \J;O;UII :UVU:

2 special angled support block

3 gtiding straightedge

a angle of the surface from horizontal

Figure 89 — Straightness error measurement along a non-horizontal
line using a special angled support block

12.1.3.3 Autocollimation method

In thi$ method, using an autocollimator mounted coaxially (see Figure 90), any rotation of the mpvable mirror
(moupted to a metrology carriage) around a horizontal axis, otthogonal to the optical axis, entgils a vertical

displgcement of the image of the reticule in the focal plane (see8.4.2.2 and ISO/TR 230-11).

Key
1 aditocollimator

2 rgference of measurement

M vablé mirror on metrology carriage

d distance between the metrological carriage feet

Figure 90 — Straightness measurement using autocollimator

12.1.3.4 Method by laser angle interferometer

In this method, the interferometer should be rigidly fixed to the same component on which the line is to be

checked (see Figure 91).
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12.1.3.5 Sequential three-points method

In this metho
for detecting
metrological
measures thd
also in contal
distance, d, ¢

At each pos
surface point
double integn
it reads zero
straight surfa

The elevatio

Equation (20):

angle intefferometer

(5]

eflector on metrological carriage
btween the metrological carriage feet

Figure 91 — Straightness measurement using laser angle interferometer

d, one linear displacement sensor supported on a metrological'carriage (see Figure 92) is
the changes in local slope. The distance between the\sensor and one of the feet ¢
carriage should be equal to the distance, d, between the feet. The linear displacement s
elevation of its tip contacting the surface relative to thé line through the other two feet, whig
ct with the surface being measured. After taking a.reading, the instrument is moved forw
qual to the pitch of the feet, and the process is repeated.

tion, the instrument effectively measures~the difference in slope of the lines connectin
5 beneath its feet. The relative heights, of the visited points on the surface are estimated th
ation of the measurements. The lineat displacement sensor should be carefully adjusted s
when the feet of the instrument are on a straight surface. An error in this adjustment resul
Ce to be measured as one with a°constant radius of curvature.

hs of the points along ,the’ surface for determination of straightness are calculated

Sk

=
1] ~.
N

eelevation of the surface at point j;

used
f the
ensor
h are
ard a

g the
rough
O that
S in a

using

(20)

)
J=1
where
hj is th
Sj iS th
104

e reading of the linear displacement sensor at point ;.
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12.1.4 Straightness error of reference grooves or reference surface of tables

In thg case of a direct straightness error measurement, the instrument shall read deviations
plang| of the line through the points P or Q with / kept to a minimum (see Figure 93).

For

on the table (resting preferably on three localized suifaces, Sy, Sy, S3) and include two funct
surfages, P and Q, on the line to be checked (see Figure 93). The linear displacement sensor, se
a st;Iightedge, shall read deviations in the plane orthogonal to the surface under test, with
mini

Key

WL P ON -

ISO 23

0-1:2012(E)

3

etrological carriage
inear displacement sensor
distance between the three points of contact

Figure 92 — Straightness measurement using the sequential three-points methg

sftich measurements, a metrology carriage shown in:Figure 93 is used. The metrology carriag

um (see Figure 93).

5(S2) 3 <
3

b

n the normal

e shall lie flat
onal bearing
nsing against

h kept to a

St aiyhtcdyc

linear displacement sensor

metrology carriage (shown also in Figure 93)
surface under test

measuring-point spacing (shown in Figure 94)

Figure 93 — Measurement of straightness error of table reference groove

In the case of straightness measurement based on angular deviations, the distance, d (see Figure 94) defines

the

measuring-point spacing (see Figure 87).
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Key
P, Q contact points (at distance d)
S, S5, S, uxiliary supporting points

d E‘leasuring-point spacing

Figurg 94 — Metrology carriage used for measuring straightness error of reference groove

Straightness errors of more complex reference surfaces (see Figure’95) are measured in the functional glanes
(lines HH and VV) and not square to the surfaces under test.

S, S,

H RN
Key
1 surfaces under test
P, Q contact points

8., S, S;  contact points

Figure 95 — Functional planes HH and VV for measurement of straightness error of complex surfaces

12.1.5 Straightness error of slideways
The checking of slideways involves the measurement of straightness error and can only be carried out if the

functional surface is accessible. If the functional surfaces of the slideway are not accessible, the straightness
error of motion should be checked (see 8.2).
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The straightness error should always be checked in the functional plane. Generally, this can be regarded as
either horizontal (line HH in Figures 95 and 96) or vertical (line VV in Figures 95 and 96) although exceptions
may occur with certain machine configurations (see Figure 97).

NOTE 1 The longitudinal shape of a slideway is not necessarily straight as it can present, in the functional plane, a
special form specified by the manufacturer.

The guiding surfaces may be composed of the following:

a) one plane or several small sections joined together;

b) veral narrow nlane-sections—cvindrical slidewavs-or an-assemblivof the two
efra+-RaHoW-prah RS-GYHRGHGaH-SHEBWY/S-OFah ROH-O+HRetWo-

NOTH2  Guiding can be ensured by slideways or by more complex devices, which cannot be disassgmbled without
affecting the machine geometry.

V

Figure 96 — Functional planes HH and VV for measurement of straightness error of sljdeways

Key
1 functional plane

Figure 97 — Functional plane of slideways on a slant bed machine

12.1.6 Straightness error of V-surfaces

The metrology carriage should bear on the surfaces at four contact points. It shall also be supported by an
additional point on a different surface of the slideway for stability.

Figures 98 and 99 show the use of a recessed cylinder and Figure 100 shows an inverted recessed V.

The additional support point should not exert a positioning force on the moving component.
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Key
1 loose sphere
2 recessed r‘ylindnr (enn Fignrn QQ)

Figure 98 — Metrological carriage and recessed cylinder
for measurement of straightness error of V-surfaces

Key
1 additignal support point
d distange between the support points

P, Q suppoft points on cylinder

Figure 99— The use of recessed cylinder to provide four
contact’points to measure straightness error of V-surfaces

Key
1 additional support point

Figure 100 — Metrological carriage for measurement of straightness
error of cylindrical surface using inverted V-block
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12.1.7 Straightness error of cylindrical surfaces

The metrology carriage on four pads should rest on the cylinder. This is in the form of an inverted V
(see Figures 100 and 101).

The additional support point should not exert a positioning force on the moving component.

Key

P, Q

additional support point
distance between the support points
support points

12.1.8 Straightness error of single vertical surfacées

The [netrology carriage makes contact at two)points, P and Q, on the surface being mea
additipnal support points are required to-guide it. These should be chosen to ensure gu

influehcing the positioning of the two operational contact points (see Figures 102 and 103).

Wher

the deviations are being measured directly, the instrument should take measurements

normal to the surface and through-one of the contact points, and when measuring angular d

distar

ce, d, defines the measurement pitch.

Figure 101 — Inverted V-block used for measurement‘of’straightness error of cylindrical surface

sured. Three
iding without

on the plane
bviations, the

Key

1 reference plane

©1sO

Figure 102 — Use of metrological carriage for measurement of straightness
error of vertical surface using a metrology carriage
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12.1.9 Straightness error of surfaces on slant-bed configuration

In this case,
Straightness

12.2 Flatne

12.2.1 Meas

For assessn
chromium o0X
assessed. A
contact point
and should b
relatively fine

12.2.2 Meas

urement of flathess error by means of a surface plate

urement by means of a surface plate and a linear displacement sensor

Support points
ctween the support points

Figure 103 — Metrology carriage used for vertical Surfaces

he functional plane of the moving element is at an<angle to the horizontal plane (see Figur
error is measured in this functional plane (line AB)‘and a plane that is normal to it.

ss of machine tables

ent of flathess by means of ‘a, surface plate, the plate is covered by jeweller's rouge
ide diluted in light oil. The surface plate covered in this way is laid upon the surface
slight backward and forward motion is applied. The plate is removed and the distribution
5 per surface unit is noted. This distribution should be uniform over the whole area of the si
e equal to a given.yalue. The method is applied only to smaller-sized surfaces which preg
finish (scraped of-ground surfaces).

The measu
a ground ba

rZFg equipment consists of a surface plate and a linear displacement sensor held in a suppol

. Which moves on the surface plate.

or by
to be
Of the
rface
ent a

it with

There are two measuring configurations:

a)

the component to be measured is placed on the surface plate (the dimensions of the surface plate and

the shape of the linear displacement sensor support shall be large enough to enable all the surface to be
measured) (see Figure 104);

b)

surface plate whose dimensions are similar to that of the surface to be measured (see Figure 105).

the surface plate is placed facing the surface to be measured. In this case, testing is possible with a

A pattern of squares is established to determine the locations of the measuring points. False readings due to
surface defects may be minimized by:

110

using a linear displacement sensor with a large radius stylus which is not affected by roughness;
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— placing a small ground block with parallel faces between the surface to be measured and the stylus of the
linear displacement sensor to absorb the surface defects (scraped surfaces, planed surfaces, etc.).

In the first arrangement (see Figure 104), the position of the linear displacement sensor is influenced by the
variation in the slope on the surface of the surface plate. This method should be reserved for highly accurate
surface plates. It is not possible to take into account the defects of the surface plate; this method is reserved
for small parts.

In the second arrangement (see Figure 105), where measurement is carried out by a linear displacement
sensor holder set perpendicularly to the surface plate, it is possible to take into account the defects of the
surface plate while processing the results.

L2 i

Key Key
1 syrface plate (reference of measurement) 1 surface plate (reference of measurement)
2 surface to be measured 2% \surface being measured
Figure 104 — Measurement of flatness error _of Figure 105 — Measurement of flatness error of

a component located on surface plate a component using an external surflace plate
12.2.3 Measurement by means of straightedge(s)

12.2.3.1 Measurement by means‘of ‘a family of straight lines by displacement of a straightedge

The theoretical plane on which the reference points will be located is first determined. For this purpose, three
point$, a, b and c, on the Surface to be tested are selected as zero marks (see Figure 106). [Three gauge
blockg of equal thickness~are then placed on these three points, so that the upper surfaces pf the blocks
defing the reference plang to which the surface is compared.

A fourth point, d..lying in the reference plane is then selected in the following manner: using gauge blocks
which are adjustable for height, a straightedge is placed on a and ¢ and an adjustable block is set at a point, e,
on the surfacesand brought into contact with the lower surface of the straightedge. The upper sdirfaces of the
blocks a,b, ¢ and e are therefore all in the same plane.

table block is
placed at pomt d, and its upper face brought mto the pIane deﬂned by the upper surfaces of the blocks
already in position.

By placing the straightedge on a and d and then on b and c, the deviations of all the intermediate points on the
surface lying between a and d and between b and ¢ may be found. The deviations of the points lying between
a and b, c and d may be found in the same way. (Any necessary allowance for sag in the straight-edge should
be made.)

To obtain readings inside the rectangle or square thus defined, it is only necessary to place at points, f and g,
for example, the deviations which will then be known, gauge blocks adjusted to the correct height. The
straightedge is placed on these, and with the aid of the gauge blocks, the deviation between the surface and
the straightedge can be measured. It is possible to use an instrument for the measurement of straightness, as
shown for example in Figure 107.
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Figure 106 — Flatness error measurements by means of family of straight lines

1

\23 45\\.QCD};
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Key
linear dispJacement sensor
support
guiding strgightedge
surface to|be checked
parallel blgck
straightedge
contact pojnt (1 of 3) aligned with linear-displacement sensor stylus

N O OO WODN -~

Figure 107 — Straightness measuring instrument used for flathess error measurements

12.2.3.2 Me¢asurement'by means of straightedges, a precision level and a linear displacement segnsor

In this method, the\reference of measurement is provided by two straightedges, which are placed parallel by
means of a pfecision level (see Figure 108) (see ISO/TR 230-11).

Two straightedges, R, and R,, mounted on rests a, b, ¢ and d, of which three are the same height and one is
adjustable, are set up so that their upper rectilinear surfaces are parallel by using a precision level. The two
straight lines, Ry and Ry, are thus coplanar. One reference straightedge, R, placed on R; and R, on top of
any line, fg, of the square pattern enables the deviations to be read by means of a reading instrument G (or by
means of standard gauge blocks).

The straightedges, Ry and R,, shall be sufficiently rigid so that the deflection due to the weight of the
reference straightedge is negligible.

A reference of measurement is established and deviations from the reference of measurement are measured
and plotted. Plotting may be carried out at different points following a regular pattern of squares
(see Figure 109), covering all the surface of the plane to be measured. The choice for spacing the points is
independent of the instruments used.
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Key
a,b,c, supports
G displacement sensor
L precision level
R, Ry|R,  straightedges
fg line of measurement

Figure 108 — Flatness error measurement by means of straightedge and level
Key
1 rgference plane
2 rgference of measurement

Figure 109 — Plot of flatness deviations

12.2.4 Measurement of flathess error by means of a precision level

12.2.41 General

This is the only method known at present, which enables a constant direction of measuring reference
(horizontal) to be maintained while the instrument is moved from position to position.

Straightness measurement of a line using the angular deviation method (12.1.3) is the basis of this
measurement.

For good practice, differential measurements between the moving and the stationary levels are recommended.
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12.2.4.2 Measurement of a rectangular surface

The reference plane is determined by two straight lines, OmX and OQ’Y, where O, m and O’ are three points
on the surface being checked (see Figure 110).

The lines, OX and OY, are chosen preferably at right angles and if possible parallel to the sides outlining the
surface to be measured. Measurement begins in one of the corners, O, of the surface and in the direction, OX.
The profile for each line, OA and OC, is determined by the method indicated in 12.1.3.1. The profile of the
longitudinal lines, O’A’, O"A”, and CB is determined so as to cover the whole surface.

Supplementary measurements may be made following mM, m’M’, etc., to confirm the previous measurements.

When the wifth of the surface to be measured is not disproportionate to its length, it is desirable, as_a¢ross-
check, to als¢ take measurements along diagonals (see ISO/TR 5460:1985, 8.3, method 8.3.1).

<d . <9
O.LJm m' m" A -X
N2 >
7
Ol¢j Al
V,
7!
Oll AII
C B
M Ml Mll
v

Figure 110 — Measurement of flatness error by means of precision level

12.2.4.2.1 Interpretation of measured results

From the regults of measuring-lines Omm’A and OO’O"C, using the process shown in Figure 87, djaw a
topographical plotting of @mm’A and OO'O"C. For plotting of lines, O’'A’, O"A” and CB, the starting points
shall be O, @” and C. Inthe case of Figure 111, all the plottings are very near to the measuring reference and
this plane may be said’to be a reference plane, but in the case of Figure 112, reference straight lines of
Omm’'A and PO'O"G-are in the directions OX’ and OY’. In such a case, the reference plane would probably be
the plane corjtaining OX’ and OY’, i.e. plane OABC.
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12.2.

Large
whicH
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For 9

5 and diameters (see Figure 113).

straightness:

— df two perpendicular diameters;

—  (

Key
A
B
d

ure 111 — Flatness deviation data indicating
the reference plane close to the measuring
reference

1.3 Measurement of plane surfaces with circular contours

f the sides of the square joining extreme points (see Figure 114).

Figure 112 — Flatness deviation-data indicating
the reference plane different front the|measuring
reference

plane surfaces, which have circular contours, do not lend themselyes 40 an orthogonal square pattern,
leaves certain parts unchecked. Therefore, it is preferable to cafry out the survey usipg peripheral

ircular verification: a precision level is placed on an isostati¢ support A and moved at reqular intervals
dround the periphery of the plate.

b) Diametrical verification: this is carried out using any method of measuring the straightness jof a machine

functional surface (see 12.1).

mall surfaces, flatness error measurements ,are carried out in a simplified way by mneasuring the

7

isostatic support
diametrical guiding straightedge
distance between the support points

Figure 113 — Flatness error measurements
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along the peripheral circles
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Figure 114 — Flatness error measurement
paths for surfaces with circular contours
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12.2.5 Measurement of flatness by optical methods

12.2.5.1 Measurement by an autocollimator

Straight lines, OX and OY, defining the reference plane are determined by the optical axis of the
autocollimator in two positions and, if possible, at 90° to each other. The method given in 12.1.3.3 is then
followed.

The reference plane of measurement is determined by the directions of the optical axes of the autocollimator,
OX and QY. Thus, for the measurements of O’'A’, O”A” and CB, the optical axis of the autocollimator shall be
parallel to OX (see Figure 110) (see ISO/TR 5460:1985, 8.4, method 8.4.1).

12.2.5.2 Me¢asurement by a sweep optical square

Alternatively,|a sweep optical square (pentagonal prism) is used. The reference plane is established by the
centres of the three datum targets (A, B and C) placed at the periphery of the surface (see Figure 115).

The square is aligned so that the telescope optical axis is perpendicular to the reference plane and a fourth
target is used to measure the position of any point on the surface (see ISO/TR 230:14).
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_"—-__-_‘__ -—_"'—_‘_‘_' _.-" - il
~— [ -
Key
1 measguring target
2 sweep optical square (pentagonal prism)

AB,C datum targets

Figure-115 — Measurement of flatness error using sweep optical square

12.2.5.3 Mefasurement by a sweeping alignment laser

In this method, a rotating (sweeping) unit is used in association with an alignment laser to define a plane of
reference for the measurement with the aid of various coplanar rectilinear references (see Figure 116 and
ISO/TR 230-11).
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12.2.5.4 Measurement by a laser interferometer system
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Figure 116 — Measurement of flatness error, using sweeping alignment laser

ppography of a surface is reconstituted from the examination of the straightness of diffe
uring angular deviations (see ISO/TR 230-11).

cal sequence of measurement is shown in Figure 117, where lines 1 to 8 are illustrated diag

ce-plate flatness in isometri€ form (see Figure 118).

bser beam is horizontally adjusted in the desired direction by adjusting the turning mirror. T

rent lines by

grammatically.

pssively, lines 1 to 8 are checked. The resulting readings analysed by data processing give a plot of

his, however,
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11 interfdrometer
12 retrorgflector support
13 laser head
14 1st tufning mirror

15 guiding straightedge

Figure 117 — Measurement of flatness error using laser interferometer

Key
1to8 lines of measurement

Figure 118 — Typical plot of flatness deviations data

12.3 Position and orientation of functional surfaces

12.3.1 General

These measurements address the following features:
a) parallelism of lines and planes, see 12.3.2 (see ISO/TR 5460:1985, Clause 13);

b) equidistance, see 12.3.3;
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c) coaxiality, see 12.3.4 (see ISO/TR 5460:1985, Clause 18).
12.3.2 Parallelism of lines and planes

12.3.2.1 General

Where measurement of parallelism involves axes, the axes themselves shall be represented by cylindrical
surfaces of high precision of form, suitable surface finish and sufficient length. If the surface of the spindle
does not fulfil these conditions or if it is an internal surface and will not admit a feeler, an auxiliary cylindrical
surface (test mandrel) is used.

Fixing and centring of the test mandrel shall be done on the end of the shaft or in the cylindrigcal or conical
bore fesigned to take the tool or other attachments. When inserting a test mandrel on the-spiridle axis so as
to regresent an axis of rotation, allowance shall be made for the fact that it is impossible to,centr¢ the mandrel
exactly on the axis of rotation. When the spindle is rotating, the axis of the mandrel describes @ hyperboloid
(or a|conical surface, if the axis of the mandrel intersects the axis of rotation) and gives two positions B-B’
lying [n the plane of test (see Figure 119).

The measurement of parallelism may, under these conditions, be effectedCatany angular orieptation of the
spindle, but should be repeated after rotating the spindle through 180°.“The algebraic mean of the two
readings gives the deviation of parallelism in the given plane.

The mandrel may also be brought into the mean position A’ (Called “mean position of fun-out”); the
measurement should then be effected in this position only.

The flrst method seems to be as quick as the second and isdnore accurate.

NOTE The term “mean position of run-out” is understeod as follows: a gauge stylus is brought into |contact, in the
plane |of test, with the cylindrical surface representing the”axis of rotation. The reading of the measuring instrument is
obseryed as the spindle is slowly rotated. The spindle is in the mean position of run-out when the pointed gives a mean
reading between the two ends of its stroke.

A axis of rotation
B axis of mandrel‘at 0°
B’ axis of mandrel at 180°

Figure 119 — Influence of alignment of test mandrel with respect to axis of rotation

12.3.2.2 Parallelism of two planes

12.3.2.2.1 General

The following methods can be used to verify the parallelism of two planes. The measurements should be
carried out in two directions, preferably perpendicular to each other.

A line (or plane) is measured within a given length (or area) (e.g. on 300 mm or on 300 mm x 300 mm) or over
the entire surface.
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The angle between lines (or plane) may be evaluated in given planes (horizontal, vertical, perpendicular to the
examined surface, crossing the examined axes, etc.). The tolerance of parallelism may be different in different
planes.

12.3.2.2.2 Measurements using straightedge and linear displacement sensor

The linear displacement sensor, mounted on a support with a flat base and guided by contact with the
straightedge, is moved on one plane by the amount specified. The stylus slides along the second plane
(see Figure 120).

The readings (variations of distances) are graphically plotted and the resulting reference straight line is
evaluated. The Inclination of this reference straight line represents the angle deviation between the examined
planes in the|given direction.

Generally th¢ measurement may be taken at both ends of the measuring range only. The angle deiation
(tangent) is determined from both the difference of these two readings and the measuring length.

N
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2 3 /

4\% ] /1

Key
1 reference [datum) plane

2 referred plpne

3 linear dispjacement sensor
4  guiding strpightedge

Figure 120 — Measurement of parallelism error between two
planes using straightedge and displacement sensor

12.3.2.2.3 Nleasurement-using precision level

The level is qupportedion'a carrier which bridges the two planes to be compared. A succession of readings is
taken along the planes. The readings multiplied by d (see Figure 121) give the relative deviation of the two
planes whicH isAised to determine the reference straight line. The orientation of the reference straight line
(angle) is the|parallelism error.

If it is difficult to bridge the two planes, the carrier is not used and readings are taken along each plane with
the horizontal used as the measuring reference (12.1.3). The two reference straight lines are evaluated
according to 12.1.3. The difference in their orientation (angle) is the parallelism error.

12.3.2.3 Parallelism of two axes

12.3.2.3.1 General
The measurement is made in two planes:

— in a plane passing through two axes;
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NOTE

axis.

ISO 23

This expression means a plane passing through one of the two axes and as near as possible

— then in a second plane perpendicular, if possible, to the first.

12.3.2.3.2

In a plane passing through two axes

0-1:2012(E)

to the second

The measuring instrument is held on a support with a base of suitable shape, so that it can slide along a
cylinder representing one of the two axes; the stylus slides along the cylinder representing the second axis.

To determme the minimum readmg between the axes at measurmg points, the mstrument shall be gently

rocked
unde
(see

12.3.]

This
axes.

If this
the pi
mann
by m
cyling

plane|,

The |
the d

the welght it has to support durmg measurement may be taken into
SO/TR 5460:1985, 13.2, method 13.2.1).
p.3.3 In a second plane perpendicular to the first
measurement method requires an additional plane, if possible parallel tosthat passing thr

additional plane exists, by virtue of the fact that the two axes are parallel to a machine func
arallelism of each axis, considered separately, shall be determined in relation to this s
er described in 12.3.2.4. If not, the measurement should be made with reference to a the
bans of a level with an adjustable glass tube. For this purpose, the latter should be placq
ers representing the axes and the air-bubble set to zefg:If the two axes are not in the sa
an auxiliary block, fixed or adjustable, may be used (See Figure 123).

bvel is moved along the axes by the amount specified and readings taken. The readings are
istance between the axes.

0,06 mm/1 000 mm, the relative deviation between the two axes is 0,06 x 0,3 =0,018 mm. T

f the cylinder
consideration

bugh the two

tional surface,
urface in the
bretical plane
d on the two
me horizontal

multiplied by

If, for examplethis distance is 300 mm and the levgl reading is

hese relative
straight line

deviafions are used to determine the reference straight line. The orientation of the reference
(angle) is the parallelism error.
2
1 - 3
| I |
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Key
1 guiding straightedge
2 precision level
3 carrier
d measurement base length

Figure 121 — Measurement of parallelism error using precision level

© I1SO 2012 — All rights reserved

121


https://standardsiso.com/api/?name=633ea1869271198515c38b804c307826

ISO 230-1:2012(E)

Figure 122

Figune 123 — Auxiliary blocks used for the measurement of parallelism error of two axes

12.3.2.4 Parallelism between an axis and a(plane

The measuri
amount. The

At each poin{
direction pery

In the case
(see Figure 1

NOTE Fo

g instrument is held on a support with a flat base and moved along the plane by the spgcified

stylus slides along the cylinder representing the axis (see Figure 124).

of measurement, the minimum reading is found by slightly moving the measuring instrument in a

endicular to the axis;

f a pivoting axis, measurement in the mean position and the two extreme positions is sufficient

25).

I the, representation of an axis by a cylindrical surface, see 12.3.2.1.

G

Figure 124 — Measurement of parallelism
error between an axis and a plane
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I

Figure 125 — Measurement of parallelism
error between a pivoting axis and a plane
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12.3.2.5 Parallelism between an axis of linear motion and a plane

12.3.2.5.1 Measurement where the plane is on the moving component itself

The displacement transducer shall be attached to a fixed component of the machine and the stylus shall bear
at right angles to the surface to be measured.

The moving component should be moved by the amount stated, e.g. in machine-specific International
Standards.

This type of measurement is typically applied on milling and grinding machines where the workpiece is

The

of theg reference flat plane shall be the parallelism error.

B WON -

12.3.2.5.2 Measurement where the plane is not on the moving component itself

The
stated; the stylus shallb@ at right angles to the surface and slide along it (see Figure 127).

mourJ:ed on a work table.

isplacement transducer shall be mounted in the spindle nose, as shown in Figure\126 and the table
travefsed. The resulting readings shall be used to determine the reference flat plane. {he orientation (angle)

3

achine spindle head

inear displacement sensor
Ipck or slip gauge (optional)
oving table

3 o=

easuring instrumentishall be attached to the moving component and moved with it by

Figure 126 — Measurement'of parallelism error between an axis and a moving plane

the amount

If theg stylus cannot bear directly on the surface (e.g. the edge of a narrow groove), the following two

alternative methods may be used:

©lIs

Use-6f angle lever attachments (see Figure 128);

use of an artefact of suitable shape (see Figure 129).
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Figure 127 — Measurement of Figure 128 — Angle lever Figure 129 — Special artefact
parallelism error between an attachment used in used in parallelism error
axis and/non-moving plane parallelism error measurements measurements

12.3.2.6 Parallelism between an axis and the intersection of two planes

The measuripg instrument is held on a support with a base of suitable shape resting on the two planeg. The
instrument is| then moved the specified distance along the straight line of-igtersection and the stylus

slides

along the cylinder representing the axis (see Figure 130). The measurement shall, as far as possible, be
made in two perpendicular planes chosen as being of greatest importance in the operation of the machine tool.
NOTE Fof the representation of an axis by a cylindrical surface, seg-12:3.2.1.
-
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Figure 13(

—Measurement of parallelism error between an axis and the intersection of two pIaTes

12.3.2.7 Parallelism between an axis of motion and the intersection of two planes

Parallelism between each of the two planes and the trajectory of functional point shall be measured separately,
according to 12.3.2.5. The position of the intersecting line shall be deduced from the position of the planes.

12.3.2.8 Parallelism between the intersection of two planes and a third plane

Where the intersection and the third plane are conveniently situated to one another, a mounting block and
precision level are used (see Figure 131).

124
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The assembly is moved along the intersection and changes in the angular readings multiplied by d are
calculated. These deviations are used to determine the reference straight line and the parallelism error
(see 12.3.2.2.3).

Where the intersection and the third plane are conveniently situated to one another, a mounting block and
precision level are used (see Figure 131). The assembly is moved along the intersection and the readings are
taken. For the evaluation of parallelism, see 12.3.2.2.3.

If the third plane is not conveniently situated, a mounting block and linear displacement sensor are used
(see Figure 132). The stylus is positioned at right angles to the third plane and a succession of readings is
taken along the line of the intersection. For other measurement procedures, see 12.3.2.2.2.

The included angle between the location faces of the mounting block shall be accurately meLtched to the
intersection angle of the two planes. This can be verified with a marking agent, such as jewéller's{rouge.

Key
1 precision level
2 |ofation faces
d measurement base length

Figure 131 — Measurement of parallelism error between the
intersection of two planes and a third plane

O

Figure 132 — Measurement of parallelism error between the intersection of
two planes and a third plane across from the first two

12.3.2.9 Parallelism between two straight lines, each formed by the intersection of two planes
This measurement may be carried out as in 12.3.2.6.

The stylus of the measuring instrument bears on a V-block, which slides along the planes forming the second
intersection. The measurement shall be made in two planes perpendicular to one another (see Figure 133).
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This method requires very rigid mounting of the measuring instrument, a condition, which can be observed
only in the case of two straight lines close to each other. To improve the rigidity of the measurement setup, a
level should be used, as shown in Figure 134, for the measurement of parallelism in a vertical plane. The two
setups depicted in Figures 133 and 134 may provide different measurement results.

If a direct measurement of the planes or straight lines concerned is difficult because of interference by
components of the machine tool within the field of measurement, the measurement may be related to a
reference plane constituted by, for example, a horizontal plane determined by a precision level.

A
O—
pig

i € )

Figure 133 — Measurement of parallelism error Figure 134 — Measurement of parallelism enfror

between two straight lines formed by between two straight lines formed by
intersection of two planes (using linear intersection of two\planes (using level fol
displacement sensors) vertical direction-and displacement sensor for

horizontal direction)

12.3.3 Equidistance of two axes

12.3.3.1 Gg¢neral

The equidistpnce is identical with that of parallelism between a plane passing through the axes and a
reference plahe.

Tests for eqpidistance of two axes, or of a rotating axis, from a plane are, in effect, measurements of
parallelism (§ee 12.3.2.4). A test should first be‘made to check that the two axes are parallel to the plang, and

then, that thegy are at the same distance from, this plane, by using the same linear displacement sensor ¢n the
two cylinders|representing the axes (see/Figure 135).

If these cylingers are not identical, the difference of radius of the tested sections should be taken into acdount.

U ?BE
%3 L

(A A
b

Figure 135 — Measurement of equidistance of two axes

12.3.3.2 Special case of the equidistance of two axes from the plane of pivoting of one of the axes
It is possible for the plane of pivoting of the part carrying one of the axes to not be accessible and to not allow

movement of the measuring instrument. It would then be necessary to construct an additional plane parallel to
the plane of pivoting (see Figure 136).
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The setting and fixing of this auxiliary plane should be carried out so that, when a level is placed on it, if
possible in two perpendicular directions, there is no deviation during the pivoting motion of the component.
The equidistance of the axis (in its middle as well as in its extreme positions) is then tested, as well as that of
the fixed axis, in relation to the auxiliary plane.

When either a horizontal or oblique auxiliary plane is used, it is recommended that the linear displacement
sensor be set in its original place to ensure that no abnormal displacement has taken place when pivoting.
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Key
1 fingst axis
2 sgcond axis
3 pipvoting plane
4  alxiliary plane
5 piyot

Figure 136 — Measurement of equidistance of two mandrels (representing axeg)
from the plane of pivoting of one axis

12.3.4 Coaxiality

If thel measuring instriment is required to rotate around a fixed mandrel, it should be mounfed on a ring
rotating with a minimum amount of play. This ring should be of sufficient length to ensure that the reading is
not affected by the €learance in the ring (see Figure 137).

The ljnear displacement sensor is attached to an arm and rotates through 360° around the first|surface. The
stylug of<the displacement sensor passes in a given section A over the cylinder representing the second
surfa¢eto be checked (see Figure 137). Any variation in the readings represents twice thel deviation of
coaxiatity—Asthe sectiomchosen formeasuring ay intersect bothraxes, thetheckstattbemade in a second
section B.

If the error is to be determined in two specified planes (e.g. planes H and V in Figure 137), the variations
found in those two planes shall be separately recorded.

It is necessary, particularly in the case of horizontal axes, to have very rigid mountings. When high accuracy is
required, two measuring instruments offset by 180° shall be used simultaneously in order to eliminate the
effect of deflection. Alternatively, a support shall be used, the deflection of which is negligible under a weight
double that of the linear displacement sensor used.

Linear displacement sensors of very light weight shall be used in these tests.
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Since the direction of the measurement varies during rotation in relation to the direction of gravity, the
sensitivity of the measuring instruments to the force of gravity shall be taken into account.

12.4 Squar

12.4.1 Gene

Squareness
to functional
practice, the

For an axis (
attached to

revolves, the

axis of rotatig

by sweeping

Figure 137 — Measurement of coaxiality error between two axes

eness error and perpendicularity error between lines and planes

ral

brror involves axes of linear motion or axes of rotation: it is afyangle. Perpendicularity error
measurement of parallelism error. The following generalstatements apply.

f rotation, the following method may be used. An*“arm carrying a linear displacement sen|
he spindle and the stylus of the gauge adjusted parallel to the axis of rotation. As the s
linear displacement sensor describes a circumference, the plane of which is perpendicular
n. The parallelism error between the plane-of the circumference and the plane may be mea
the plane to be checked by means of the stylus of the linear displacement sensor.

surfaces: it is a distance. The measurement of squareness efror and perpendicularity error

refers
is, in

SOr is
bindle
to the
sured

This error is eéxpressed in relation to the diametér of the circle of rotation of the instrument (see Figure 138).

a)
variation

b)

When refere

If no teg

in the readings of the instrument taken.

If test planes are specified (e:g-—planes 1 and 2), the difference of the reading in the two positions
linear dig

placement sensor; 180° apart, should be noted for each of these planes.

nce square iS/used for measurement, reverse measuring procedure (rotate the square ¢

180° to canc¢l the gauge'error) is recommended.

In order to el
inaccurate, a
the mean of
point.

t plane is specified, the lingar" displacement sensor is rotated through 360° and the largest

Of the

jauge

minate~the influence of the axial error motion of the spindle, which can make the measur¢ment
flxture W|th two equal arms may be used to carry two measurmg mstruments offset by 1807,

and

The test may also be verified with only one linear displacement sensor. After the first test, the instrument is
moved through 180° relative to the spindle and the test repeated (see ISO/TR 5460:1985, Clause 14).
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