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FOREWORD

The primary purpose of this Standard is to provide procedures for the performance evaluation of computer
numerically controlled (CNC) lathes and turning centers. These procedures are used to evaluate conformance to
specifications, to compare machines, to periodically reverify the suitability of production machines, and to reverify
performance of machines after repair or modification. Definitions, environmental requirements, and test methods
are specified. This Standard defines the test methods capable of yielding adequate results for most turning centers
but is not[infended to supplement more complete tests that may be required for particular special applications. This
Standard [does not address issues of machine safety.

Suggestions for improvement of this Standard are welcome. They should be sent to The American _Soci¢ty of
Mechanidal Engineers; Attn: Secretary, B5 Standards Committee; Two Park Avenue; New York, NY 190165990

This reyision was approved as an American National Standard on November 30, 2012.
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ASME B5.57-2012

METHODS FOR PERFORMANCE EVALUATION
OF COMPUTER NUMERICALLY CONTROLLED
LATHES AND TURNING CENTERS

1 SCOPE

This Standard establishes requirements and meth-
ods for specifying and testing the performance of CNC
latheg and turning centers. In addition to clarifying the
performance evaluation of lathes and turning centers,
this Standard seeks to facilitate performance compari-
sons etween machines by unifying terminology, general
machfine classification, and the treatment of environ-
mentjl effects. The Standard defines testing methods
capablle of yielding adequate performance results for
the majority of turning centers and is not intended to
replage more complete tests. It is not the intent of this
Standard to place limits on, or to enforce 100%-testing
of, arly individual machine tool in accordance with this
Standard. This shall be the subject of contractual agree-
ment|between the Supplier and the User.

Th¢ actual specification for turning centers is\divided
into the following six logical areas:

(a) | General Definitions. Definitions providedin this Stan-
dard gre generally consistent with the usage in other refer-
enced documents related to machine“tgels and metrology,
althofigh some are specific to their(us¢in this Standard.

(b) | Machine Environmental $pecifications and Responses.
Envionmental specificatiéng and responses include
thermal, electrical, and{ vibration specifications and
tests,|as well as requitements on utility air and other
exterpally supplied-services.

(c) | Machine Atcutacy Performance as a Machine Tool.
Machine accliracy performance as a machine tool
inclugles pesitioning accuracy and repeatability for lin-
ear aj\d rotdry axes, angular error motion of linear axes,
spin le Bxis of rotation analvsis. machine thermal tests

maximum metal-removal capability. Additignally, the
machine is run for approximately 24 h to ¢letermine
short-term reliability.

(e) Additional Machine\Performance. Additional per-
formance sections ateJprovided for axis of rotation
alignment, tail stackYalignment, subsystems repeatabil-
ity, tool-setting performance, CNC performgnce, and
machine perfofmance as a measuring tool.

(f) Machining Test Parts. This Standard provides for
the machining of test parts for a particular mgnufactur-
ing application. These test parts shall be fully] specified
as (part of the original purchasing agreement between
the User and the Supplier. Such specification shall
include, but not be limited to, material, tooling, machin-
ing sequence, and inspection procedure.

This Standard is rather comprehensive| and for
smaller, less-expensive machines, a shorfer series
of tests for conformance to specification is| given in
Nonmandatory Appendix B.

1.1  Performance Forms (Sample)

A schematic of the machine with axis {lirections
should be provided along with Forms 1 throyigh 8.

1.2  Alternatives

Where specifications use definitions and pgocedures
different than those in this Standard, the dlternative
items shall be identified and made part of th¢ machine
specification. Such procedures should follow the philos-
ophy outlined in the previous paragraphs and be speci-
fied in equivalent detail

critical alignments, and contouring performance using
circular tests.

(d) Machine Cutting Performance and Short-Term
Reliability. Machine cutting performance and short-term
reliability includes tests of spindle idle run losses and

This Standard allows parts of the environmental test sec-
tion to be deferred or bypassed, and only the performance
test to be carried out. This alternative is allowable only if
it is acceptable to both the User and the Supplier and if
deferred according to the procedures outlined in para. 6.1.
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ASME B5.57-2012

FORM 1 MACHINE DESCRIPTION

Linear Axes
Full Travel Control Resolution Minimum Programming Increment
Axis Name mm in. mm in. mm in.
X
Y
Z
Maximum Programmable
Feed Rate Rapid Traverse Speed Acceleration/Decéleration
Axis Name mm/min in./min mm/min in./min mm/s? in./sec2
A
Y
Z
Rotary Machining Axes
Minimum Maximum Rapid
Full Control Programming| Programmable Traverse Acceleration/
Axis Travel, Resolution, Increment, Feed Rate, Speed, Deceleration, Time to Rotate, s
Name deg deg deg deg/min deg/min deg/s2 90° 180°
A
B
C
Rotary Positioning Axes
Time to Index, s
Axig Name Full Travel, deg Minimum Index Increment, deg 90° 180°
A
B
C
Principal Spindle Parameters (for Each Spindle)
Rotation Speed, rpm Spindle Power Continuous Duty
Spihdlé-Range Min. Max. kw hp
4
2
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ASME B5.57-2012

FORM 1 MACHINE DESCRIPTION (CONT'D)

Workpiece or tool spindle: O headstock O tool
Minimum programmable speed: rpm

Supplier shall furnish torque/power curves for each spindle range. Intermittent duty
cycle details for each spindle range shall be supplied if applicable.
Tool holder type:

Othier
lool-indexing time — all turrets

Tool change time (where applicable): ___ s

Pocket-to-pocket: s

Longest time: s
lool-setting system measurement time (where applicable): ____ s
Pallet change time (where applicable): s
Axis indexing time (where applicable): s

Mac¢hine Tool Probes (for Each Probe)
Probe type

O Part probe O Tool-setting probe
O Contact O Noncontact
O Switching O Proportional O . Nulling
o 1D o 2D Oo~3D
Dperating parameters
Probe approach rate: ____mm/s__in./sec)
Probe approach distance: ___ mm,* (____ in.)
Settling time (proportional probés pnly): ___ s

Software
O Allows only 1D measuréments
O Allows only 2D measurements

O Allows 3D mreasurements

Listof Compensation'Tables in the Controller

Supplier shall provide a technical description of the machine compensation system
where applicable), as well as a statement describing User access to compensation
system.parameters.

Accessible by USer, Tnformation Attached,
Compensation Description Yes/No Yes/No
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ASME B5.57-2012

FORM 2 ENVIRONMENTAL SPECIFICATIONS GUIDELINES

Thermal Information (para. 5.2)

oC oF
Mean ambient temperature
Minimum safe operating temperature
Maximum safe operating temperature
aity t24=tTtemperature tycling amptitude, =
Superimposed cycle(s)
Amplitude: + °C (= °F)
Frequency: cycles/h
NMaximum temperature gradients
Vertical: °C/m ( °F/ft)
Horizontal: °C/m ( °F/ft)
Nlaximum mean air speed surrounding the machine: m/s{ ft/sec)

I

dditional guidelines on machine component placement and special flow parameters,
such as mean flow rate, shall be specified if appropriate.

Nominal Coefficient of Thermal Expansion of Linear Machine Feedback Device

Nominal Coefficient of Thermal Expansion

Axis 106 per °C 1076 per °F
X
Y
z

(45}

eismic Vibration Allowances (para. 5.3)

[J Option 1 Responsgeifunction data
(Detailed perfaissible vector vibration spectra shall be attached as a part of this specification.)

[ Option 2 Breadband data [time history (para. D-3.2.2)]

FreGuency Range, Hz Peak-to-Peak Amplitude
Min. Max. mm in.
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FORM 2 ENVIRONMENTAL SPECIFICATIONS GUIDELINES (CONT’D)

Electrical (para. 5.4)
(Equivalent specification is required for each electrical supply.)

Steady-state requirements

Nominal RMS voltage: \ Frequency: Hz Amperage: A

Single-phase Three-phase Delta Wye

Allowable short-duration RMS voltage variations (instantaneous)
Voltage sag (8.3 ms to 500 ms): % of nominal

Voltage swell (8.3 ms to 500 ms): % of nominal

Allowable long-duration RMS variations

Overvoltages (> 1 min): % of nominal
Undervoltages (> 1 min): % of nominal
Allowable transient voltage (0.5 ps to 800 ps): % of nominal

Utility Air, If Applicable (para. 5.5)

Pressure: MPa (____ psi)
Flow rate: dmd/s (___ SCFMy
Dew point: °C (_ .F)

Particulate removal requirements
Maximum particulate size: pm ( win.), % removal

Other Services, If Applicable (para. 5.6)
Foundation/instalfation specifications (must be included by Supplier)

Constructiondrawings: O Yes 0O No

Suppliershall provide a technical description of the coolant system.

Coolant through spindle: O Yes O No

IEDAL NAOTE: Tha navarantare lictad bhagn ava bha
N TN O

ot a a cad Bacoiirantioane rncarAia o
+ The-pararneterstisted-here-are-based-onassumptiorsregarding
normal air-conditioned rooms. Another set, if provided as part of the machine specification
and agreed on between the Supplier and the User, shall be acceptable for the purposes of
this Standard. In some cases, other fluids (rather than air) are used to provide thermal
stability. In those cases, separate guidelines should also be provided.
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FORM 3 ENVIRONMENTAL TESTS (SECTION 6)

Environmental Temperature Variation Error (para. 6.2)
Date:
Time:
Operator:

Location for ETVE Test

V] \

PN al ralioatac
ot e OO atesSy

Axis mm or deg in. or deg

us]

Reported Range Drift
Result mm or arcsec in. or arcsec
ETVE,
ETVE,
ETVE,
ETVE
ETVE,,

Relative Vibration Test (para:6:3)

If the nominal location for this test is different from that of the environmental
temperature variationitest, the nominal location shall be recorded in this sheet.

Date:
Time:

Operator:

Relative Vibration

Direction mm in.
X

Y
Z
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FORM 4 MACHINE PERFORMANCE (SECTION 7)

Machine Compliance and Hysteresis (Nonmandatory Appendix H)
Date:
Time:
Operator:

Location for Tests (Machine Coordinates)

Location of Test (Machine Coordinates)
X Y Z
Compliance mm in mm in. mm in. A, deg B, deg C, dég
X
Y
Z
A
B
C
Machine Compliance and Hysteresis Measured Between Machine Spindle-and Workpiece
Axis That
Direction of Generates the
Measured Radius Offset| Clamped or Force Compliance Hysteresis
Compliance |Rotary Axis |(Rotary Axis) | Servo Held [Note\(1)] mm/N in/lb | mm in.
X N/A N/A N/A
Y N/A N/A N/A
Z N/A N/A N/A
OXorayY A
OXoroZ B
OYoroZ C
NOTE:

(1) Enter "N/A" if the force is\applied using an external actuator such as a turnbuckle
or hydraulic jack.
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT'D)

Positioning Accuracy and Repeatability (para. 7.2)

Linear Axes
Date:
Time:
Operator:
Compensated: O yes 0O no
rvlid)(;lllulll Ull;dilﬁbl;ulldi Biu‘ilU\,l;Ulldi SybLGIIIdL;L BidilUbL;Ulldi
Systematic Deviation of Deviation of Accuracy of Periodic Error,
Positioning, Et or E{ Positioning, E Positioning, A P q
Axis mm in. mm in. mm in. mm in." |}
X o\
Y L0
z oD
, ¥
r,\@
v
Maximum Unidirectional Os\
Repeatability, Bidirectional
Rt or R Repeatability, R versal Deviation, B
Axis mm in. mm in. R Q mm in.
X RN
Y Nd
z A
N\
\’\.
\
. . N '\@ °
Minimum ambient temperature: C{\ F)
Maximum ambient temperature: O ( °F)
Ambient air pressure: —mwih'g ( in. Hg)
Relative humidity: % ‘\C)
Machine temperature: @ °F)
Feed rate of testing: “mm/min ( in./min)

Date:

C).

Positioning Accuracy anr@eatability of Rotary Axes (para. 7.5)

Time: O
Operator: R
\V
Compensate@‘ yes 0 no
N
)
% Maximum Unidirectional |Bidirectional Systematic| Bidirectional
Q/ Systematic Deviation of Deviation of Accuracy of Periodic Error,
Positioning, Etor E!, Positioning, E, Positioning, A, P,
‘\% Xis arcsec arcsec arcsec arcsec
X A
B
C
Turret axis
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Maximum Unidirectional

Repeatability,

Bidirectional

Rtor R\, Repeatability, R, Reversal Deviation, B,
Axis arcsec arcsec arcsec

A

B

C
Turret axis
Minimum ambient temperature: °C °F)
Maximum ambient temperature: °C ( °F)

Rotary feed rate:

deg/min

Angular Errors (Usually Yaw) of Linear Axes (para. 7.4)

Date:
Time:
Operator:
Compensated: O yes d no
Maximum Unidirectional Maximum
Systematic Deviation of |Bidirectional Systematic Unidirectional Bidirectional
Angular Angular Error, Deviation of Angulat Repeatability, Repeatability,
Error E.torEl, Error, E,e, Rael O Roghs R,e
Designation arcsec arcsee. arcsec arcsec
Yaw of X

Spindle Axis of Rotation (for Each Spindle, para. 7.6)

Date:
Time:
Operator:

Spindle:

Structural Motion, Spindle Off (para 7.6.2)

Machine Drives Off

mm n.

Machine Drives On
mm

in.

Along X ot Y-direction

Along/Z-direction
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Work Spindle, Fixed Sensitive Direction

Date:
Time:
Operator:
Spindle:
PUIbGIIl Uf r\l’:d)\illlulll SPUUUI
10% 50% 100% ,\"],
Spindle speed rpm {
Average radial error motion mm A ' l/
in <r\\
. . =
Asynchronous radial error motion mm A
in P <<?
Total axial error motion mm «/
in CR
. . 4
Average tilt error motion arcsec «
Asynchronous tilt error motion arcsec < (o)
QO
Tool Spindle, Rotating Sensitive Direction \\Q
Date: &\)
Time: \(\Q)
Operator: $’\.
Spindle: .
P A\Q)
O
N N Percent of Maximum Speed
XN 10% 50% 100%
Spindle speed C \\ rpm
Average radial error motion : .v mm
RN in.
Asynchronous radial erre) tion mm
~ in.
Total axial error moti mm
O in.
. WV .
Average tilt motion wrad
Asynch\g.@zs tilt error motion wrad

R
v

10
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Machine Thermal Tests (para. 7.7)

Spindle Warm-Up and Transient Shutoff Test (for Each Spindle)

Date:
Time:
Operator:

Compensated: O yes d0 no

Caolant: 0 on 0O off

Duration of test:
Spindle speed:

Spindle:

Displacement and Tilt of the Axis of Rotation

V
N
A(LQ

Drift During Warm-Up Drift During Transient S‘h&@f}
Error Motion mm or prad in. or wrad mm or prad _inTor prad
Displacement in X, D, P (O
DisplacementinY, D, \‘O
Displacementin Z, D, d\
Tilt around X, D,,, A
Tiltaround Y, D, , A

Thermal Distortion Caused by Moving Linear Axes (for Each A@g)ara 7.7.3)

Date: Duration of test:
Time:

Operator:

Compensated: O yes O no \\S\

Y 3

N

Range of Drift at Position 1 in Axis Dirq\b?)"n Range of the Drift at Position 2 in Axis Direction
) Forward Directiont Reverse Qigtionl Forward Directiont Reverse Direction |
Axis mm in. mm . in. mm in. mm in.
X e\
Y Ja
7 LN
Composite Thermal Errc) ara. 7.7.4)
Date: 6 A
Time: ( )
Operator: (\0
Comp ed' O yes 0 no
Du n of test:
§ ance between indicator 1 and indicator 2: mm ( in.)
. “ Drift After 30 Min Drift After__ Min

0

" Error Motion

Displacement in X, in.

DisplacementinV, in.

Displacement in Z, in.

Tilt around X, prad

Tilt around Y, prad

11
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Critical Alignments (para. 7.8)
Squareness errors between cross-slide (X-axis) and the work spindle axis (often a C-axis)

Date:
Time:
Operator:
Compensated: O yes d no

Measurement method (select one)
O Mechanical straightedge

O Test part
Soak-out time: min
Machining time: min

Warm-up cycle must be specified.

Squareness Error Error Magnitude, arcsec

XC squareness

Parallelism of the longitudinal slide (Z-axis) with the work.spindle (often a C-axis)
and other linear axes
Date:
Time:
Operator:
Compensated: O yes 0 no

Measurement method (select one)
O Mechanical straightedge

O Test part
Soak-out time: min
Machining time: min

Warm-up cycle must be specified.
O Laser for long-travel axes
O Mechanical straightedge (para. 7.8.3.1)

Parallelism Error Error Magnitude, arcsec

Z-C\parallelism in X-Z plane

Z=C parallelism in Y-Z plane

Z N\ narallalism in X7 nlang
P P

Z-W parallelism in Y-Z plane

12
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FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Contouring Performance Tests (para. 7.9)
Date:
Time:
Operator:

Compensated: O yes 0O no

A 360-deg test should be used where possible; otherwise, a 190-deg test should be used.

If neither of those tests is possible, then a 100-deg test shall be allowed.

Plane: X-Z 360 deg 190 deg 100.deg
Nominal radius mm
in.
% max 10% 80% 10% 80% 10% 80%
Feed rate mm/min
in./min
Circular deviation, G1, mm
clockwise in.
Circular deviation, G|, mm
counterclockwise in.
Radial deviation, Fyin?, mm
clockwise in.
Radial deviation, Fuin|, mm
counterclockwise in.
Radial deviation, Fax1, mm
clockwise in.
Radial deviation, Frax!. mm
counterclockwise in.

Cutting Performance Tests (para. 7.10)
Date:
Time:
Operator:

Spindle Idle Run Lesses (para. 7.10.2)
Report for each-Wwork and tool spindle.

Maximudm)spindle speed: rpm

% of Max. Speed Lost Power, kW
20

40

60
80
100

13


https://asmenormdoc.com/api2/?name=ASME B5.57 2012.pdf

ASME B5.57-2012

FORM 4 MACHINE PERFORMANCE (SECTION 7) (CONT’D)

Chatter Susceptibility and Maximum Torque Test (para. 7.10.3)
Detailed specifications and procedures shall be agreed upon between the User and the
Supplier and made part of the machine specification.

Multifunction Cycle Test (para. 7.11)
Date:

Fimme:

Operator:

Duration of the test: min
Number of failures:
Maximum time required for correction: min

FORM 5 COAXIALITY OF AXES OF ROTATION (PARA. 8.2)

For each of the tests below, the User may specify the spécification zones with machine
compensation on or off, or both.

Select one:
] Rim-and-face method (para. 8.2.1)
1 Reverse indicator method (para. 8.2.2)
(1 Optical rotary axis alignmyent (para. 8.2.3)
[0 Two-sphere axis alignment (para. 8.2.4)

[0 Mechanical rotahy axis alignment (para. 8.2.5.1)

Offset in the verticaldirection, VO: _ mm (_ in)
Offset in the hafizontal direction, HO: mm ( in.)
Parallelism~angularity in the vertical direction, VA: _____ arcsec
Parallelism,*angularity in the horizontal direction, HA: arcsec

14
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FORM 6 SUBSYSTEMS REPEATABILITY (PARA. 8.3)

Tool-Change Repeatability (para. 8.3.1)

Date:
Time:
Operator:
Length from gage line for short tool: mm ( in.)
Length from gage line for long tool: mm ( in.) (100 mm is recommended.)
Tool-Change Repeatability
Error Short Tool Long Tool
Direction mm in. mm in.
X
Z

Turret Repeatability (para. 8.3.2)

Date:
Time:
Operator:
Length from gage line for short tool: mm ( n.)
Length from gage line for long tool: mm ( in.) (100 mm is recommended.)
Tool-Change-Repeatability
Error Short Tool Long Tool
Direction mm in mm in.
X
Z

Tool-Setting System Liocation and Repeatability (para. 8.4)

Date:

Time:

Operator:

Tool-setting X repeatability: mm ( in.)
Tool-setting Z repeatability: mm ( in.)
JFool-setting X location: mm ( in.)
Tool-setting Z location: mm ( in.)

15
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FORM 7 CNC PERFORMANCE TESTS (PARA. 8.5)

Date:
Time:
Operator:
Maximum steady feed rate, Vmax: mm/min  ( in./min)
Minimum block execution time, MBET: s
FORM 8 MACHINE PERFORMANCE AS A MEASURING TOOL (PARA. 8.6)
Feature Location Repeatability
1D 2D 3D
Axis mm in mm in mm in
X
Y
Z
2[)-feature measurement accuracy: mm ( in.)
3[)-feature measurement accuracy: ram ( in.)
2[)-probe lobing range: mm¥___ in.)
3D0-probe lobing range: mm ( in.)
Lihear measurement accuracy in Xt mm ( in.)
Linear measurement accuracy in Y: mm ( in.)
Lihear measurement accuracy.in Z: mm ( in.)
V@lumetric measuring.performance: mm ( in.)
Cifcular profile mieasurement accuracy: mm ( in.)
Wiorkpiece\Location

Workpiece Location Working Tolerance

A
MAATS

16



https://asmenormdoc.com/api2/?name=ASME B5.57 2012.pdf

ASME B5.57-2012

2 REFERENCES

The following is a list of publications referenced in
this Standard.

ANSI B5.54-2005, Methods for the Performance
Evaluation of Computer Numerically Controlled
Machining Centers

ANSI B89.3.4M-2010, Axes of Rotation

ANSI B89.6.2-1973, Temperature and Humidity Environ-
ment for Dimensional Measurement

ISO 13041-3:2009, Test Conditions for Numerically
Controlled Turning Machines and Turning Centres —
Part 3: Geometric Tests for Machines With Inverted
Vertical Workholding Spindle

ISO DIS 230-1:2009, Test Code for Machine Tools — Part
1: Geometric Accuracy of Machine Tools Operating
Under No-Load or Quasi-Static Conditions

ISO/IEC Guide 98-3:2008, Uncertainty of Measurement
— Part 3: Guide to the Expression of Uncertainty in
Measurement [GUM:1995(E)]

ANSI/EIA-267-C-1990, Axis and Motion Nomenclature
for|Numerically Controlled Machines

Publipher: American National Standards Institute
(AINSI), 25 West 43rd Street, New York, NY 10036
(wyvw.ansi.org)

ASME B89.4.1.10360.2-2008, Acceptance Test and Reve-
rification Test for Coordinate Measuring Machines
(CMMs), Part 2: CMMs Used for Measuring Linear
Dithensions (Technical Report)

Publisher: The American Society of Mechanical
Engineers, Two Park Avenue, New York, NY 10016-
5990; Order Department: 22 Law Drive, P.O. Box 2900,
Faiffield, NJ 07007-2900 (www.asme.org)

ISO 1:2002, Geometrical Product Specifications (GPS)
— Ptandard Reference Temperature for Geometrical
Prqduct Specification and Verification

ISO 230-2:2006, Test Code for Machine Tools — Part 2;
Defermination of Accuracy and Repeatability _af
Pogitioning Numerically Controlled Axes

ISO 230-3:2007, Test Code for Machine Tools — Part 3:
Evaluation of Thermal Effects

ISO 230-4:2005, Test Code for Machine Tools — Part 4:
Cirgular Tests for Numerically Controlled Machine Tools

ISO §54:1976, Standard AtmosphereS:for Conditioning
andl/or Testing — Specifications

ISO [841:2001, Industrial Awutomfation Systems and
Intpgration —- Numerical,"Control of Machines —
Cogprdinate System and Motion Nomenclature

ISO 1940-1: 2003, Mechanical Vibration-Balance Quality
Requirements for‘Retors in a Constant (Rigid) State
— |Part 1: Specification and Verification of Balance
Tolprances

ISO 3R05:1976, Preferred Test Temperatures

ISO 10360<2:2001, Geometrical Product Specifications
(GPS)(=— Acceptance and Reverification Tests for

Coordinate Measuring Machines (CMM) — Part 2:
CMMs Used for Measuring Size

ISO 13041-1:2004, Test Conditions for Numerically
Controlled Turning Machines and Turning Centres —
Part 1: Geometric Tests for Machines With Horizontal
Workholding Spindle

ISO 13041-2:2008, Test Conditions for Numerically
Controlled Turning Machines and Turning Centres
— Part 2: Geometric Tests for Machines With Vertical
Workholding Spindle

17

ISO/IEC Guide 99:2007, International \Vpcabulary
of Metrology — Basic and General. Congepts and
Associated Terms (VIM)

Publisher: International Organization for| Standar-
dization (ISO) Central Seeretariat, 1, dh. de Ia
Voie-Creuse, Case postalel56, CH-1211 Geneve 20,
Switzerland /Suisse (www,iso.org)

3 NOMENCLATURE

1D = one-dimensional
2D = awo-dimensional
3D three-dimensional
A = a computer-controlled rotary akis, other
than a spindle axis!
A = bidirectional accuracy of positionjing of an
axis
AT = unidirectional accuracy of positiohing of an
axis, forward direction
Al = unidirectional accuracy of positiohing of an
axis, reverse direction
A,, = bidirectional total angular error
A, = unidirectional total angular erros, forward
direction
Aaei = unidirectional total angular errdr, reverse
direction
ANGF = angle measured in the forward |direction,
straightedge reversal
ANGR = angle measured in the reverse |direction,
straightedge reversal
a* = upper limit of a uniform distribution
a~ = lower limit of a uniform distributjon
B = maximum of the absolute reversal values at
all target positions along an axis
B = mean reversal value of an axis
B,, = reversal deviation of angular errof
B, = Teversat valtte at target position, 7, along or
around an axis
C = a programmable spindle axis
C, = a programmable spindle axis on a machine
with more than one spindle axis (n=1, 2,...)
CPMA = circular profile measurement accuracy

! InthisStandard, “A” is used to symbolize two different quantities. This
is done to conform with existing ISO and ANSI standards. The accuracy
variable, A, is italicized. The axis designation, A, is not italicized. The
usage is so different it is expected that no confusion will arise.
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E(X)
E(Z)

E

ae

E,1
E

ETVE
e(x,T)

e(x, 1)
e(znT)
e(sz,)
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clockwise

tioning, X-axis
bidirectional systematic(deviation of posi-
tioning, Z-axis

= bidirectional systerhatic angular error
= unidirectional systeématic angular error, for-

ward directien
unidirectional systematic angular error,
reversedirection

= envitdrimental temperature variation error
= range of thermal drift, target position 1, X

diréction, forward, thermal distortion test

Yoo £ 1y

LX

LZ
LMA(X)
MA(Z)
LSC
LUTM

M

= traverse length of the X-axis

circu-

rota-

rota-

two-

and

mean X circle center at position n =1, 2, FmaXJ, = radial deviation, maximum, counterclock-
two-sphere axis alignment wise direction, circular test
mean Y circle center at position n =1, 2, FminT = radial deviation, minimum,
two-sphere axis alignment direction, circular test
X displacement at position n (n = 1, 2,...) mei = radial deviation, minimum, counterclock-
after 30 min, composite thermal error test wise direction, circular test
X displacement at position n (n = 1, 2,...) FM(X) = feature measurement accuracy, X direction
after t min, composite thermal error test FM(Z) = feature measurement accuracy, Z direction
Y displacement at position n (n = 1, 2,...) FR, = mean sag of face indicator, rim-and-face test
after 30 min, composite thermal error test FRN = mean face readingat N, N =0,3,6,9, rim-
Y displacement at position n (n = 1, 2,...) and-face test
after t min, composite thermal error test GT = circular deviation, clockwise, circulartpst
Z displacement after 30 min, composite Gl = circular deviation, counterclockivise,
thermal error test lar test
Z displacement after ¢ min, composite ther- H = circular hysteresis, circular-test
mal error test HA = horizontal angle between two axes of

= diameter of a test cylinder tion, coaxiality of akes'of rotation
distance between two gages HO = horizontal offset between two axes of

= gage reading during spindle warm-up test tion, coaxialityof axes of rotation
(i=1tob) HO, = horizontal offset at positionn,n =1, 2

= spindle thermal drift, X direction sphere axis‘alignment

= spindle angular thermal drift of axis aver- INCR = increfnént length used to test block gxecu-
age line, X-Z plane tien\time

= spindle thermal drift, Y direction i =:index of target position

= spindle angular thermal drift of axis aver- je=)index for number of measurements
age line, Y-Z plane %, = coverage factor

= spindle thermal drift, Z direction L = dimension of workpiece at 20°C (68°F
diameter of a circle or part L,, = distance between indicators 1 and

= bidirectional systematic deviation of posi- spindle face, spindle thermal stability fest
tioning of an axis L. = length of a test cylinder
unidirectional systematic deviation of posi: L., = distance between the displacement indica-
tion of an axis, forward direction tors in the composite thermal error tegt
unidirectional systematic deviation~of posi- L; = dimension between two gages used tpo cal-
tion of an axis, reverse direction culate angle
bidirectional systematic deviation of posi- L. = dimension of the reference and/or working

standard at 20°C (68°F)
dimension of an object at temperature T#
20°C (68°F)

traverse length of the Z-axis
linear measurement accuracy, X direcfion

linear measurement accuracy, Z direcion

least-squares circle center of a polar ptofile
length uncertainty due to tempefature
measurement
range of the mean bidirectional posifional

range-ofthermaldrifttargetpositon—+%
direction, reverse, thermal distortion test
range of thermal drift, target position n, Z
direction, forward, thermal distortion test
range of thermal drift, target position n, Z
direction, reverse, thermal distortion test
out-of-squareness angle between a straight-
edge and a spindle axis

FmaxT = radial deviation, maximum, clockwise

direction, circular test

18

Max[q] =

MBET
MIC

deviationsofanaxis

maximum value of a quantity, g
minimum block execution time
minimum inscribed circle center of a polar
profile

= minimum value of a quantity, g

measurement repeatability of a radius
measurement repeatability, X direction
measurement repeatability, Z direction

= mean sag of the M gage, reverse indicator test
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MRN = mean M gage reading at N = 0, 3, 6, 9, SMTC = significant mean temperature change
reverse indicator test SOTR = safe operating temperature range
MRS = minimum radial separation center of a polar SR, = mean sag of the S gage, reverse indicator test
profile SRN = meanS gage readingatN =0, 3,6, 9, reverse
m = total number of measurements of a speci- indicator test
fied quantity SZ = specification zone for a quantity specified
N = Newton, unit of force in this Standard
NDE = nominal differential expansion s, = estimator of the standard uncertainty of a
NE = nominal thermal expansion of the object to quantity measured at the i position
be measured or calibrated QI.T = estimatar of the standard uncertainty in the
INE, = nominal thermal expansion of the standard forward direction at position i
n = numb'er of measurements of the same s;l = estimator of the standard uncertajnty in the
quantity reverse direction at position i
P = periodic error of a linear or rotary axis T = temperature of the wofkpiece
P; = target position in the positioning tests, " T, = temperature of thesreference andf or work-
position . " ing standard
p,; = measured'p.osmon at the j™ approach to the TEI = thermal errordmdex
target position, P, f = time
q=a quantity to be measured, i.e., a measul.‘and UL(L) = expanded thermal uncertainty
4 = mean of a set of measurements of a quantity, 4 UNDE = uncertainty of nominal differential pxpansion
q; = the /M measurement of a quantity, g UNE = b tty ¢ inal th ) pat
R = bidirectional repeatability of a measurement UNE ; Eg(c:zit:g; (()) erOommlir:al tlfgﬁale )5 aerlls(;gn
RT = unidirectional repeatability for an axis, for- s ¢ dard p
ward direction (maximum value) \S ora star.l ar .
Rl = unidirectional repeatability for an axis, W= uncertainty of temperature of fhe object
reverse direction (maximum value) being measured or calibrated
R, = radius of an artifact #(T,) = uncertainty of temperature of the| reference
R, = bidirectional repeatability of angular error _ and/or .workmg standard’ )
R, 1 = unidirectional repeatability of angular errorf u(a) = uncerta.mty of the .coefflc_ilent of thermal
forward direction expansion of the object being medasured or
R, EJ« = unidirectional repeatability of angularertor, cahbrat?d .
reverse direction u(a,) = uncertainty of the coefficient of thermal
R; = bidirectional repeatability of peositioning at expar}smn of reference standarfl and/or
position i work1.ng standard '
RT = unidirectional repeatability, 6f positioning U(L) = combined standar.d thermal unce tamty
in the forward directiofi'at position i Ugryp = standard uncertainty d.ue. to thg environ-
Rii = unidirectional repedtability of positioning mental temperatt}re variation .
in the reverse diréction at position i u, = standard uncertainty of a quantity, 4
R,;, = measured radiis)of a part, i= 1, 2, machine ug, = standard uncertainty of a meapurement,
performangé\as a measuring tool denoted by the subscript sub
sz‘ = radius of@part, i = 0, 1,2, 180, machine per- u, = estimate of the standard unceftainty, X
B formanece as a measuring tool direction, tool Change repeatability
,i = averdge measured radius of a part, i=01,2 Vmax = maximum feed rate observed, minimum
180, machine performance as a measuring tool block execution time test
sphere tadius of a sphere VA = vertical angle between two axes of rotation,
R 4= tool change repeatability, X direction coaxiality of axes of rotation
?PS — mean c:\g ofrim inr‘]inqi—nr] rimeand-face test VMA = volumetric measurement accuracyy
RRN = mean rim reading at position N, N =0, 3, 6, VO = vertical offset between two axes of rotation,
9, rim-and-face test coaxiality of axes of rotation
r(#) = radial error motion of a spindle VO, = vertical offset at position n = 1, 2, two-
r, = radius of the eccentricity in rotating- sphere axis alignment
sensitive-direction spindle testing W = out-of-squareness angle
r,(6) = radial motion of a spindle measured by X = alinear axis direction, usually the cross-slide
gagen(n=1,2,..) X, = a linear machine axis on a machine with
rpm = revolutions per minute more than one X-axis (n = 1, 2,...)
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x, = bidirectional deviation of axis positioning

at position i
T = mean deviation of an axis positioning in the

forward direction at the i position

Xl = mean deviation of an axis positioning in the

reverse direction at the i position

positional deviation for the j measurement

at the i'" position

measured and the line where the displacement is to be
determined.

Abbe principle: the displacement-measuring system
should be in line with the functional point whose dis-
placement is to be measured. If this is not possible,
either the slideways that transfer the displacement must
be free of angular motion, or angular-motion data must
be used to calculate the consequences of the offset.

Xy T pos1t10ne.11 deviation .at the i position accessory spindle: a spindle, other than the main spindle,
along an axis, forward direction L T L )
; \L _ ]th positlonal deviatlon at the lth posﬂ-ion Udt Wds bup})uc‘u‘ WILUL d IIdCIUIc U},ll 110U l‘llcll ufaC'
g . i tured by the Supplier of the base machine and.is, by the
along an axis, reverse direction . : .
X, |= average X reading, tool-change repeatabilit machine Supplier, considered an add-on.
: & & ge rep y
x,; |F i X reading, tool-change repeatability accuracy: quantitative measure of the degree'of conform-
Y | a linear direction on a lathe, usually the  ance to recognize national or intermational phjsical
nonsensitive direction standards and methods of measurement.?
Y(6) |= tilt degree of freedom for a rotary axisin the  accuracy (of measurement): clogeness of the agregment
nonsensitive direction between the result of a measureément and a true [value
Z [= alinear axis direction, usually the in-feed of the measurand.
Zyo |F measured step height, machine perform-  \o1gs.
anceas a meas.uring FOOI . ) (1) Accuracy is a qualitative concept.
Z, [F a linear machine axis on a machine with (2) The term precision Should not be used for accuracy.
more than one Z-axis (n =1, 2, ...)
Z,, |= average measured step height, machine actual path: thepath produced by the machine tool when
performance as a measuring tool programmed to move along a nominal path.
a [= coefficient of thermal expansion of the actual pesition, P, (i = 1 to m; j = 1 to n): the meapured
object being measured or calibrated position reached by the moving component on the j
a, |= coefficient of thermal expansion of the ref-  apfroach to the it target position.
erence and/or working standard finbient temperature: the temperature of the ambient air
a(f) |= axis of rotation angular error motion abf)Ut (or other working fluid, such as oil on an oil-shoyered
the X direction as a function of the rotation 5 chine) surrounding a machine. (See also mean aribient
angle ) . temperature.)
B(6) [= axis of rotation angular error motienabout . ) . .
the Y direction as a function of thewrbtation angular/drzft.of axis average line: the change in angle of a
angle spmc.lle s axis average line caused by thermal effects due
A,(#) |= axis of rotation translationaherror in the X to spindle rotation.
direction as a function of thé rotation angle artifact: a generic term used to describe a stable, phjysical
A(6) |= axis of rotation translational error in the Y object, used as a master in machine testing. Particpilarly
direction as a function of the rotation angle used to describe a ball, a set of balls, or a mandpel in
A () |= axis of rotationyfrahslational error in the Z ~ many tests in this Standard.
direction as asfunction of the rotation angle aspect ratio: for a turning center, the ratio of the trayel of
y(6) [F axis of rotation angular error motion about  the longest linear axis to the shortest linear axis. Allarge
the Z direction as a function of the rotation  aspect ratio machine is defined as having an aspect ratio
anglg greater than 3.
0= .angular position of a rotary axis (spmn.:lle axes autocollimator: an optical instrument that allows meas-
included) or the e.m.gle between t‘.NO lines urement of the angle between its optical axis and ¢ mir-
= ”‘fﬂmg] mnA"ﬂ_hmhf ofa-material Tor, whose calibration is independent ol the distance
pm = mlcrometer, unit of length . between the instrument and the mirror.
T = time constant of a physical quantity . ) .
auxiliary spindle: see accessory spindle.
4 DEFINITIONS

Abbe error: the measurement error resulting from angu-
lar motion of a movable component and an Abbe offset.

Abbe offset: the instantaneous value of the perpendicu-
lar distance between the line where the displacement is
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2 1S0 defines accuracy (of measurement) as the closeness of the agree-
ment between the result of a measurement and the true value of the
measurand, with the conditions that accuracy is a qualitative concept
and the term precision should not be used for accuracy. This ASME
Committee does not concur that accuracy is a qualitative concept.
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Fig. 4-1 The Six Basic Error Motions of an Axis of Rotation

(d)

< .
Nix ¢

(a)

(e)

average: the average value of a series of measurements.
See also mean.

axial grror motion: the error motion collinear with the Z
refergnce axis of an axis of rotation [see Fig. 4-1, illustra-
tion (H)].

axisa
drive
prog
axis aperage line: the average axis of rotation.for,a rotat-
ing spindle. The axis average line is obtaified by least-
squates fitting a line through the centers of several
average error motion polar plots at«different distances
from the spindle face.

celeration/deceleration: the rate at which the maching
systems control the transition between different
ammed axis feed rates.

axis of rotation: a line about which'rotation occurs.

axis tyavel: the maximum frayel, linear or rotary, over
whiclp the movable component of a machine can move
undef numerical contrel:

C2v(0)
R J

(g)

uncertainty ‘of bidirectional positioning obtaifed using
a coverage'factor of 2.
A=max. (xT +2sT; ¥l + 2sd)

—min. (x,T —25T; x4 — 2s)
bidirectional repeatability for an axis, R: the maximum
value of the bidirectional repeatability positloning for
an axis; that is, R = max.(R)).
the maxi-
f angular

bidirectional repeatability of angular error, R :
mum value of the bidirectional repeatability
error for an axis.

bidirectional repeatability of positioning at a positipn, Ri: the
maximum range representing the expanded uncertainty
of bidirectional positional deviations, inclyding the
reversal deviation obtained using a coverage factor of 2,
or 4 times the standard uncertainty in either djrection at
the position, whichever is larger; that is

R, = max. (2s,T +2s + |BJ; R,T; R )

backlash: a relative) ‘movement between interacting where

mechhnical parts; resulting from looseness. B, = the reversal deviation at position |

ball bgr (magnetic, telescoping): a gage with two high-pre- RT =457

cisior} ballsand-magnetic-socket pairs held at the end of Rl = 45

a telepcaping rod, with an integral displacement sensor M sl L= th'ﬂ estimators—of the standard uhcertainty
to measure the change of distance between the balls/ nr at that position

sockets.

bearing error motion: the error motion of a rotary axis due
to imperfect bearings.

bidirectional: refers to a parameter derived from a series of
measurements in which the approach to a target position
is made in either direction along or around the axis.

bidirectional accuracy of positioning of an axis, A: the range
derived from the combination of the bidirectional sys-
tematic deviations and the estimator of the standard

21

bidirectional systematic angular error, E,;: the difference
between the algebraic maximum and minimum of the
mean unidirectional angular motions for both directions
of approach at any position along a linear axis being
measured. Computed in the same manner as the bidirec-
tional systematic deviation of positioning of an axis, E.

bidirectional systematic deviation of positioning of an axis, E:
the difference between the maximum and minimum of
the mean unidirectional positional deviations for both
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approach directions (i.e,, ET and El) at any position
along or around the axis.

E =max. (¥T,x) — min. xT,x!)

bidirectional total angular error, A : the range derived from
the combination of the bidirectional systematic angular
error and the estimator of the standard uncertainty of
bidirectional angular error, obtained using a coverage
factor of 2. Computed in the same manner as the bidi-

circle. It is equivalent to the total error motion valu

e (see

error motion value). Values are denoted GT for clockwise

rotations and G for counterclockwise rotations.

coefficient of thermal expansion: the true coefficient of
expansion, a, at a temperature, T, of a body is the rate
of change of the length of the body, L, with respect to

temperature at the given temperature divided b
measured length at the given temperature, L;.

1(dL)

y the

rectional fccuracy of positioning of an axis, /.

block look-fihead limit: the number of part program blocks
ahead of fhe block being executed that a CNC controller
uses to plan motion.

broadband| vibration amplitude: the amplitude (size) of
vibration pllowed over a specified frequency band, usu-
ally specified as the maximum vibration from a low-
frequency} say 1 Hz, to an upper frequency of several
thousand fhertz.

Bryan prjnciple: the straightness-measuring system
should bp in line with the functional point whose
straightngss is to be measured. If this is not possible,
either the|slideways that transfer the straightness must
be free ofJangular motion, or angular-motion data must
be used tq calculate the consequences of the offset.

canned cydle: see fixed cycle.

cap test: a|check for electrical noise and drift of a trans-
ducer, mgst commonly applied to displacement trans-
ducers, densors, or indicators (see Nonmandatory
Appendix I). In this Standard, the check is normally
performedl by placing a stable “cap” on a displacement
indicator pnd monitoring its output over time((Seé also
transducer| drift check.)

capacitancp (cap) gage: a displacement measuring device
of relatively short range and high resolution that func-
tions by fneasuring the electrical-capacitance between
the probe|tip and the surface beifig-displaced.

catenary: the curve formediby/ a flexible string, wire,
band, or fable suspended bBetween two spatially sepa-
rated points of equal height in a gravitational field. The
form of the curve is<detérmined primarily by the tension
in the sugpendedelement and its mass per unit length.
In the coptext‘of this Standard, a catenary correction
refers to theidifference between this curve and a straight
line betw : Hts; i

vertical direction.

chatter: self-excited relative vibrations between the tool
and the workpiece during the cutting process that may
damage the cutting tool, the machine, or the part in
roughing cuts and degrade the surface finish in finish-
ing cuts.

circular deviation: the minimum radial separation of two
concentric circles enveloping the actual path (minimum
zone circles) in the circular test and that may be evaluated
as the maximum radial range around the least-squares

L dr);

cold machine: a machine at a stable operating)tem
ture where during the last 2-h period

(a) the hydraulic systems and servds-have been

(b) the spindle has not been rotated above 10%
maximum revolutions per minute

(c) the axes motions have béen restricted to
those necessary to set up measurement equipment

A secondary definitiofpis”that the machine hag
allowed to thermallyStabilize for a Supplier- or
specified soak-ouf/tinie.

combined angulay~standard thermal uncertainty: for thq
poses of this Standard, the combined angular sta
thermal uncertainty for the angle measurement is giv|

u,(A) = JETVE? /12

conibined standard thermal uncertainty: for the purpo
this Standard, the combined standard thermal uncer
for a length measurement made at a temperature
than 20°C (68°F) in a changing environment is give]

pera-

on
bf the

only

been
[User-

3 pur-
hdard
en by

ses of
tainty
other
by

+ a2uX(T) + La*u*(T)

w (D) = \/ugm + (T, — 20%u*(a,) + X(T — 20)%uf

command: an operative order to initiate a movemyg
a function.

command mode: a mode of operation of the comma|
data-entry device and display device in which e
are interpreted as functions to be executed.

—

a)

bnt or

nd or
htries

comparator: any device used to perform the conppari-

son of the part and the master. For the purposes

f this

Standard, the comparator can be a simple short-|
indicating device, such as a gage block compara
a complex comparator, such as a coordinate mea

compensation: the practice of using prerecorded

error

tables and in-process sensing of variables such as tem-
perature for correcting the position of a CNC machine

using the CNC controller.

compliance: the displacement per unit static force between

two objects, specified with respect to the structural

loop,

the location and direction of the applied forces, and the
location and direction of the displacement of interest.
The following terms can be applied when the structural

loop contains an axis of rotation or a linear axis:
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angular compliance: applicable when a pure moment
is applied to a rotary axis in the direction of the designed
angular displacement.

axial compliance: applicable when the force and the
displacement are collinear with the Z reference axis.

face compliance: applicable when the force and dis-
placement are parallel to the Z reference axis and at a
specified radial location.

linear compliance: applicable when the force and dis-

cycle time: the period of time from starting one machine
operation to starting another (in a pattern of continuous
repetition).

deviation: in general, the difference between an actual
value and the desired value, or commanded value, of
a quantity. In this Standard, this word is used synony-
mously with error and refers to the average difference
between an actual value and the desired value, unless
otherwise specified. (See also error.)

placement are applied to a machine axis designed for
lineait motion. Linear compliance can be in the direction
of thq slide axis or perpendicular to that direction.

dinl compliance: applicable when the force and dis-
placement directions are at 90 deg to the reference axis.

tjlt compliance: applicable for a pure moment and a tilt
displacement in a plane containing the Z reference axis.

compiyter numerical control (CNC): a numerical control
system in which the data-handling sequence, the con-
trol fiinctions, and the response to data input are deter-
mine¢l primarily by a control program executed by a
compjuter.

constqnt surface speed: in a turning application, the con-
ditionp achieved by varying the speed of rotation of the
workpiece relative to the tool inversely proportional to
the d{stance of the tool from the center of rotation.

conto
two

each
is ger]

iring control system: a system of control in which
r more controlled motions move in relation~to
pther so that the desired angular path or centour
erated.

conto
that ¢
tion,

ring mode: a mode of operation of a/€NC system
perates in one of the defined modesof interpola-
g, linear, circular, or parabolic.

contrql program: an order set of ipstruction in a compu-
ter lahguage and a format thatprevide a computer base
contrpl system with the capability of properly execut-
ing slystem functions andyeommands of the machine
progiam.

cosind error: the meastitement error in the motion direc-
tion daused by angdlar misalignment between a linear
displacement{measuring system and the gage or dis-
placement being measured.

coverqgefaetor: a numerical factor used as a multiplier of

deviation of position, X the actual position reached by the
moving component minus the target position:

X = Pl.j - P,
diagonal displacement: the displaceinent of the
a machine tool along a diagonakin its work gone. The
diagonal may be either a face‘diagonal, that is,[in a plane
defined by two machine akes, or, in the gerjeral case,
along a body diagonal ‘defined by the displafement of
three machine axes.

“tool” of

differential expansion: the difference between the expan-
sion of the pdrt and the expansion of the mgster from
20°C (68°E){to)their time-mean temperatures gt the time
of the meaSurement.

displaceirient indicator: see displacement transduder.

displacement transducer: any one of a family ¢f devices
that measures displacement between a datym and a
moving element. Such instruments could be, [for exam-
ple, capacitance gages, linear variable differerftial trans-
formers (LVDTs), dial gages, laser interferometers, or
eddy current probes. (See also indicator and trqnsducer.)

drift test: an experiment conducted to detefmine the
actual drift inherent in a measurement syst¢m under
normal operating conditions. This test usually ¢onsists of
simultaneous recordings of drift and environmgntal tem-
peratures. The recommended procedure for the conduct
of a drift test is given in para. 6.2 for the measyrement of

environmental temperature variation error (ET|VE).

drifts of axis average line: positional drifts of a| spindle’s
axis average line caused by spindle thermal effects. For
the purposes of this Standard, these drifts are ¢lefined as
close to the chuck, part-holding device, or to¢l-holding
device as is practical (see para. 7.1.3).

environmental temperature variation error (ETVE): an estimate
of the maximum possible measurement uncertainfy induced

th ol | ol 4 ot I I |
€ Stancarauncer Lauu.y W ovldlilt dait C)\Pdllucu Ul =

tainty, normally denoted k.

cutter diameter (radius) compensation: a displacement
normal to the cutter path to adjust for the difference
between the actual and the programmed cutter radius
or diameter.

cutter diameter (radius) offset: a displacement normal to
the cutter path that is along a machine axis, to adjust for
the difference between the actual and the programmed
cutter radius or diameter.

23

solely by deviation of the environment from average condi-
tions. For the purposes of this Standard, it is assumed that
the errors due to temperature variation are uniformly dis-
tributed with a total range equal to the measured ETVE.
Since the ETVE is a total range, it must be converted to a
standard uncertainty, as is discussed in para. 6.2.1.

error: the difference between the actual response of amachine
to a command issued according to the accepted protocol of
that machine’s operation and the response to that command
anticipated by that protocol. (See also deviation.)
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Fig. 4-2 Error Motion Polar Plot Showing a Polar Chart Center, a Least-Squares-Circle Center, and Error Motion
Values About These Centers
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following terms apply to the error motion polar plot and

the reference coordinate axes, of the surface of a perfect
workpiece with its centerline coincident with the axis of
rotation. Error motions are specified as to location and
direction as shown in Fig. 4-1, illustration (a), and do not
include motions due to thermal drift.

error motion measurements: a measurement record of error
motion that should include all pertinent information reg-
arding the machine, instrumentation, and test conditions.

error motion polar plot: a polar plot error motion made
in synchronization with the rotation of the spindle. The

24

its components (see Fig. 4-2):

asynchronous error motion polar plot: the deviation of
the total error motion polar plot from the average error
motion polar plot.

average (synchronous) error motion polar plot: the mean
contour of the total error motion polar plot averaged
over a number of revolutions that can be divided into.

fundamental error motion polar plot: the best-fit refer-
ence circle fitted to the average error motion polar plot.
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inner error motion polar plot: the contour of the inner
boundary of the total error motion polar plot.

outer error motion polar plot: the contour of the outer
boundary of the total error motion polar plot.

residual error motion polar plot: deviation of the aver-
age error motion polar plot from the fundamental error
motion polar plot.

total error motion polar plot: the complete error motion
polar plot as recorded.

feed function: a command defining a feed rate.

feed hold: the action of the controller to temporarily sus-
pend all axis motion and machine program execution, in
response to some condition or command that is not part
of the machine program.

feed rate: the rate of motion of the feed axis of the tool rela-
tive to the workpiece, measured in millimeters per minute
(mm/min) or millimeters per revolution (mm/rev).

fixed cycle: a preset series of operation that directs the

error
motid

motion value: a magnitude assessment of error
n.

asynchronous error motion value: the maximum value
of 4 fimes the standard uncertainty obtained during a
spindle error motion measurement, after the average
error [motion has been subtracted from the error motion
polar|plot.

average error motion: the average (mean) error motion
in the spindle performance test. At least 20 revolutions
are rgquired by this Standard.

dverage error motion value: the scale difference in radii
of twlo concentric circles from a least-squares motion
centef just sufficient to contain the average error motion
polar|plot.

estimqtor of the unidirectional standard uncertainty of posi-
tioninlg at a position, siT or sii/: estimator of the standard
uncettainty of the positional deviations obtained by. a
serieq of n unidirectional approaches at a position P,.

expanfled thermal uncertainty: i the case where the effec-
tive umber of the degree$ of treedom for each of the
uncetftainties in the combined standard thermal uncer-
taintips is known, the‘expanded uncertainty should be
computed following{the example given in the latest
versipn of ISO Guidelines. In the absence of such infor-
matiqn, a cqverage factor of k = 2 should be used to
yield|an expanded uncertainty of length measurement
at approximately the 95% confidence level, due to tem-
peratlre ”1(7\ given by

machine axis movement and/or causes the gpihdle oper-
ation to perform a complex function (e.g., boring, drilling,
tapping, probing, facing, or a combinatipn-therfof).

fixed zero: a reference position of the origin of the coordi-
nate system not readily movable.

NOTE: This is typically a characteristic of a machine having abso-
lute feedback elements.

floating zero: a charactefistic of a numerical cqntrol sys-
tem permitting the zero point on an axis to be egtablished
readily at any pdint; the control retains no information
on the locatjen{of any previously established zeroes.

functionallpoint: the point on the machine todl where a
cutting™ool would contact a part for the pyrposes of
matetial removal.

Sindamental error motion: in spindle testing| an error
motion that is at the spindle rotation frequencyy.

gage: a mechanical artifact, often of high preci
either for checking a part or for checking thq accuracy
of a machine, or a measuring device with a pr¢portional
range and some form of displacement indicafor. When
referring to a measuring device, the term gape is syn-
onymous with displacement indicator or sensgr, as used
in this Standard.

tion, used

grid encoder: a type of two-axis positioning reqdout sen-
sor that, through the use of a two-dimensionjal grid or
grating and an electronic read head, allows the position
of the read head with respect to the grid to be accurately
measured in two dimensions.

high-speed spindle: for the purposes of this [Standard,
any spindle that can operate at continuous duyty at over
10,000 rpm.

hysteresis: a component of bidirectional repgeatability
caused by mechanisms such as drive train flearance,

+UNL) = +ku (L) = +2u_(L)

expanded uncertainty: a quantity defining an interval about
the result of a measurement that may be expected to
encompass a large fraction of the distribution of values.

face error motion: error motion parallel to the Z reference
axis at a specified radial location.

face runout: the runout of the face plate of a lathe as
measured with an indicator in the tool position at some
X distance off the axis of rotation.
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TUide way cleararnce, mechanicat detformatons, friction,
and loose joints. For the purposes of this Standard, two
types of hysteresis are defined.

machine hysteresis: the hysteresis of the machine
structure when subjected to specific loads.

setup hysteresis: the hysteresis of the various ele-
ments in a test setup, normally due to loose mechanical
connections.

identification of axes: the identity of an axis moved to pro-
duce an actual path during machine testing.
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incremental dimension: a dimension expressed with
respect to the preceding point in a sequence of points.

incremental feed: a manual or automatic input of preset
motion command for a machine axis.

indicator: a device used to measure displacements between
a surface and a reference point. For the purposes of this
Standard, an indicator could be a dial gage, an LVDT, or
a capacitance gage.

initial position: a fixed point along an axis referenced

load cell: a transducer that is used to measure force.
Normally a load cell has the capability to convert a force
into a proportional electrical signal.

machine coordinate system: the coordinate system that
corresponds to the axes of the machine on which a part
is to be manufactured. The coordinate system usually
includes one or more linear axes designated X, Y, or Z
(see ANSI/EIA-267-C). (The machine may also include
rotary axes usually designated A, B, and C.)

with respgct to a machine datum.

NOTE: Thig is typically used for start-up.

initializatipn: a sequence of operations establishing the
starting ppint of a machine.

intermittefit duty: with respect to motors, a measure of
the time that the motor is operated as a fraction of 100%
operationf continuous duty.

laser interft
placement

rometer: a fringe counting interferometer for dis-
measurement that uses a laser as a light source.

: machine scales that are based on laser inter-
F principles.

laser scaled
ferometri

lathe: any [one of a class of machine tools where the part
to be machined is rotated in a spindle to provide the sur-
face speedl necessary for material cutting.

length undertainty due to temperature measurement: the use
of this Stqndard requires that the measured length of a
body be dorrected to 20°C (68°F). This requires a mea-
surementfof the temperature of the body and an estimate
of its therfnal expansion coefficient. The uncertainty:that
the tempgrature measurement induces in the calculated
length is falled the length uncertainty due to \tefipera-
ture meaqurement (LUTM). In the case where.there is a
mechanicpl part and a mechanical master\itis given by

LUTM = o?L2u(T)* + o2 L3(T.)*

where u(T) and u(T,) are the staridard uncertainties in
temperatiire measurement of'the part and the standard.
In the casp where the standard is a laser interferometer,
a, should|be taken as 0:93.X 1076 / °C.

level: the fondition ‘©f*perpendicularity between a sur-
face and the forée‘of gravity, or an instrument used to
measure uch’perpendicularity.

linear variable differential transformer (LVDT): an electro-

machine datuni: the built-in zero position of the machine
elements used to establish the origin of the\médchine
coordinate system.

machine home: a condition in a machine’coordinatp sys-
tem where all machine elements are ‘ab home pofition
(i.e., at the machine datum).

machine program: an ordered sé¥’of instructions in|auto-
matic control language and.format sufficiently conpplete
to affect the direct operation of an automatic c¢ntrol
system.

machine tool duty rating (MTDR): the power level that a
machine tool’s spindle motor can operate above it$ con-
tinuous powex rating for a short period of time (inter-
mittent duty). This rating is supplied by the machine
tool Supplier.

machine zero: the origin of the coordinates in the machine
system.

indle
se of
metal

main spindle: on a turning machine, the largest sp
equipped for the fixturing of parts with the purp
turning such parts to provide surface speed for
removal. In the case where there are two spindles |capa-
ble of fixturing the same size of part, the main sgjindle
shall be that spindle that is used more often or that is
closest to the operator’s left hand when the opg¢rator
faces the machine.

master: the standard against which the desired d
sion of the part is compared. The standard may
the form of the wavelength of light, the length of 4
block, line standard, lead screw, etc.

men-
be in
gage

mean: in this Standard, the average value of a phjsical
quantity, denoted with a bar over the symbol fo} that
quantity.
Ambi-
from

mean ambient temperature: the mean temperature of the
ent environment surrounding a machine as computed

magnetic device used for displacement measurement.
Normally an LVDT has the capability to convert a dis-
placement into a proportional electrical signal.

live tooling: a generic term used to refer to tooling on a
turning center where the tool is rotated around a sec-
ondary axis of rotation for the purposes of milling, drill-
ing, etc. Depending upon the machine, the spindle that
holds the live tooling may be considered to be a main
spindle or an accessory spindle.
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7

at least two readings taken at the center of the machine’s

work zone during the interval required for the test.

mean bidirectional positional deviation at a position, x;: arith-
metic mean of the mean unidirectional positional devia-
tions, xiT and xiJ/, obtained from the two directions of
approach at a position, P,
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mean gage temperature: the mean temperature of a gage
used for machine testing as computed from at least two
readings taken on the gage during the interval required
for a test.

mean reversal value of an axis, B: the arithmetic mean of
the reversal values, B, at all target positions along or
around the axis.

1
m ]

value of quantity and its actual value. Therefore, the
nominal coefficient of expansion, in this Standard, will
be denoted a.

nominal differential expansion (NDE): the difference bet-
ween the nominal expansion of the object to be cali-
brated and the standard.

NDE = NE — (NE),

When measuring at temperatures other than 20°C (68°F),
corrections for the NDE must alwavs be made, The NDE

mean | scale temperature: the mean temperature of a
machjine scale as computed from at least two tempera-
ture feadings taken on that scale during the interval
spaniing the time required for a test.

mean |temperature: the average temperature computed
from Ja stated number of temperature measurements at
equally spaced time intervals at a specified location.

mean | unidirectional positional deviation at a position,
x,T off x: the arithmetic mean of the positional devia-
tions pbtained by a series of n unidirectional approaches

to a position, P..

1 7_2] 1

n
and

_ 1
xd = ;Z N

measyrement line: a line in the work zone of a machine
along which measurements are taken.

measyrement point: a point in the work zone of\@-machine
at whHich measurements are taken.

measyrement travel: part of the axis trayel that is used for
data ¢apture. It is selected so that the first and last target
positjons may be approached bidirectionally (see sec-
tion 7).
mininyum block execution timé(MBET): the minimum time

requifed by a CNC centroller to execute one program
block

movable component’ a major structural component
that {s movable relative to the machine base during
measfirement.

nominal coeﬁ‘lczent of thermal expanszon an estimate of the

is a systematic error and cannot be considetedl to be an
uncertainty.

nominal expansion (NE): an estimate,of the expansion of
an object from 20°C (68°F) to its timje-mean tenpperature.
It shall be determined from thefellowing relationship:

NE = oL (T4 20)

nominal path: a numerically*controlled and programmed
path defined by the fnachine’s appropriate [program-
ming protocol. For the purposes of the circpilar tests,
this path would‘be defined by its diameter pr radius,
the position-efits center, and its orientation of the work
zone of th®machine. Nominal paths for the cirfular tests
may either'be full circles or partial arcs.

nonsensitive direction: any direction perpendicylar to any
setsitive direction. (See also sensitive direction.

numerical control system: a special-purpose computer that
processes primarily numeric data to control the njovements
and functions of a machine to which it is connected.

humber of

polygon.
outlier: a measured value that is greater than|+2 times
the repeatability or less than —2 times the repeatability
from the average of all data values for the samg quantity
in the sample, where the repeatability of the thachine is
as defined in para. 7.2.7.

optical polygon: an optical element composed of a
plane surface mirrors arranged to form a regula

parametric: for the purposes of this Standard} refers to
the measurement of any of the geometrical grrors of a
machine. These include, for example, angular errors,
straightness errors, spindle errors, and alignment errors
such as parallelism and squareness.

part: in a dimensional or geometric measure
cess, the physical object for which a dimensig
determined. (See also workpiece.)

ment pro-
n is to be

coeffictertofthermmat cxpcul:uuu of = uuuy Fortte pur=
poses of this Standard and in reference to the nominal
coefficient of expansion of machine scales, it shall mean
the effective coefficient of the scale and its mounting to
the machine as measured in line with the scale for typical
machines of the given design. Since the true coefficient
for a given machine is not known, an uncertainty must
be applied when making nominal differential expansion
corrections (see para. 7.2.4). Following ISO practice, this
Standard does not differentiate between the expected
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part coordinate: the Cartesian (X, Y, Z) coordinate system
in which the part is defined and in which the tool coor-
dinates are specified.

part programming, computer-aided: the preparation of a
part program to obtain a machine program using a com-
puter and appropriate processor and post-processor.

31t is a requirement of this Standard that nominal differential
expansion corrections always be made. See para. 7.2.4 for details.
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part-trace test: a test that consists of cutting a part and
then replacing the cutting tool with a displacement indi-
cator (usually an LVDT) and repeating the original tool
path indicating against the part with the spindle off.

performance test: any of a number of test procedures that
are used to measure machine performance.

periodic error: an error in the linear or angular position-
ing of a machine that is periodic over an interval which
normally coincides with the natural periodicity of the

probe lobing: a systematic error in the measuring accuracy
of probing systems such that a measured value depends
on the displacement direction of the probe tip.

pure radial motion: the concept of radial motion in the
absence of tilt motion.

quadrant photodiode: a photodetector, used for measur-
ing displacements in two dimensions, composed of four
separate photodetectors arranged in a form that resem-
bles the quadrants of a circle.

machine Fcales. For example, In a lead-screw-driven
machine yith rotary encoders, the periodicity is usually
synchrongus with the pitch of the lead or ball screw.

pitch: the pngular motion of a carriage, designed for lin-
ear motion, about an axis perpendicular to the motion
direction ind perpendicular to the yaw axis.

play: a copdition of low or zero stiffness over a limited
range of displacement due to clearance between mem-
bers of th¢ structural loop.

polar charf

polar profi
In this St4
used.

(PC) center: the center of the polar chart.

e center: a center derived from the polar profile.
ndard, the least-squares circle (LSC) center is

positional {leviation: see deviation of position.

positioning control system: a numerical control in which

(a) each numerically controlled motion operates in
accordande with instructions that specify only the next
required jposition

(b) thelmovement in the different axes of motion aré
not necesgarily coordinated with each other and may.be
executed fimultaneously or consecutively

(c) velgcities are not specified by the input

positioning mode: a mode of operation of an\NC or CNC
system thfat performs in accordance withythe definition
of a positjoning control system.

probe: in this Standard, a device thateéstablishes the loca-
tion of th¢ movable components-of a machine tool rela-
tive to a fneasurement point:Three types of probes are
discussed|in this Standardx

nulling probe: a_prebe that, in reference to a work-
piece, givles a sighal* which causes the machine to be
driven to p position that will null the probe reading.

propo

tignal’probe: a probe that gives a signal propor-

radial deviation: the deviation in radial direction befween
the actual path and the nominal circular path, wheye the
center of the nominal path is obtained frontgither ¢ne of
the following;:

(a) the centering of the measuring iffstruments (
machine tool

(b) the least-squares centering arfalysis for a full
only

n the

circle

radial error motion: error motion of a rotary axis perpen-
dicular to the axis avetage line and at a specified prien-
tation angle (see Fig. 4-1).

radial runout: theymaximum reading obtained fjom a
displacement®sensor when the displacement senpor is
set to read in‘the radial direction against a part rqtated
in a spindlé. Customarily the spindle rotation is qt low
speed:

radian: the natural unit of angle. For small angles, the
radian is often represented by “rise over run.” Radians
can be converted to decimal degrees by multiplyihg by
57.29, or to arc seconds by multiplying by 206,263. The
microradian (urad) is a millionth of a radian.
mini-

y the

range: the difference between the maximum and
mum values of a set of measurements of nominal
same quantity.

reference coordinate axes: mutually perpendicular|(X, Y,

and Z axes fixed with respect to an object.

relative vibration: for the purposes of this Standard, the
nonzero-frequency relative motion between the popition
of a nominal tool and a nominal workpiece.

repeatability: for the purposes of this Standard, a mgasure
of the ability of a machine to sequentially position p tool
with respect to a workpiece under similar conditions.
Repeatability is defined on a per-axis basis (see|para.
7.2.7).

tional to a

1. 1 PR AN ) 1 £ b Lo s
LllDlJlClLCll ICIIL UL UIT Pl UDUCT I1IUILIT IS 1ITT lJUDlllUl L.

switching probe: a probe that gives a binary signal as a
result of contact with or being in proximity to a workpiece.

probe approach distance: the distance of approach to the
part at which the machine traverse speed is reduced to
the probe approach rate for measurement.

probe approach rate: the nominal speed of approach of the
probe toward the part during the acquisition of data.

probe cycle: a fixed cycle using a probe.

28

resolution: the lowest increment of a measuring device.
On a digital instrument, the least significant bit.

retroreflector: an optical element with the property that
an input light beam is reflected to return along the same
angle as it was incident.

reversal deviation of angular error, B : the maximum of the
absolute reversal values at all target positions along a
linear axis when measuring angular error. Computed
similarly to the reversal value of an axis.
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reversal value (error) at a position, B;: the value of the dif-
ference between the mean unidirectional deviations
obtained from the two directions of approach.

B, = xiT - xii
reversal value of an axis, B: the maximum of the abso-

lute reversal values, |B], at all target positions along or
around the axis.

B = max. (|B})

fixed sensitive direction: the workpiece is rotated by the
spindle, and the point of machining or gaging is fixed.

rotating sensitive direction: the workpiece is fixed, and
the point of machining or gaging rotates with the spindle.
NOTE: A lathe has a fixed sensitive direction; a jig borer has a rotat-
ing sensitive direction. With a fixed sensitive direction, the refer-
ence coordinate axis is fixed; with a rotating sensitive direction, the

reference coordinate rotates with the spindle.

sensor: a generic term used for an indicator that senses a

roll: the angular motion of a carriage, designed for linear
motign, about the linear motion axis.

rotaryf axis: any motion axis of a machine whose function
is to provide a rotary motion either for the purposes of
positjoning or for moving a part or a tool to provide suf-
ficienft surface speed for cutting (i.e., a spindle). In this
Standard, three types of rotary axes are defined.

btary machining axis: a rotary axis where the axis
can bp used to provide continuous-path contour cutting
in a rptary direction.

btary positioning axis: a rotary axis that allows the
rotatipn of a part into a new position for the purposes of
cuttinjg only; that is, this axis is not used to provide con-
tinuops, contour cutting, but only to reposition different
faces of the part for the purpose of metal removal.

spindle: a device that provides an axis of rotation for
the ppirposes of rapidly rotating a part or a tool to pro-
vide gufficient surface speed for cutting operations.

runo
instry
with

t: the total range of displacements measured by an
ment sensing against a moving surface orymoved
Fespect to a fixed surface.

safe operating temperature range: the temperature range at
whiclp a machine tool may be expectedito‘operate with-
out physical damage to the machigié\or its support sys-
tems [i.e., computers, controllers{ etc:).

scale:
lineaf

the part of a transducer.system that provides the
or rotary position ef'a-machine axis. For the pur-
poseq of this Standard, the’transducer system could be
a line|scale, inductivéiscale, a shaft encoder, or any type
of lingar or rotary positional measuring device. Where
tempegrature is frentioned in this Standard with respect
to a sgale, it fefers to the temperature of the material that
comprises.the portion of the scale that establishes the
unit ¢f lesigth. For example, in a line scale, it refers to

particular physical quantity. In this Standaxd| the term
sensor is normally used to mean a displacem@nt indica-
tor. (See also displacement indicator.)

ssembled
Ffement in

sensor nest: a group of more than phe sensor 3
together in a stable fixture to,allew measu
more than one direction.

sequence number: a numbegidentifying blocks
of blocks in a machineptogram.

I a group

settling time: the timerequired between contadt of a pro-
portional probe with a measurement point angl the time
at which valid data may be taken.

significant/mean temperature change: the chanjge in the
mean ainbient temperature surrounding a maghine that,
in the'Supplier’s judgment, will cause suffici¢nt degra-
dation in machine performance such that pegformance
evdluation (section 7) should be repeated.

soak out: one of the characteristics of an object is that it
has a thermal “memory.” When a change ir| environ-
ment is experienced, such as occurs when an object is
transported from one room to another, thege will be
some period of time before the object complétely “for-
gets” about its previous environment and ¢xhibits a
response dependent only on its current environment.
The time elapsed following a change in enyironment
until the object is influenced only by the new environ-
ment is called the soak-out time. After soak out, the
object is said to be in equilibrium with the new environ-
ment. In cases where an environment is time vhriant, the
response of the object is also a variable in timg.

socket: a spherical cup that allows the accurgte reposi-
tioning of one end of a telescoping ball bar.

specific power or specific force: the power or forc¢ required
for the removal of a unit volume of a particular material
per unit time in cutting.

the matrix on which the lines have been deposited; for
a lead or ball screw, it refers to the temperature of the
material composing the screw itself.

sensitive direction: the direction where relative motion
between the tool and the workpiece causes one-for-one
form errors to be cut into the workpiece. On lathes the
error motion of the main spindle must be considered to
be in the fixed sensitive direction. The error motions of
tool spindles are in the rotating sensitive direction. Two
types of sensitive directions are recognized.
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specification zone (SZ): for the purposes of this Standard,
the value specified in a machine specification for the
result of a particular test.

spindle: see rotary axis.

tool spindle: a spindle whose purpose is to rotate a
cutting tool to remove material from a workpiece.

work spindle: a spindle whose purpose is to rotate
a workpiece to provide sufficient surface speed for the
purposes of material removal by cutting.
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spindle speed: the rate of rotation of a machine spindle,
usually expressed in revolutions per minute.

spindle speed function: a command defining the spindle
speed.

squareness: a plane surface is “square” to an axis of rota-
tion if coincident polar profile centers are obtained for
an axial and face motion polar plot at different radii.
Also, for linear axes, the angular deviation from 90 deg
measured between the best fit lines drawn through two

Standard, stiffness is defined with respect to the struc-
tural loop.

straightness error: the deviation from straight-line move-
ment that a displacement indicator positioned perpendic-
ular to a slide direction exhibits when it is either stationary
and reading against a perfect straightedge supported on
the moving slide, or moved by the slide along a perfect
straightedge that is stationary.

NOTE: In some documents, the moving indicator against the sta-

sets of stfaightness data derived from two orthogonal
axes in a gpecified work zone.

staging: the moving of a gage from a first position to
a second [position such that a series of measurements
started infthe first position may be continued in the sec-
ond positfon.

standard Yncertainty due to the environmental temperature
variation drror: the environmental temperature variation
error (ETYE) is measured as the range of the total drift
of the instrument/master/part system as described
in sectior| 6. To convert this to a standard uncertainty
according to ISO Guidelines, it is assumed that this
environmeental error is uniformly distributed within this
range for|a given measurement. The resulting standard
uncertainty, u.pp, is then given by

ETVE?
12

Upryg =

standard upicertainty (of a quantity, q), u, or u(q): given a sef
of n measurements of a quantity, g, the standard uncer-
tainty in { is given as

where
g [= the mean of the set ofimeasurements

g. [= the individual measurements
This quantity is also sométimes called the estimator
of the stahdard uncertairityand commonly symbolized
by s,.
static erro
error mot
sampled
rotationall

motion giéasurement: a special case of spindle
on meastirement in which the error motion is
vith-the spindle at rest at a series of discrete
pasitions.

tionary straightedge 1s called lateral deviation.

structural loop: an assembly of mechanical cemponents
that maintain relative position between spécified oljects.
A typical pair of specified objects is the“cutting toql and
the workpiece; the structural loop,would include the
spindle shaft, the bearings and housing, the slidgways
and frame, possibly the foundation, and the tool and
work-holding fixtures (see Fig.\4-3).

Supplier: a party who contracts, or indicates readingess to
contract, to supply a machine tool to a User. Also ¢alled
a vendor in some ISO-documents.

synchronous errof otion: another term for average|error

motion, used in spindle testing.
systematic ¢xtor: the mean that will result from an infi-
nite number of measurements of the same measfirand
carrigdrout under repeatability conditions, minus f true
value of the measurand.
or; like
true value, systematic error and its causes cannot be completely

NOTE: Systematic error is equal to error minus random err

known. For a measurement instrument, systematic error i} often
called bias.
target position, P, (i = 1 to m): position to which themov-

ing component is programmed to move. The subpcript
i identifies the particular position among other selected
target positions along or around the axis.

temperature at a point: when discussing a body that does
not have a single uniform temperature, it is necesspry to
refer in some manner to the distribution of tempegature
throughout the body. Temperature at a point in a|body
is assumed to be the temperature of a very small vqlume
of the body centered at that point. The material of yhich
the body is composed is assumed to form a continfjrum.

temperature of a body: when the differences betwe¢n the
temperatures at all points in a body are negligible, the

steering mirror: a mirror used to steer the laser beam
to the appropriate angle in the diagonal displacement
measurement test.

step gage: a gage comprising a rigid bar with calibrated
steps used for determining accuracy of distance mea-
surements in a direction of linear motion.

stiffness: the reciprocal of compliance. Usually defined
statically as a ratio of the applied force to the displace-
ment of a machine element. For the purposes of this

30

body 1s said to be at a unitorm temperature. This tem-
perature is then the temperature of the body.

instantaneous average temperature of a body: when the
body is not at a uniform temperature at all points, but it
is desirable to identify the thermal state of the body by a
single temperature, the temperature that represents the
total heat stored in the body may be used. When the body
is homogeneous, this is called the instantaneous average
temperature of the body. (This temperature is the average,
over the volume of the body, of all point temperatures.)
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Fig. 4-3 An Example of a Structural Loop Showing a Workpiece, Spindle, Machine Bed, and Tool
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time-mean temperature of a body: the average of the
average temperature of a body, over a fixed period of
time.|The fixed period is selected as appropriate to the
measpirement problem.

thermpl error index (TEI): in some caSes, particularly in
factoties, dimensional measurements are made at other
than 20°C (68°F), corrections are not made for the nomi-
nal dffferential expansion petween standard and part,
and the environment is ¢opstantly changing. In such a
case, there is a systematic érror that is coupled with the
thernpal uncertainty‘index to give an overall estimate of
the efror made inmanufacturing or measurement. Since
the npminal differential expansion correction is a sys-
tematic errorit’is not subject to statistical analysis. This
Standard‘defines, in this particular case, a thermal error
indeX that estimates the maximum possible percent-

Structuratloop

volume) at another temperature is called the|linear (or

volumetric) thermal expansion of the body.

thermally induced drift: drift caused by variations jn the ther-
mal environment or internal heat sources of the jmachine.

direction
I, illustra-

tilt error motion: error motion in the angular
relative to the reference linear axis [see Fig. 4-
tions (e) and (f)].

tolerance: for the purposes of this Standard, af range on
either side of a desired dimension of a manufactured
part or a gage. In some cases, tolerances are expressed as
plus (+) or minus (-) a single value. That value is called
the tolerance.

tool change under program control: the prodess on a
machining center or work center where the citting tool
is exchanged, usually with its tool holder, fqr another

age error that would be made in these conditions as the
sum of the absolute value of the uncorrected differential
expansion, NDE, and the expanded thermal uncertainty,
U(L), divided by the specification zone, SZ. That is

TEI = {[[NDE| + U(L)]/SZ}(100%)
Here, SZ is the desired specification zone on the
measurement.

thermal expansion: the difference between the length (or
volume) of a body at one temperature and its length (or

31

tool under confrol of the part program (i.e., without
human intervention).

tool function: a command identifying a tool.

tool (fixture) offset: a relative displacement that is applied to
an axis of a machine for a specified portion or the whole of
a program and causes a displacement in that axis only in
the direction determined by the sign of the offset value.

NOTE: For example, the tool offsets are typically applied in pairs of
independent values for X, Y, and Z for the tool tip location on turning
machines, and individually or in combination on milling machines.
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tool (length) offset: an incremental displacement in the
axial direction of the tool.

NOTE: This is typically used on milling and drilling machines.

tool-setting system: an instrument supplied with a CNC
lathe or turning center that allows for the measurement
of X or Z tool offsets, or both, as part of a computer-con-
trolled cycle. Sometimes called a tool-setter, a tool-gage,
or a tool-setting probe(s).

tow-along earriage—amachine-carriagetha
with the fnechanical assistance of another machine car-
riage, thup the term tow-along.

transducer] any device that converts a measurand of one
physical quantity into another physical parameter. For
example, f strain gage that converts strain to an electrical
signal wotild be considered a transducer. For the purposes
of this Stahdard, most transducers discussed are displace-
ment tranpducers.

transducer| drift check: an experiment conducted to deter-
mine the dlrift in a displacement transducer and its asso-
ciated amplifiers and recorders when it is subjected to
a thermall environment similar to that being evaluated
by the drift test itself. The transducer drift is the sum of
the “pure|” amplifier drift and the effects of the environ-
ment on fhe transducer, amplifier, etc. The transducer
drift check is performed by blocking the transducer and
observing the output over a period of time at least as
long as tlie duration of the drift test to be performed.
Blocking |a transducer involves making a transducer
effectively indicate on its own frame, base, or cartridge.
In the casp of a cartridge-type gage head, this is ageom-
plished by mounting a small cap over the end of the car-
tridge so the plunger registers against the inside of the
cap. Finggr-type gage heads can be blocked\with similar
devices. (Jare must be exercised to ensufe that the block-
ing is donje in such a manner that thee influence of tem-
perature ¢n the blocking device isinegligible.

transfer fulnction: for the purposes of this Standard, the
ratio of the relative vibratiohbetween tool and work-
piece to the input variable force acting between tool
and workpiece as a fungtion of frequency. The transfer
function Qas both amplitude and phase (or a real and an
imaginary part).

turning c¢ntefi’a CNC lathe with at least one work-

uncertainty of nominal coefficient of expansion: the uncer-
tainty in the nominal thermal expansion coefficient of a
body shall be denoted u(a) for the object being calibrated
or measured and u(«,) for the standard. This value, like
that of aitself, must be an estimate. (See para. 6.2.2.2 for
further explanation.)

uncertainty of nominal differential expansion (UNDE): the
square root of the sum of the squares of the uncertain-
ties of nominal expansion of the object to be calibrated

UNDE = \/(UNE)* + (UNE)?

uncertainty of nominal expansion (UNE):the uncerfainty
in the value chosen for the nominal.‘expansion] It is
determined by

UNE = L(T $20)u(a)

uncertainty of temperature ‘measurement: the uncerfainty
associated with the meastitement of the temperatfire of
a body or the ambient' environment. This uncerfainty
comes from the calibration of the thermometer, thq ther-
mometer-mounting procedures, and instrumental yaria-
tions. (See para: 6.2.2 for further explanation.)

undulatiorts per revolution (UPR): a term commonly| used
when referring to spindle error testing. It refers to thelhigh-
est,order (frequency) sine wave detected in a spindld error
analysis (highest harmonic of the spindle speed). The pand-
width of a sensor used for spindle error detection should
be several times higher than the product of the UPR and
the revolutions per second of the spindle being tested. (See
ANSI B89.3.4M for a more detailed explanation.)

unidirectional: refers to a series of measurements in
which the approach to a target position is always made
in the same direction along or around the axis. The sym-
bol T signifies a parameter derived from a measurgment
made after an approach in the positive direction, ind |
one in the negative direction (e.g., xl.jT or xiji).

unidirectional accuracy of positioning of an axis, AT qr Al:
the range derived from the combination of the {nidi-
rectional systematic deviations and the estimator pf the
standard uncertainty of unidirectional positioning using
a coverage factor of 2.

AT = max. (xiT + ZS,.T) — min. (xiT - 251.']\)

and

holdlng Pihr‘”n (uwnrl( Qpinr‘"o) Such a machine shall
have a means of automatically introducing various
tools to the workpiece by means of either an index-
able turret or automatic tool-changer. In the most gen-
eral case, such a turning center may also have “live”
tooling.

type test: a machine performance test that is likely to
yield nearly the same results for all machines of the
same model or type, as long as the machine has been
assembled to specification.

Al =max. (x; = + 2s.]) — min. (x —2s.])

unidirectional repeatabilities of angular error, RM,T and RML:
the maximum value of repeatability of angular error at
any position along a linear axis. Computed similarly to
unidirectional repeatability of positioning of an axis.

unidirectional repeatability of positioning at a position, R, Tor
RJ: range derived from the expanded uncertainty of
unidirectional positional deviations at a position, using
a coverage factor of 2.
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RT =4sT
and
R =4s
unidirectional repeatability of positioning of an axis, RTor Ri:
the maximum value of the unidirectional repeatabilities of
positioning at any position along or around an axis.
RT = max. (RiT)
and
Rl = max. (RJ)

motion direction. In the case of a carriage with hori-
zontal motion, the specified axis shall be vertical unless
explicitly specified. For a carriage that does not have
horizontal motion, the axis shall be explicitly specified.

5 ENVIRONMENTAL SPECIFICATIONS

5.1
It shall be the responsibility of the User to provide

General

unidifectional systematic angular error, E,T and E, : the dif-
ferenge between the algebraic maximum and minimum of
the mjean unidirectional angular errors for both approach
direcfions, at any position along a linear axis, determined
using| the procedures and under the conditions specified
in thjs Standard. Computed similarly to unidirectional
systeinatic deviation of positioning of an axis.

unidifectional systematic deviation of positioning of an axis,
ETor El: the difference between the algebraic maximum
and minimum of the mean unidirectional positional
deviations for both approach directions (i.e., x;T or x,l),
at anfy position along or around the axis, determined
using the procedures and under the conditions specified
in thif Standard.

ET = max. (xiT) — min. (xiT)
and
El = max. (xil,) — min. (xiJ,)

unidifectional total(s) angular error, A T and A 1: the range
derivpd from the combination of the unidirectionalsys-
tematic angular error and the estimator of the standard
uncetftainty of unidirectional angular error, using a cov-
erage| factor of 2. Computed similarly to @inidirectional
accurpcy of positioning of an axis.

User:
from

a party who contracts to agcept a machine tool
p Supplier.

vibratfon amplitude: the size (amiplitude) of a given fre-
quengy component of a wibration spectrum. Common
practce is to express thewibration amplitude in either
displacement or accélerdtion units. (See also broadband
vibratjon amplitude)

volunletric perforniance: the ability of a machine tool to
perfoym theWiritended multiaxis functions anywhere
withip the-wolume defined by the maximum travel of
the mjachine linear axes.

an-aceeptable—environmentfor-performaneeqtesting of
the machine tool at the installation site. Evitonmental
parameters recommended in this Standard arp given in
Form 2 of section 1. The environment|shall lpe consid-
ered acceptable if the requirements of sectior}s 5 and 6
are met. The User shall be respahsible for condqucting all
environmental tests at the installation site. Th¢ Supplier
shall have a right to witness all tests. The Supplier
shall, on request, supply:tést equipment as specified in
section 9, and suppozt for equipment and tests} at a price
to be negotiated between the Supplier and the User.

5.2 Temperature

5.2.1.Géneral. Temperature has a signifigant influ-
ence ofythe accuracy of machine tools and rheasuring
instruments, and its effects are often misurjderstood.
The provisions of ANSI B89.6.2 form a pafrt of this
Standard, but interpretation is needed for application
to machine tools. ANSI B89.6.2 defines two glternative
conditions under which a test environment is [thermally
acceptable. The first, that all pertinent compjonents of
the measuring system be at exactly 20°C (68°F), is gener-
ally unobtainable. This Standard is primarily ¢oncerned
with the second: that the expanded thermal uficertainty
(see para. 6.2) be a reasonable percentage of the specifi-
cation zone. Acceptability of a thermal envirpnment is
specified in terms of its effects on the machine]

5.2.2 Thermal Environment Guidelines. The Supplier
shall offer guidelines regarding what thermal environ-
ment should be acceptable for the machine. Sugh general
guidelines could contain, for example, a spfcification
on mean room temperature, maximum amp tude and
frequency range of deviations from this mean tempera-
ture, environmental thermal gradients, air flow rate, and
air speed surrounding the machine, as listed in Form 2.

wobble plate: a mechanical device that allows the tilting
(wobbling) of a test fixture by adjustment screws.

workpiece: an object to be turned, machined, or measured.

work zone: the working (machining) volume of a machine
as specified by the Supplier. More than one work zone
may be specified for a given machine, and specification
zones may be specified separately for each work zone.

yaw: the angular motion of a carriage, designed for lin-
ear motion, about a specified axis perpendicular to the
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The User shall be informed that the conforma ice to such

guidelines does not guarantee an acceptable machine
thermal environment but does constitute due care on the
User’s part and thus shifts responsibility for performance
degradation due to environmental sensitivity from the
User to the Supplier. If the User chooses not to conform to
the guidelines supplied, the tests of environmental sensi-
tivity (see section 6) may lead to an increase in the accept-
able specification zone for a given performance test. In
this second case, the degradation in performance shall be
solely the responsibility of the User.
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5.2.2.1 Time Variations. Particular attention should
be given to time variations of temperature, although this
Standard does not offer specific guidelines in this area.
Machine tools are composed of numerous elements, each
with different thermal behavior. For example, the ram of
a machine may have a short thermal time constant and
the bed of the machine a very long thermal time constant.
Therefore, when the machine is in an environment with
time variations of the temperature, the resulting response
in terms of spindle motion with respect to the table can

provided by the Supplier. Functional tests for measuring
the relative vibration are described in para. 6.3.

5.3.3 Seismic Vibrational Parameters. The Supplier
shall provide, as part of the machine specification, a
statement of the acceptable vibration spectra at the User—
Supplier interface. (This interface may vary depending
on details of the contractual arrangement between the
Supplier and the User. For example, if the machine is
supplied with isolators, the interface will be between

be quite fomplex. Furthermore, when a part is being
machined} there are other time constants due to the part
and the pprt fixture, which also serve to complicate this
problem. Efforts should be made to keep the time vari-
ations of femperature either much faster than the fastest
time consfant in the system or to reduce them to accept-
able levels.

5.2.2{2 Thermal Radiant Energy. The machine
shall not pe exposed to direct sunlight or other power-
ful radiarjt energy sources. Other direct radiant energy
sources (¢.g., fluorescent lighting, radiant heaters, and
high-intensity lamps) shall be as far from the machine
as possible, to reduce their effects on the machine’s
thermal Hehavior. Where this distance requirement is
impractichl, indirect lighting designed for diffuse reflec-
tion and increased path length shall be used. Users and
Suppliers| should be aware that lights in the machine
enclosurefsupplied by the Supplier may sometimes have
unwanted thermal influence.

5.3 Seismic Vibration

5.3.1 General. The support surface (floor founda-
tion, isolafion pad, etc.) upon which the machine will be
mounted fan have motion induced as a result of external
forces in the surrounding area (due fo‘other machines,
lift trucksf compressors, etc.). This motion can be contin-
uous vibrhtion, interrupted shogk, or both. Such motion,
if transmitted to the machine; has a degrading effect
on the ovlrall accuracy and\repeatability of a machine
tool by cqusing relative{motions between the tool and
the workpiece. Impropetly installed or designed isola-
tors can dlso cause excessive motions. In addition, cer-
tain excedsive motion amplitudes can cause damage to
the machine. Seyeral major American corporations have
developedl extensive standards for vibration analysis on

the foundation and those isolators. However, if thq User
provides an isolation system from another soutcp, the
interface shall be at the connection between those [isola-
tors and the machine. In any event, it is a@\requirempnt of
this Standard that the appropriate intérface be d¢fined
as part of the machine specification.)-This statement can
contain a complete description of‘the allowable Yibra-
tion displacement amplitude as'a function of freqyiency
for each vector component.of the vibration spectrym, or
can be simply a limit onythe total vibrational displace-
ment amplitude over@gpecified frequency range. In lieu
of vibration displacements, accelerations or velqcities
shall also be aeceptable. The sample specification [form,
Form 1, allows for the displacement options. [Users
desiring ¢ specify a machine in terms of accelergtions
or velogities shall create forms and test procedufes in
equivalent detail. The statement of acceptable vibgation
spéctra applies with the machine in place. It is fecog-
mized that in some highly atypical cases it is phydically
possible that the vibration spectrum of the foundation
or floor may be significantly altered by the installatjon of
the machine, particularly large or very heavy machines.
In such cases, the party (User or Supplier) contracfed to
supply the vibration isolation system shall be responsi-
ble for achieving an acceptable vibration envirorjment
for the machine.

5.4 Electrical

5.4.1 General. The electrical power supplied to
a machine can have an effect on its ability to pefform
accurate and repeatable machining operations. This is
especially true with today’s modern machines, yhich
typically incorporate electronic and electrical cqmpo-
nents that can be sensitive to voltage variations. Fgr this
reason, it is necessary to characterize the machine jn the
range of the electrical environment in which it willjoper-

machine tools. These standards have been conceived of
for purposes that are primarily diagnostic. This Standard
in no way supersedes these other standards.

5.3.2 Responsibilities. The User shall be responsible
for site selection, environmental shock and vibration anal-
ysis, and additional special isolators required to ensure
compliance with the maximum permissible vibration lev-
els specified by the Supplier. All questions of compliance
shall be determined at the interface between the support
system provided by the User and the machine system
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ate. It 1s also necessary to know the operating range in
which the machine was designed to operate.

5.4.2 Responsibilities. It shall be the responsibility
of the User to provide electrical power meeting typi-
cal requirements as specified by current standards. The
Supplier shall be responsible for providing a specifica-
tion for which the equipment will operate properly.

5.4.3 Electrical Parameters. The Supplier shall pro-
vide, as part of the machine specification, a statement
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of the steady state requirements, including voltage(s),
frequency, and amperage for the machine; allowable
short- and long-term root mean square (RMS) voltage
variations; and allowable transient voltages expressed
in percent of nominal voltage.* These parameters are
listed in the sample specification form, Form 1.

5.5  Utility Air

5.5.1 General.
their

Air supplies to machines can affect

foundation specification, which was generated as part
of the machine design. In new installations it is par-
ticularly important to pay attention to the inherent
instability and cure time of hydraulic concrete, as this
material can lead to unstable machine structures if
improperly installed. For further discussions related
to foundations, see Nonmandatory Appendix F.

5.6.2 Responsibilities. For all machines requiring
hydraulics or other services, it shall be the responsibility

acettracy—and—tseful—workingtife—Tfemperature
variafions in the utility air can generate thermal gradi-
ents In the machine; and particulates, oils, and water
can degrade bearing performance, increase friction, and
accel¢rate wear.

5.5|12 Responsibilities. For all machines requiring
utility air, it shall be the responsibility of the User to sup-
ply ufility air meeting the requirements specified by the
Supplier.

5.5[3 Specifications. For utility air, the Supplier shall
provide specification for all air parameters required for
the pfoper operation and maintenance of the machine
to be[supplied. For air-bearing machines, these should
inclugle mean temperature, permissible temperature
variafion, pressure, and pressure variations. Further, on
some|machines, the acceptable dew point and the par-
ticuldte content shall be specified. These parameters are
listed| in the environmental specification form, Form 2
Air quality parameters, such as particulate, oil,cand
watel content, are the sole responsibility of the User,
althopigh the Supplier shall offer guidelines.

5.6 | Other

5.6l11 General. Just as air supplies can affect the
accurfacy and useful working (life"of a machine, so
can hydraulic supplies, cqolant supplies, founda-
tions) and the like. For example, temperature varia-
tions|caused by pumpifig)can generate large thermal
gradients in the machiine, and, of course, particulates,

of the Supplier to provide for proper filteringland tem-
perature control such that these services-doaigt degrade
machine performance. If, for some reéasen, hiydraulics,
coolants, or other services are to/be suppli¢d by the
User, then the User shall be responsible for njeeting all
requirements as specified by the-Supplier. In the case of
foundations, the responsibility for foundatipn design
and installation shall be negotiated as part of|the origi-
nal contract, but foundation specifications, [including
construction drawings (where applicable), shall be sup-
plied by the Supplier.

6

6.1

As stated previously, it is the philosophy of this
Standard that the environment is the responsibil-
ity of the machine User. However, if the Us¢r follows
the guidelines supplied by the machine Supplier, that
responsibility reverts to the machine Suppliet. The fol-
lowing tests are designed to reflect that philosophy,
but if because of economic or other considerptions the
machine User chooses not to conform to the $upplier’s
environmental specifications, this Standard grovides a
derating procedure on the machine performgnce. This
is particularly true in the case of nonconformance of the
thermal environment.

In general, these environmental tests should be
performed before the performance tests [to verify
the suitability of the environment for machine test-
ing. However, for machines with large spdcification

ENVIRONMENTAL TESTS

General

oil, and water cap-degrade m.aChine performance and oo the effects of the environment may bp deemed
accelgrate weat. Large machme tools .alsc? often rely acceptable by the Supplier without the test{ng speci-
ona Jser-suPphed foundatlon. for their stl_ffn.egs, and fied below. In these cases, specific environmgntal tests
lmpr pperly: 1nste.111ed found.atlons can 51gn1f1can’Fly may be deferred. If measurements on the mgchine are
increpsg,@/machine N comphance. Both the SuPI?her within the specified specification zones in| the per-
and thellser recognize the impartance of foundations —trrrrmeteststhe-deferred-tosts may be etiminated

when the machine design utilizes the foundation as
an integral part of the structure. It should be antici-
pated that test data collected at the Supplier or User
facility will likely be affected if static stiffness tests or
horsepower cuts are attempted and the foundation at
the Supplier or User facility does not comply to the

4 Percentage of nominal voltage is the percentage of the remain-
ing voltage. For example, a reduction in voltage of 15% would be
expressed as 85% of nominal voltage.
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If the performance fails, the environmental tests may
be performed as part of the diagnostic process. The
thermal computations (see para. 6.2.2) should not be
deferred or eliminated.

6.2

The thermal test shall be performed under conditions
equivalent to those pertaining during machine perform-
ance tests (see section 7).

Environmental Thermal Test and Computations
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Fig. 6.2.1.4-1 Setup Showing Two Displacement Sensors Used to Measure the Environmental Temperature
Variation Error (ETVE) Between a Nominal Tool Location and a Work Spindle

Radial sensor

/— Axial sensor

0
05

6.2.1 Epvironmental Temperature Variation Error,
ETVE. This test is designed to measure the response

of a

machine to its ambient environment, and not the

response pf a machine to its internal heat sources. (This
test shall therefore be run with the machine in a start-up,

cold

condjtion, unless some other agreement is reached

between the User and the Supplier. Further tests to deter-
mine the [effects of machine-induced thermal behavior
are descriped in para. 7.7.)

If the Syipplier elects to defer the ETVE test,.the value
of ETVE thall be set to zero for compufing TEI If the
ETVE test is performed later, then the'measured value
shall be uped after the test.

ETVE dhall be determined by-a drift test. The choice

of di

splackment sensor for thistest depends on the envi-

ronment. [Any displacement:nieasuring device meeting
the requirements of section-9 may be used.

be used:

6.2.111 Equipment. The following equipment should

(a) tesfartifact
(b) twd (nr Hﬁvpn) Aicp]:\mﬁmﬂnf SeNnsors

Cross-slide

X

-

(b) To'detect the effects of spatial temperature pradi-
ents .aetdss the machine work volume, the location pf the
machine axes during warm-up shall be as far as pqgssible
from the position selected by the machine Supplier fpr the
ETVE test.

6.2.1.3 Test Location

(a) The location for the ETVE test may be specified by
the machine Supplier. The description shall include the
location of the test artifact with respect to the sgindle
and the position of each axis.
(b) The default location of the test artifact shpll be
on the spindle centerline, approximately 150 mm (6 in.)
from the spindle face.

6.2.1.4 Measurement Procedure. The follgwing
procedure should be used (see Fig. 6.2.1.4-1; for the proce-
dure using three displacement sensors, see Fig. 6.2.1.4-2):

Step 1: Place the test artifact in the machine spindlg.

Step 2: Fix the gage holder and displacement sensprs to
the turret or tool holder and align them to the axes.

(c) gage-holding fixture
(d) data-recording system or software (as required)

(e)
0

air temperature sensor
metal surface-temperature sensor

6.2.1.2 Machine Warm-Up

(a) The machine shall be stabilized to “cold machine”
condition. All systems that normally operate while the
machine is idle (including systems to control effects of
environmental temperature) shall be operating.
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Step 3: Place the air temperature sensor near the center
of the machine work volume.

Step 4: Place the surface temperature sensor in a location
to assess an estimate of the average temperature of the
machine near the working area.

Step 5: Adjust the machine axes and displacement sen-
sors so that all displacement sensors are near the centers
of their ranges and positive reading occurs for relative
motion of the displacement sensor toward the artifact.
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Step 6: Check for setup hysteresis in each direction, as
discussed in para. 7.1.4.2.

Step 7: Ensure that electronic test equipment, computers,
etc., do not touch the machine. These shall be located as
far as possible from the machine tool for the duration of
the test.

Step 8: Place the machine in the “feed-hold” condition
and zero the indicators electronically (if applicable).

five displacement sensors on the lathe is given in
Fig. 6.2.1.6-1. Specifics of the test setup and analysis for
the five-sensor ETVE test may be found in ANSI B5.54.

6.2.2 Thermal Computations. On all tests that mea-
sure machine accuracy, corrections shall be applied for
the nominal differential expansion of machine scales,
mechanical masters, and, if applicable, changes in the
wavelength of the laser interferometer. These computa-
tions are described in the sections on the specific tests.

Step §—Ensure the setup has thermmatty stabitized fromr
the efifects of handling before recording data.

Step 10: Record data from the displacement sensors and
two tpmperature sensors at intervals of 60 s or less. The
test geriod should be at least 4 h. However, the mini-
mum|recommended test time is 24 h. See Fig. 6.2.1.4-3

Nofrmal activities surrounding the machine shall con-
tinue|during the test.

Q.2.1.5 Data Analysis

(a) | The thermal drift in the X direction, ETVE,, shall
be taken as the maximum range of readings from either
displacement sensor in this direction for any 4-h period
over the duration of the test.

(b)| The thermal drift in the Z direction, ETVE,, shall
be taken as the maximum range of readings from either
displacement sensor in this direction for any 4-h period
over the duration of the test.

(c) [ Tilt about the Y direction (relative to the starting
position) shall be calculated and recorded for each mea-
surement interval. It is obtained by taking the différence
betwgen the two X-direction displacement sensors and
dividing by the distance between them.

(d)| The thermal drift of tilt about the™Y direction,
ETVH,,, shall be taken as the maximum range of recorded
tilts for any 4-h period over the duratipn of the test.

Th¢ standard uncertainty due_to the environmental

tempegrature variation error is(given by
ETVE?
u = —_—
ETVE, 12

Th¢ ETVE uséd-in the equation above shall be the
largest of the £T VEs measured by any displacement sen-
sor fgr any‘spindle-and-turret combination and any axis

direction @n the machine.
Sed Fig 62143 fora graph of ETVE data

Besides these corrections, it is a requirement of this
Standard that the User also compute the expanded ther-
mal uncertainty (with the ETVE equalfo zero, if that test
has been deferred). This expanded“uncertaintly shall be
used to determine the suitability of the test enviironment.
The test environment shall bey.considered acdeptable if
the expanded thermal uncertainty, as defingd below,
does not exceed 25% of the specification zone [for any of
the performance teststlisted in Form 4. If the pxpanded
thermal uncertainty\éxceeds 25% of the spécification
zone for a particuldr test in the table, the machine envi-
ronment doesriot conform to the Supplier’s guidelines,
and the User, chooses not to upgrade the envjironment,
permissible specification zone limits for those [tests shall
be ingreased. The increase shall be equal to the amount
byswhich the expanded thermal uncertainty exceeds
26% of the specification zone. The followingl equation
shall apply:

Permissible specification zone = specificatiop zone +
[U(L) - 0.25 specification zone]

If the expanded thermal uncertainty exceedp 25% and
the machine environment conforms to the $upplier’s
guidelines, no derating of the permissible sp¢cification
zones for the tests given in Form 4 shall bq allowed.
Methods for testing compliance of the thermal envi-
ronment to the Supplier’s guidelines are|given in
Nonmandatory Appendix C. The expanded thermal
uncertainty shall be calculated for each performance test
from the equation

*UNL) = *ku., = *2u (L)

where u ;. is the combined standard thermal u
for a given measurement and k is the cover
(which, for this computation, will be assumed

Values in the equation are absolute values a
be taken as positive.

hcertainty
hge factor
to be 2).

hd should

6.2.1.6 ETVE Test, Five Displacement Sensors.
It is also possible to measure the ETVE using a setup
that has five displacement sensors reading against an
appropriate test artifact. This test is appropriate for
rotating-sensitive-direction tool spindles and also can
be useful for observing angular tilts of a work spindle.
Such five-sensor systems are also used in this Standard
for the measurement of spindle errors. A setup showing
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6.2.2.1 Combined Standard Thermal Uncertainty,
U, The combined standard thermal uncertainty is
defined in section 4, Definitions, for the general case of a
length measurement. For this Standard, it requires inter-
pretation. The general form is given by

w (L) = e + (T = 207w c) + LT = 207 (e
“ + Lalu*(T,) + Co’u*(T)
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Fig. 6.2.1.4-2 Setup Showing Three Displacement Sensors Used to Measure the Environmental Temperature
Variation Error (ETVE) Between a Nominal Tool Location and a Work Spindle

Radial Radial
sensor 1 sensor 2

%( ( . g

e » 7

Cross-slide
(a)
Radial Radial
sensor 1 sensor 2

/

Axial
sensor

z

Cross-slide

(b)
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Fig. 6.2.1.4-3 Graph of Environmental Temperature Variation Error (ETVE) Data

25
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Material temperature i M ‘\m

-+ 0.0300
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Air temperature
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Tempetature, °C
Displacement, mm

- —0.0100

r 06200

0 f f f f f f ; —0.0300
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Time from start of test, h

Fig. 6.2.1.6-1 Setup Showing Five Displacement Sensors Used to Measure the Environmental Tempg¢rature
Variation Error.(ETVE)

Artifact (dual spheres)

Sensor2 Sensor 5

A_Y
Spindle ) Sensor 3

=]

Sensor 1 Sensor 4
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Table 6.2.2.1-1 Specification Zones Derated Due to an Excessive Expanded Thermal Uncertainty

Parameter Lengths Used for Uncertainty Calculation Paragraph
Linear positioning (per axis) 7.2

Bidirectional systematic deviation of positioning L =L = axis length 7.2.7.1

Bidirectional accuracy of positioning L =L = axis length 7.2.7.3

Unidirectional systematic deviations of positioning L = L, = axis length 7.2.7.2

Unidirectional accuracies of positioning L =L = axis length 7.2.7.4

Thermal tefts 77

Spindle fhermal stability test L=L,=0 7.7.2

Thermal(drift of axis drives L =L, = axis length 7.7.3

Composite thermal error L =L, =% longest axis length 7.4

Circular tegts 7.9
Circular gleviations Ball bar length or circular contour radius 7.9.5
Tool-setting system drift L=L,=0 8.4
Linear measurement accuracy L =L, = axis length 8.6.4
GENERAL NQTE: See Nonmandatory Appendix L.
where (b) Thesestimate may be based on the distriution
L = the length being measured (usually, in  found among published data.
machine tool applications, this is nominally (&)\In the absence of other information, for th¢ pur-
the same as the length of the standard) poses of this Standard, the uncertainty in the nominal
L, 5 the length of the standard (calibrated gage :¢éefficient of expansion should be represented by fa rec-
or laser displacement) tangular distribution with bounds of *+0.1a. The dtand-
T = the temperature of the machine scales, °C ard uncertainty then becomes
—+ 0O,
T, ¥ the temperature of the standard, °C u(a@) = 0.1 /3

u(T) F the uncertainty in the measurement;of the
temperature of the machine scale u(e) = 0.1,/ V3

u(T) = the uncertainty in the measurement of the . .
temperature of the standatd) (air tempera- Of the three possibilities given above, (a) is the r¢com-
ture in the case of the laser) mended method. . .

u(a) ¥ the uncertainty of the nominal coefficient of Becaqse the effects of inaccuracy o'f the esfclmate of thf:
expansion of the master [1(a,) = 0 for laser uncertainty are.of second order, it is considered [suffi-
interferometers] cient that good judgment be used. ‘ N

Uppye F thestandard ufcertainty due to the environmen- Clearly the concept of.thermal expansion coefficient of
tal temperdfuse variation error. Tilt ETVE used the standard does not d1reFtly apply to lasers. However,
for yaw §pecification zone (see Table 6.2.2.1-1) the Wavelength of a laser is depe.nde.nt upon the refr.ac-

@ 7 the_ thérmal expansion coefficient of the tive index of air, apd that refractive mde>.< is a fumction
machine scale of temperature, as is the length of a ma.terlal body. [t can

a, + e thermal expansion coefficient of the be sAhown that without lqss of generahty, the cgef 1i1ent
Hsed em-

standard (o, = 0.95 X'10 7/°C for lasers)

6.2.2.2 Uncertainty of Coefficients of Expansion,
u(a). The uncertainty in the nominal thermal expan-
sion coefficient of a body shall be denoted u(«) for the
part and u(e,) for the standard. This value, like that of
« itself, must be an estimate. Various methods such as
the following can be used to make this estimate:
(1) The estimate may be based on the distribution
found among results of actual experiments conducted
on a number of like objects.

40

perature (0.93 X 107%/°C) can be used in the place of the
coefficient of expansion when using lasers. To the level of
accuracy currently required for machine tool calibrations,
it is assumed that the uncertainty in this value is equal
to zero.

6.2.2.3 Uncertainty of Temperature Measurement.
When the temperature of a body is measured
and there is an uncertainty associated with this
measurement, this uncertainty comes from the
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thermometer calibration, thermometer mounting
procedures, and instrumental variations. This uncer-
tainty can be estimated by various methods, such as
the following:

(a) The estimate may be based on the distribution
found among results of actual measurements conducted
on a number of like objects, using the same thermom-
eters and the same procedures.

(b) The estimate may be based on the distribution

foundin pnh]ichpﬂ data rpgar(‘]ing the use of such ther-

6.3

The relative vibration tests shall be performed under
conditions equivalent to those pertaining during the per-
formance tests (see section 7). The test environment shall
be considered acceptable if the vibration amplitude mea-
sured between the machine spindle and the work table is
less than 25% of the machine specification zone for bidirec-
tional repeatability for the appropriate axis. For the pur-
poses of this Standard, this amplitude shall be assessed by

Relative Vibration Tests

mompgters and specific procedures.

(c) | The estimate may be made from prior judgment
regarfling the range of possible error. For the purposes
of this Standard, in the absence of other information,
tempgrature measurement uncertainty should be esti-
mategl as being represented by a rectangular distribu-
tion yith bounds of +1°C when using thermocouples
and ¥0.5°C when using thermistors or platinum resist-
ance thermometers (RTDs).

Fo1 method(c), where the error is estimated by a rec-
tangylar (uniform) distribution, the standard uncer-
tainty in temperature measurement is given by

(@ —a )

V= [— 7
u(T) n
wher¢

a+

= the upper range of the rectangular distribution
a~ | = the lower range of the rectangular distribution
Note [that when estimating the uncertainty in tempera-
ture theasurement when using a laser as a standard, the
uncetftainty is in the measurement of air tempetature. For
the plurposes of this Standard, it can be dbtained from
any df the three options above. If method. (c) is chosen,
the eqtimated ranges of temperature iincertainties are the
same

4.2.2.4 Other Temperature Effects. It is possi-
ble for errors caused by differential expansion to be
induded in machines when they are operated at mean
temperatures significantly different from the tempera-
ture ft which they were aligned and calibrated. It is
not within the current state of the art to develop sim-
ple tgsts for thése effects. Therefore, if a machine is to
be acfepted‘at a mean temperature that is significantly
different’from that used during alignment and calibra-

the following simple functional tests. Care should be taken
that such tests include both the steady stateibrptions and
any transients that might occur during nermal uge. In prin-
ciple, such tests would last for a complete’ daily|cycle, but
this is not practical. The minimum recpmmendegl duration
is 10 min. These tests are specified'with the full Knowledge
that they do not constitute a,wéll*defined measyrement of
the forced vibration amplitdde, but rather sonje compli-
cated function that relates only in a very genefal way to
that amplitude. If theimachine does not pass the [functional
test, Nonmandatory, Appendix D provides recommended
procedures for, accurate measurement of the| vibration
spectra at thie"User—Supplier interface for the pfirposes of
determining conformance to the Supplier’s spedifications.

Should the vibration amplitude as measured in this
test exceed the requirements and the cause of [the vibra-
tiervbe traced to sources that are the User’s|responsi-
bility, and if the User does not desire to upjgrade the
machine interface, then the machine specificgtion shall
be derated, as specified in para. 6.3.1.

It bears repeating that the vibration tests |described
above do not assess the classical dynamic pegformance
of the machine tool when subjected to cutting donditions
that lead to regenerative chatter.

Vibration
this test

6.3.1 Methodology for Functional Relative
Tests. As with the ETVE test (para. 6.2.1)
may be conducted a single axis at a time or f¢r all axes
simultaneously. In either event, high-resolutjon, high-
bandwidth displacement sensors, conforming to the
requirements of section 9, shall be attached tp the tool
post of the machine and set to read against h test ball
or other artifact mounted in the machine spirjdle. (This
test can also be performed in reverse, with thqg displace-
ment sensor in the spindle and the artifact in the tool
post position.) The artifact used for the ETVE|test is the
recommended fixture since this test will be gerformed

tion, the positioning accuracy and repeatability, and the
circular performance tests described in para. 7.9 shall be
repeated for each temperature. The Supplier shall spec-
ify quantitatively the magnitude of temperature change
that is significant, i.e., the significant mean temperature
change (SMTC), for a given machine with given specifi-
cation zones. Furthermore, the Supplier shall specify a
safe operating temperature range (SOTR) within which
the machine should be kept to prevent physical damage
to the machine.
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at the same time (see Fig. 6.2.1.4-1). In the absence of
other guidance, the position used for the ETVE test
shall be the default position for this functional vibra-
tion test. Recommended displacement sensors are
capacitance gages or other high-bandwidth sensors
meeting the requirements of section 9. In the event that
only two displacement sensors are used, the direction
of each displacement sensor shall be aligned with the
machine axis. The maximum spread of the displacement
sensor(s) reading over a period of no longer than 5 s
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Table 6.3.1-1 Performance Parameters Derated Due to Excessive
Environmental Vibration

Parameter Paragraph
Linear positioning (per axis) 7.2
Unidirectional accuracies of positioning 7.2.7.4
Bidirectional accuracy of positioning 7.2.7.3
Bidirectional repeatability 7.2.7.5
Unidirectional repeatabilities 7.2.7.6
Spindle axis of rotation (per spindle) 7.6
Asynchronous radial error motion 7.6.3.1
Asynchronous axial motion 7.6.3.2
Circular tests 7.9
Circular hysteresis 7.9.5
Radial deviations 7.9.5
Subsystems repeatability 83
Tool-change repeatability 8.3.1
Turret repeatability 8.3.2
Repeatability, location, and drift of tool-setting system(s) 8.4
Repeatability of tool-setting system 8.4.1
Machine performance as a measuring tool 8.6
Measurement repeatability 8.6.1
Linear measurement accuracy 8.6.4

shall be jfidged to be the machine vibration amplitude
for that dxis. The displacement sensors shall be read
as rapidly as possible, and therefore, high*bandwidth
capacitanfe gages, as described in section 9, should be
used. In the event that a single displa¢ement sensor is
used, the|direction of displacement)indication shall be
aligned wiith each machine axis.n-succession and a simi-
lar analysjis performed on the'data. The purpose of this
test is to [assess vibratiofi.caused by the environment,
not vibrafion caused by)the machine. The test is there-
fore carrig¢d out withrthe machine turned off, that is, the
main madhine powet off. In some cases, high-precision
machines|aressupplied with vibration isolation (pneu-
matic isolpt®rs, for example). In these cases, the isolation

NOTE: This test does not measure vibrations caused by mjachine
electronics, hydraulics, axis drives, etc. Further tests given[in this
Standard provide this information (see para. 7.6.2).

6.4 Electrical Tests

Well-defined procedures and highly developed ifstru-
ments exist that enable the measurement of the pgram-
eters characterizing the electrical power supplied to a
machine. It is, however, the position of this Stapdard
that such tests are, in the general case, not requiref and
should be undertaken only in the event that the machine
does not meet performance specifications and there is
reason to suspect the electrical power. Failures due to

system shalt be turned on or a separate agreement shait
be made between the Supplier and the User. In the case
where the relative vibration amplitude, measured with
the machine off, exceeds 25% of the specification zone of
the machine for a particular test, the machine vibration
environment does not conform to the Supplier’s guide-
lines, and the User chooses not to upgrade the environ-
ment, permissible specification zone limits for specific
tests in this Standard, given in Table 6.3.1-1, shall be
automatically increased such that the measured vibra-
tion amplitude is 25% of the new specification zone.
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electrical power usually show Up as intermittent control
or readout failures, which are difficult to link to mechan-
ical causes. In the case that the power is suspect, this
Standard provides Nonmandatory Appendix E, which
describes the recommended procedure for determin-
ing the conformance of the electrical environment to
the Supplier’s guidelines. The User should pay partic-
ular attention to the proper grounding of the machine
in accordance with the Supplier’s guidelines, as this is
one of the most common causes of improper electrical
performance.
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6.5  Utility Air and Other Tests

As with electrical power tests, there exist many com-
plicated procedures for determining the quality of the
utility air, hydraulics, or other services to the machine
when such services are required. It is the position of this
Standard that exhaustive tests should not be required
for checking conformance to specification unless a prob-
lem traced to the air or other supply is evident. As stated

changes occur, air pressure is a possible suspect. It shall
therefore be the responsibility of the Supplier to exam-
ine, yising the gages supplied with the machine, the
mean| pressure and pressure variations of air or other
serviges at the input to the machine. If, in the Supplier’s
judgment, such fluctuations are excessive, then further
tests phall be performed for determining conformance
of User-supplied air or other services to the Supplier’s
specification. If, however, the Supplier judges such fluc-
tuatigns to be insignificant, then the utility air and/or
other|services shall be judged as conforming to specifi-
cation, without further testing.

7 MACHINE PERFORMANCE

7.1 | General

Th¢ Supplier shall be responsible for providing-a
machjine that meets all performance specifications agreed
upon|between the Supplier and the User, when installed
accorfling to the Supplier’s recommendationstin any
envirpnment meeting the requirements of-séction 5. If
requifed, derating of the acceptable specifieation zones
shall pe applied as described in sectiofn6."Note that the
specification zone for any given testyis the value given
in pafa. 1.1. If a machine meets the performance speci-
ficatipns and other conditions;agreed upon between
the Spipplier and the User/the User should accept the
machiine.

7.141 Test Conditions

7.1.1.1 Environment. Where the temperature of
the enpvironment can be controlled, it shall be set to 20°C
(68°F). Otherwise, the measuring instrument output
and thermadchine nominal readings shall be adjusted to

reached a thermally stable condition before testing. They
shall be protected from drafts and external radiation
such as sunlight, overhead heaters, and machine lights.
All tests should be run under the lighting conditions
that will be used during normal machine operation; that
is, if the machine is to be run with its internal lights on,
it should be tested with the lights on. For a thorough
discussion of thermal time constants, see ANSI B89.6.2.

7.1.1.2 Sign Conventions. In addition to mag-
nitude, the signs of machine performancepprameters
can be important when communicating.and pnalyzing
measurement results and when makirlg dompensa-
tions and adjustments. Recommendations ar¢ given in
Nonmandatory Appendix N.

7.1.1.3 Machine to Be’Tested. The machine shall

be completely assembled\atid fully operationpl. All the
necessary leveling opérations, geometric alignment, and
Supplier functional \checks shall be completed before
starting performance testing. A minimal sef of func-
tional checks ig’given in Nonmandatory Appepdix F. All
performance fests in section 7 shall be carried out with
the maghine in an unloaded condition (i.e., fithout a
workpiece, unless specified otherwise).
Usets should be aware that changing machihe param-
eters or adjustments of any kind may affect the results
of various performance tests. When using thig Standard
for machine acceptance, these parameter chgnges and
adjustments should be made prior to the c¢mmence-
ment of acceptance testing.

7.1.1.4 Compensation Systems. Some |machines
are equipped with computer-controlled comjpensation
systems for geometric or thermal errors, or bpth. If the
machine is so equipped, tests should be runy with the
compensation system on. Users desiring to sqe uncom-
pensated errors may request, as part of thg original
specification, that these tests also be performe¢l with the
compensation system off.

7.1.1.5 Machine Warm-Up. The tests shall be pre-
ceded by an appropriate warm-up procedure. [f the pro-
cedure is not specified in this Standard for a particular
test, it may be specified by the Supplier of th¢ machine
or agreed upon between the Supplier and the User. If no

yield lcbultb LULlCLth tU GGOC (USOF), VV}lCIC CllJlJliLCl‘lJlC
This means that for material standards, a nominal dif-
ferential expansion (NDE) correction shall be applied
(see section 4) and other instruments, such as laser inter-
ferometers, shall be compensated for environmental
conditions. Those tests where environmental compen-
sation and NDE correction shall be used are listed in
Table 6.2.2.1-1 (see para. 6.2.2.1).

The machine and, if relevant, the measuring instru-
ment or artifact standard shall have been in the test envi-
ronment long enough (preferably overnight) to have

corchtionsare oycuiﬁcd, the l.uchulh ary rrerchine move-
ments shall be restricted to only those necessary to set
up the measurement instrument.

7.1.2 Foundation Checks and Machine Alignment. In
some cases, Users will be applying this Standard to
machines that have been installed for some time. Before
performing any measurements, the User should realign
the machine following the Supplier’s recommended pro-
cedures. If the machine has more than three supports,
the User should pay particular attention to checking
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that the foundation is properly cured and meets the
Supplier’s specifications. If the machine is not correctly
aligned and supported, poor performance test results
are very likely. For a further discussion of these issues,
see Nonmandatory Appendix G.

7.1.3 Chucks and Other Part-Holding Devices. Several
of the performance tests described in this Standard
require the use of a chuck or other part-holding device
to attach instrumentation to the machine. Unless other-

Step 4: Apply a force by hand in the opposite direction,
gradually decrease the force to zero, and read the indica-
tor. The difference in readings is the datum hysteresis.

Step 5: Apply the force to the fixture holding the
indicator

Step 6: Gradually decrease this force to zero and read the
indicator.

Step 7: Apply a force by hand in the opposite direction,

wise agreed upon between the Supplier and the User,
the part-hiolding device to be used for these tests shall be
that which is supplied with the machine and to be used
during n¢rmal machine operation. If the machine has
been supplied without such a part-holding device, then
a part-holding device specified by the machine Supplier
shall be uped for the purposes of performance testing.

7.1.4 Test Setup and Instrumentation
7.1.4{1 General. Most measurements prescribed
in this Sfandard are carried out to measure motion
between the component of the machine that holds the
workpiecg¢ and the component that holds the cutting
tool. All test setups normally involve two fixtures: one
that establishes the reference point or surface, and a sec-
ond that holds some type of indicator to read against
this refer¢nce point or surface. The specific setups and
instrumentation are provided for suggestions only.
Other insfrumentation and setups providing compara-
ble resultp can be used. However, before starting any
of the mgasurements, the User of this Standard shall
ensure that the particular setup and instrumentation
function groperly within the machine tool environment.
Two main} tests should be used for such checks: setup
hysteresiq and stability.
The malchine hysteresis is measured, in\this Standard,
as part ¢f the compliance and hystefesis check in
Nonmandatory Appendix H.

7.1.4{2 Setup Hysteresjs Tests. The goal of this
test is to fliscover any hysteresis effects, which may be
caused by loose bolts iidest setups, insufficient struc-
tural strehgth in thelbrackets, etc. Any hysteresis is
normally [revealed’as.a lack of repeatability in machine
performafice testing.
Setup hysteresis is measured by applying a suitable force
in the dirpction of the intended measurement, between

grddudﬂy dBLfede Iile f()f(,€ L0 210, dlld ft!dd I}l lndl'
cator. The difference in readings is the indicator/f{xture
hysteresis. The arithmetic sum of the hystetesis yalues
for the datum fixture and indicator fixture s thq total
test setup hysteresis.

The sensitivity of the result to tHeymagnitude ¢f the
force is, in general, insignificant,) If significant| hys-
teresis® is measured, and if {his hysteresis canrfot be
reduced by increasing the-stiffness of the test setup, it
may be caused by the machine itself. In such cases, fur-
ther testing shall be discontinued until this condlition
is corrected.

7.1.4.3 Setup Stability Tests. Machine too
subject to awide variety of vibrations from both
nal and ekternal sources. These vibrations vary in
frequency and amplitude depending on time, lo
withini the machine, and machine axis positiong. The
stiffness and damping characteristics of machineg may
exclude these vibrations from having an effect gn the
actual performance of the machine. However, improper
mounting of test equipment may also make the ifstru-
ment or the test sensitive to these vibrations. The setup
stability test is designed to assure that the mounting of
instruments does not significantly affect the uncertainty
of measurements.
The procedure is as follows:

s are
inter-

both
ation

Step 1: Mount the measuring instrument in the manner
used for the performance test.

Step 2: Position the machine in the middle of travel for
the performance test.

Step 3: Set the instrument to zero and sample the output
at a rate and time equal to those used in the test,® with-
out moving the machine.

The mounting of instruments can be altered to r¢duce

these two fixtures and observing the resulting deflection.
The procedure is as follows:

Step 1: Set up and zero an indicator between the two fix-
tures in the direction and location of the intended axis
performance test.

Step 2: Apply the force by hand to the fixture holding the
datum reference.

Step 3: After the force is applied, gradually decrease this
force to zero and read the indicator.
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t} I1Iar lsc Uf odll ly}cd data. }V{U ur ltil lSD tJleCl Q}Jl}’ O. lOuld
be stiffened; however, softening of mounts can also
reduce the sensitivity to certain vibrations. If changes
to the mounting do not reduce the range, the machine
itself may be responsible. Check seismic vibration, and
continue testing.

5 Conventional practice is that the hysteresis be less than one-tenth
of the desired measurement repeatability.

® The range of the data sampled should not exceed 10% of the
specification zone for the performance test.
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Fig. 7.2.3-1 Typical Setup for a Laser Interferometer

Work spindle

/

Retroreflector \ Turret

Remaote

Laser

7.2. | Positioning Accuracy and Repeatability,
Linear Axes
7.2l1 General. The tests described in pargs. 7.2.2

throujgh 7.2.8 are meant to represent a minimtunrequire-
ment|jto ensure conformance to accuracy ahd/repeatabil-
ity specifications. They are not comprehensive. A laser
interfierometer is the preferred measuring instrument.

WARNING: These tests should not be performed until after the
thermjl test outlined in para. 6.2, gs, if the thermal environment
is inaglequate, these tests will(yield incorrect results and will
have tp be redone.

7.212 Lines of (Measurements. The default lines
of measurement-for laser interferometer tests shall be
along two (er@ore) lines in the work zone parallel to
the machinelinear axis directions. For a simple Group 1
turnipgomrachine, the cross-slide (X) should be mea-

interferome

mirror

The laser interferometef shall be

7.2.3 Alignment.
aligned as recommended by the laser interferometer

Supplier. Particular attention should be paid|to cosine
error, and alignment should be such that cosipe error is
less than 1% of the specification zone of the gxis under
test. A typical laser setup for testing a slide way is shown
in Fig. 7.2.3-1. In the figure, the interferometey is shown
mounted in the spindle; however, on some mafhines the
spindle cannot be locked, and thus the setup|as shown
would lead to instabilities. On machines wher¢ the spin-
dle cannot be locked, a bracket should be made to posi-
tion the interferometer (or retroreflector) near| the point
where a part would be, with the bracket attached to the
spindle housing. This is very important. An gasy check
is to set up the interferometer, lock the spindle, Jand try to
rotate the spindle by hand, observing the interfferometer
readout. No change greater than one-tenth of the specifi-
cation zone required for the test should be obgervable.

suredctose tothework spindie faceand thein=feed(Z)
axis along the work spindle centerline. Other options
may be specified according to machine group, usage,
and configuration. If so, such lines shall be made part
of the original machine specification and described
in equivalent detail. Note that this Standard requires
the measurement of angular error for each linear axis
(see para. 7.4). For efficiency, these measurements can
be made at the same time and in essentially the same
locations as the positioning accuracy and repeatability,
linear axes.
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7.2.4 Compensation for Environmental Conditions.
This test requires that the interferometer be corrected for
air temperature, air pressure, and air humidity, and the
machine scale be corrected for thermal expansion. To per-
form these corrections, the environmental compensation
unit supplied with the laser interferometer shall be used.
Further, the part temperature sensor shall be placed in a
position where the temperature corresponds, as closely
as possible, to the temperature of the machine scale or its
equivalent. The correct effective coefficient of expansion
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of the machine scales shall be used (see Form 4), and the
instrument manufacturer’s instructions for the compen-
sation shall be followed. Note that it is a requirement
of this Standard that the nominal differential expansion
(NDE) correction be performed. If the laser system does
not provide for environmental correction, both laser
readings and scale readings shall be corrected manually.
The procedure for making these corrections is given in
Nonmandatory Appendix I.

deviation data shall be plotted in a graph such as that
illustrated in Fig. 7.2.7-1. Figure 7.2.7-1 shows the com-
plete set of data. For clarity, the forward data are shown
separately in Fig. 7.2.7-2. On both figures, the data aver-
ages are shown as dark lines. From these data, the fol-
lowing parameters shall be computed and reported for
each axis, and the resulting quantities shall be compared
to the appropriate specification zones:

(a) bidirectional systematic deviation of positioning, E

(b) unidirectional systematic deviations of position-

7.2.5 Measuring Intervals. Measuring intervals
shall be np larger than 25 mm (1 in.) for axes of 250 mm
(10 in.) length or less. For longer axes, the interval
shall be nfo more than one-tenth of the axis length. The
points chjosen for measurement should not be those
points used by the Supplier to acquire data used for
ball screw or lead screw compensation. Furthermore,
these poifits should be chosen at intervals that are not
even fracfions of the machine scale intervals. A simple
way to aqcomplish this is to use metric intervals on a
machine ith English scales or screws, and vice versa.
For machjnes that use ball or lead screws for displace-
mentreadout, the User should make these closer-spaced
measurements an integral part of the specification. The
procedur¢ for measuring periodic error is described in
para. 7.2.8.

7.2.6 Measurements. Before commencing mea-
surement$, the machine shall be run through an exer-
cise sequpnce of two complete back-and-forth cycles
for each Ifnear axis, using the same program or manual
time sequence that will be used during data acquisition.
The defaylt traverse speed for these measurements-shall
be the mpchine’s maximum programmable, feed rate.
Other trayerse speeds may be negotiated \between the
User and|the Supplier. Next, five sets of*bidirectional
measurenpents shall be taken for each axis sequentially
along thelline specified in para. 7.22 and at the points
specified |n para. 7.2.5, stopping the machine for a short
duration, [1 s to 5 s, at each ef\the data points. The laser
readings phould be averaged for about 0.25 s, and at
least 120 foints shouldbe'taken to compute this average.
(On somg large maechinies, longer settling times may be
required. [In that¢aSe, the settling time should be nego-
tiated between“the User and the Supplier.) These data
shall be afquired without rezeroing the laser system. A

ing, ET and E4

(c) bidirectional repeatability, R

(d) unidirectional repeatabilities, RT and)RJ

The equations for computing thése “paranjeters
are given in the paras. 7.2.7.1 through 7.2.7.8. These
computations should be calculated.using a computer
program. For those who wish to perform the comjputa-
tions graphically, an approximdte method is givien in
para. 7.2.7.9. A report for@-ypical axis is summgrized
in Table 7.2.7-1.

7.2.7.1 Bidirectional Systematic Deviation of| Pos-
itioning of an Axis, E. To determine the bidireqtional
systematic deviation of positioning, first average the com-
puted deyiations from the target position in the fofward
and reverse directions. The difference between the alggbraic
maximum and minimum of the mean (average) unidirec-
tiehal positional deviations for both approach direftions
{ie., xT and xT) at any position along or around the axis
is the reported value, that is, the range of the avergge or
mean values as shown in Fig. 7.2.7-1. The equation ig

E=max.(xT, xl) — min. (xT, x!)

7.2.7.2 Unidirectional Systematic Deviations of
Positioning, ET and El. The unidirectional syptem-
atic deviations of positioning are just the ranges ¢f the
average plots in the forward and reverse diregtions.
Mathematically they are the differences betweenh the
algebraic maximum and minimum of the mean {inidi-
rectional positional deviations for both approach flirec-
tions (i.e., X, T or ,{) at any position along or arounjd the
axis; that is

ET = max. ()_CiT) — min. (J_CiT)

and

set of meksurements—shall-consistofthemachineaxis
readings and the corresponding laser readings. Note
that for each point there will be 10 measurements, 5 in
each direction. These data shall be treated as described
in the para. 7.2.7.

7.2.7 Data Analysis and Reported Parameters. For
each measurement, the respective deviation of position
(x,T or x;) shall be calculated as the measured actual
position minus the target position. For each axis, the

46

El = max. (x,4) — min. (x,))

7.2.7.3 Bidirectional Accuracy of Positioning of an
Axis, A. The bidirectional accuracy of positioning is the
range derived from the combination of the bidirectional
systematic deviations and the estimator of the standard
uncertainty of bidirectional positioning obtained using a
coverage factor, k, of 2. The estimates of the uncertainty
are computed for each average value according to
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Fig. 7.2.7-1 The Full Data Set for the Positioning Deviations of an Axis
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7.2.7.5 Bidirectional Repeatability for an Axis, R.
and Bidirectional repeatability for an axis is defined gs the
1 n . . 7. . .
sl = 2 Gz ly maximum value of.the bu.threctlonal repeatabilfty of
n—1&4" positioning for an axis; that is
R = max. (R)
Then A is|given by where
R, = max. (25T +2s + |BJ;RT; R
A=max"&T +2sT; xd +2sl) RT = 47 (@s; ! 1B Ri1: Ri%)
<min. (T - 25T; ¥l —2s1) Rl = 45l
7.2.7 Ri.

AT and Al. The unidirectional accuracies of position-
ing are computed analogously to the computation of A,
described in para. 7.2.7.2. They are the ranges represent-
ing the combination of the unidirectional systematic
deviations and the estimator of the standard uncertainty
of unidirectional positioning obtained using a coverage
factor of 2.

AT = max. (xT + 25,T) — min. (x,T — 25,T)
and
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Unidirectional repeatabilities are defined as the maxi-
mum value of the repeat abilities at any position; that is

RT = max. (R;T) = max. (4s,T)

and
Rl = max. (RiJ,) = max. (4si\L)

7.2.7.7 The Reversal Deviation, B. The reversal
deviation is the algebraic maximum of the absolute
mean reversal deviations, |Bj, at any position along or
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Fig. 7.2.7-2 Positioning Deviations of an Axis, Forward Direction Only
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arourjd the axis, determined’using the procedure and  the range into a standard uncertainty using the factors
undef the conditions specified in this Standard. shown in Table 7.2.7.9-1. For a given sample size, n, and
5= max. ((B) range, Rn, the appropriate standard uncertdinty, s, is
o estimated by
7.2.7.8 The'Mean Reversal Value, B. The mean s, = Rn,/d,(n)
rever fai Vaiue 18 ;he algelilralc mean (,)f, the albsolute Inthetable, the entry for asamplesize of 5is highlighted,
reversal Values, |B;|, at all target positions along or .o e recommended number of repeated meagurements
around the axis

B=

> 5
i=1

2=

7.2.7.9 Approximate Calculations. If a compu-
ter program is not available to calculate the standard
uncertainties of the positioning data, then it is possi-
ble to estimate them from the range. This can be done
graphically. The procedure is as follows. At each of the
target points, measure the range graphically. Convert

foreactrtarget position 55 The tabte, towever, may also
be used for other sample sizes. Note that the sample size
of 20 is also highlighted, as that is the sample size used for
the analysis of uncertainty in spindle error motion (see
para. 7.6).

7.2.8 Periodic Error. Nearly all scales used on turn-
ing centers contain either classical periodic error (caused
by pitch error in lead screws or ball screws, mismounted
nuts, etc.) or some form of interpolation error, which
occurs during electronic interpolation between scale
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Fig. 7.2.8-1 Periodic Error of a Linear Axis (Unidirectional)
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Table 7.2.7.9-1 Conversion Factors for Graphically
Estimating StandardUncertainty

Sample Size, n

Conversion Factor, d,(n)

5 ‘\1:\'\) 233
6 2.53
7 2.70
8 2.85
9 2.97
10 3.08
12 3.26
15 3.47
P‘ 20 3.74

divisions [on line“scales, moiré scales, inductive scales,
and the likéEven laser interferometer scales have peri-

for periodic error by measuring a large number of
closely spaced displacements over an interval eqpal to

odic errorwith a perfodicity that 15 the wavelengtir of
light or a fraction thereof, depending upon the exact
optical configuration of the system (although peri-
odic error in laser systems is generally small, it can be
important on very high-precision machines). Users of
this Standard with machines whose bidirectional sys-
tematic deviation of positioning is expected to be less
than 300 nm (approximately 8 pin.) should consult with
a laser manufacturer regarding this effect.

With a laser interferometer on all turning machines
except those noted above, it is particularly easy to check
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the pertodicity of the machine scate. For the purposes of
this Standard, the positioning error should be measured
for 20 points unidirectionally, evenly spaced, over two
periods of the pitch of the expected periodic error. For a
screw, this would be the screw pitch; for a line scale, the
line spacing; for an inductive scale, the coil spacing, etc.
If the pitch of the scale is quite small, as on a line scale,
fewer points can be taken. These measurements shall be
repeated five times. These data shall be plotted as shown
in Fig. 7.2.8-1. The periodic error, P, is the total range of
the average of the deviations, as shown in the figure. It
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Fig. 7.3.1.1-1 Setup for Measuring Straightness Using an Electronic Indicator and a Mechanical Straightedge

Straightedge

Straightedge
support points
(three), both sides

Normal Position

is computed precisely the same,as.ET, as described in
para.|7.2.7.1; that is, for this test

P = max. (¥)y=min. (x,T)

7.3 | Straightness Efror

The straightnes§ of*a linear axis is measured by posi-
tioning a straightedge in the workpiece position, aligned
to th¢ motion‘axis, and measuring the lateral motion in
the tyvo directions orthogonal to the traverse direction,
using dp~indicator in the tool position. The best posi-

Electronic

indicator/

Machine slideway

Reversed Position

aligned approximately parallel to an axis mdtion.” The
straightness error is measured with a mechanig¢al or elec-
tronic indicator or a plane mirror interferomgter (if the
straightedge has an optical-quality reflectivp surface)
mounted in the machine’s tool position. This setup is
depicted in Fig. 7.3.1.1-1.

WARNING: The calibration chart of the straightefige should
be used to determine if its accuracy is adequate cpmpared to
the straightness specification of the slide under t¢st (see sec-
tion 9). If the straightedge is not accurate enough, fhe calibra-

tion chart or a technique called straightedge revelksal should

tions for performing the straightness measuremernt i the
machine work zone are those that most commonly reflect
the normal position of the workpiece in the work zone.

7.3.1 Test Procedure. Common methods of straight-
ness measurement use mechanical straightedges, opti-
cal straightedges, taut wires, geometry lasers, and laser
straightness interferometers.

7.3.1.1 Mechanical Straightedges. The straight-
edge is fixtured in the work-holding spindle and is

be used to eliminate the effects of straightedge errors from
the measurements. However, the straightedge reversal tech-
nique does not work when measuring the vertical straight-

7 For large machines, either a very long straightedge is required
or the straightedge must be staged. To improve relative alignment
between stages, larger overlap of gage positions is required, but this
increases the number of gage positions. It is thus difficult and time-
consuming to make accurate straightness measurements on a large
machine using a short straightedge [cases exist where mechanical
straightedges have been used successfully for distances up to 2 m
(approximately 80 in.)].
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Fig.7.3.1.2-1 Test Setup for Measuring Straightness Using a Taut Wire

Microscope

/— Spindle

Weight

ness of a hprizontal axis when the sag of the straightedge due

to gravity {s important.

WARNIN(
sensor, the

: When an interferometer is used as the measurement
air gap between the interferometer and the straight-
edge should be kept as small as possible to avoid effects of air
turbulence] Since the measurement is differential and the air gap
is small, it {s usually not necessary to make corrections for errors
in laser wapelength due to atmospheric conditions such as, tem=
perature and pressure. For the highest measurement accuracy,

however, these corrections should be made.

7.3.1
measurin

2 Taut Wire. Taut wires are~often used for
b the horizontal straightness(onlarge machines.
The wire |s stretched along the axis direction, and mea-
surements of wire position are nfade with a sensor (prox-
imity senfor or microscope) mounted in the machine’s
tool position (see Fig. 7.3.1.2-1).

7.3.1{3 Geometry.kaser. A laser head is mounted
in the wotk-holdifig spindle and the laser beam aligned
along the| axis of\motion, as shown in Fig. 7.3.1.3-1. A
sensor® (ejither-a lateral effect photodlode ora quadrant
photodiode
the spindle from the laser beam is attached in the nomi-
nal tool position.

WARNING: When using this method, care must be taken due
to “wandering” of the laser beam and to intensity variations

over the beam cross-section as a function of distance, which are
caused by interference, diffraction, and thermal effects. For best
results, averaging should be performed at every point, the air in

8 Interference filters are often used at the sensor to reduce the
effects of changes in ambient illumination.
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Taut wire

T

the laser path, should be vigorously mixed using fans, gnd an

adequate number of repetitions should be performed.

7,3.1.4 Laser Straightness Interferometers.| The
most commonly used laser straightness interferometers
consist of a Wollaston prism and a straightness teflec-
tor. The straightness reflector should be mounted |n the
work-holding spindle, and the Wollaston prism should
be mounted in the tool position (see Fig. 7.3.1.4-1),

WARNING: The centerline of the straightness reflector islanalo-

gous to the mechanical straightedge. Thus, extreme car¢ must
be taken in the fixturing of this reflector, particularly in{situa-
tions where bending is suspected. Any local bending will cause
the centerline of the reflector to change its position (s¢e Fig.
7.3.1.4-1), and the result obtained will not reflect the straightness
one would obtain on a part fixtured at multiple points oyer the
table surface. This situation can be partially rectified by thount-
ing the reflector to a secondary surface that is kinematically sup-

ported over the table.
Laser straightness interferometers, like alignmert and

geometry lasers, are sensitive to changes in the pjjoper-
ties of the air. Mixing and averaging should be uged to

Flatness errors of the mirrors of the straightness reflec-
tor are also sources of measurement errors. Reversing the
straightness reflector as shown in Fig. 7.3.1.4-1, and aver-
aging the results from the two positions, is conceptually
similar to straightedge reversal and can cancel this error.

7.3.1.5 Measurement Procedure. Before com-
mencing measurements, the machine shall be run
through an exercise sequence of two back-and-forth
movements between the first and last target points.
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Fig.7.3.1.3-1 Test Setup for Measuring Straightness Using an Alignment Laser
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Fig. 7.3.1.4-1 Typical Straightness Interferometer

Laser i \/

/—Spindle

Straightness
reflector

L Rotate 180 ¢leg

about this faxis

Th¢ machiné& shall be programmed to move the
axis finder test/and to position it at a series of target
positions;

At p target position, the data can be recorded with the

Table

‘ for “reverdal”

consist of the target positions and the corrgsponding
instrument readings.

7.3.2 Data Analysis. For each set of bidirectional

machine stationary of durilig contnuous Motion. Ihe
target positions are required over the full travel range
of the axis. The measuring intervals shall be no larger
than 25 mm (1 in.) for axes of 250 mm (10 in.) or less. For
longer axes, the interval shall be no more than one-tenth
of the axis length.

Five sets of bidirectional measurements shall be
made at all the target positions. The default traverse
speed shall be the machine’s maximum programmable
feed rate. Other feed rates may be negotiated between
the User and the Supplier. A set of measurements shall

Mmeasurements, two parallel lines are created such that
all measured values are between the two lines, and the
separation of the two lines is a minimum.

Although common algorithms can establish these two
lines, other line “fitting” methods may be more read-
ily available to the User and are therefore acceptable as
approximations. For example, the two enveloping lines
may be established as parallel to a simple regression line
fit (least-squared error) or end point fit.

The straightness for each measurement is the range of
residual values from the applicable fit. Graphically it is
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Fig. 7.3.2-1 Typical Plot Showing Straightness Data With the Straightness for a Particular Axis Clearly Labeled

Indidator reading, pm

100 200 300

the distar]
against tH

ce between the enveloping lines as measured
e deviation (vertical) graph scale (i.e., slope
due to alipnment removed). The average and the stand-
ard uncerfainty of the five straightness values calculated
as such are reported as the straightness error of the axis.
Straightn¢ss errors should also be plotted in a manner
similar td that shown in Fig. 7.3.2-1, where the least-
squared drror line has been applied and the slope has
been subtracted such that the straightness value for the
axis may [be obtained directly as the distance between
the two efiveloping lines.

7.4  Angular Error (Yaw) Motions, Linear Axes

741 G
when ma
due to an|
simple G}

eneral. Because of significant Abbe .offsets
rhining, errors in tool point location ¢anvoccur
pular errors in the machine linear slides. On a
oup 1 machine, these errors censist of small
rotations [about the Y-axis and are called yaw errors.
This Standlard requires that these angular error motions
be measufed for all linear machine Jaxes. For machines
where rothtions about other than'the Y-axis are important,
measurenfents of these angulas’error motions should be
made parf of the originaldnachine specification. The lines
of measufement shall(be those lines used for the posi-
tioning adcuracy and repeatability test for linear axes as

400

Axis position, mm

500 600 700 800

R T

(f) unidirectional repeatabilities of angular errof, R

and R |
(g) reversal deviatien of angular error, B,

7.4.2 Estimating the Effect of Angular Error. Angular
error leads to ‘positioning error for positions not qn the
lines measured in the linear positioning accuracy and
repeatability test (see para. 7.2). The magnitude df this
error(depends upon the perpendicular distance fo the
axis measurement lines and the point under consjdera-
tion (the functional point). This perpendicular digtance
is called the Abbe offset (see section 4). To obtain the
estimated error at any point, the value of the arjgular
error for that position, in radians, need only be fulti-
plied by the Abbe offset.

7.4.3 Angular Error Measurement Methods. A
error is usually measured with electronic levels, af laser
angular interferometer, or an autocollimator. Thq data
can be recorded with the machine stationary or jLulring
continuous motion. However, for measurement during
continuous motion, the use of electronic levels should
be avoided in favor of the angular interferomefer or
autocollimator.

gular

7.5 Positioning Accuracy and Repeatability,

f lin-

specified In paragZ2:2. A typical setup for making these

measurenjents’is.shown in Fig. 7.4.1-1 for the cross-slide Rotary Axes

of a Group I\machine. The measuring intervals, averaging 7.5.1 General. As with the measurement o
times and mumber of Points, and Measurement Sequence,  ear positioning, compiete verification of a rotar

including the exercise cycle, shall be those used for the
linear tests as specified in paras. 7.2.5 and 7.2.6. The data
shall be reported as given in para. 7.2.7, except that the
names of the parameters shall be different. They shall be
computed for each axis as follows:

(a) bidirectional systematic angular error, E_,

(b) bidirectional total angular error, A,

(c) unidirectional systematic angular error, E, T and E, {

(d) unidirectional total(s) angular error, A, Tand A |

(e) bidirectional repeatability of angular error, R ,
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axis
designed for positioning can be a time-consuming task.
In paras. 7.5.2 through 7.5.8, a practical set of tests is
defined that represents a good compromise between the
cost of testing and the cost of inaccuracy. The tests are
divided into two types. The first is for full-circle angular
positioning (paras. 7.5.2 through 7.5.7), and the second is
for interpolation errors on a much finer scale (para. 7.5.8).
These tests are analogous to the tests performed for lin-
ear axes, and the same parameters are reported, except
in angular units. A similar exercise procedure should be
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Fig. 7.4.1-1 Typical Setup for Measuring the Angular Error Motion (Yaw) of the Cross-Slide on a Group 1 Machine

Angle
retroreflector

Work
spindle

followed, i.e., twice through the bidirectional test-before
acquiring data. The angular positioning test-can be used
for apy servoed rotary axis. The angular-positioning
accurpcy and repeatability are measured in a minimum
of nirje positions.

7.5{2 Setup With an Indexing) Table and an Interfero-
metel The preferred methed for testing the positioning
accurpcy of a rotary axis.s'to use a calibrated indexing
table [in combination/with a laser angular interferometer.
Using this combinatipn provides continuous angular dis-
placements andvautomatic operation. A calibrated index
table |s fixtutedto the face of the rotary axis to be tested.
The ahgularattachment to a commercial laser interferom-
eter i§ dttached to the indexing table with a double retro-

I~ Y
SR, |

Bending

Tool
turret

29

0
0

Angle
interferometer

mirror

shall be square with the rotary axis beirlg tested.
Figure 7.5.2-2 illustrates the method for adjusting and
verifying this alignment. An indicator is brgcketed to
the cross-slide and adjusted so that the stylup contacts
the outer edge of the double corner cube| reflector.
The indicator is zeroed at this point. The dross-slide
is moved so that the indicator is clear of the corner
cube. The rotary table is lifted,’ and the r¢tary axis
being tested is rotated 180 deg, with the arftirotation
bar in place on the rotary table of the indexing table.
The indexing table is then reclamped and the cross-
slide returned to its original position. The pr¢cedure is
repeated for a 90-deg and a 270-deg rotation| For each
pair of rotations, the reading of the indicatpr should
be within 50 um (0.002 in.) to ensure an erroy less than

reflector motmted on the center. Figure 7.5.2-1 {iustrates a
typical setup for angular positioning measurement using
a calibrated index table and a laser interferometer on the
spindle, C-axis, of a lathe. Laser-based, angular interferom-
eters can have large errors if not properly aligned and need
to be corrected for nonlinearity if the measurement angle
exceeds a few degrees. In such cases, the laser interferom-
eter Supplier’s recommendations should be followed.

The axis of rotation of the calibrated indexing table
shall be aligned parallel to the rotary axis being tested.
In addition, the centerline of the double retroreflector

1 oartin 1000 oftha rmoncaiend ~nola
—pPaftHyovo- ottt hReasureaangres

NOTE: Such a procedure assumes that the side faces of the angular
retroreflector assembly are parallel to the plane defined by the cen-
terline of the two cube corners to within 5 pm (0.0002 in.).

° When measuring turrets, which also “rise” when indexed,
the combination height change of indexing table and turret
may cause loss of laser signal. In this case, it is acceptable to
index the turret and indexing table independently, provided the
optics can accommodate the angular increment. If this cannot be
accommodated, the autocollimator method (para. 7.5.3) or the
polygon method (para. 7.5.4) may be substituted.
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Fig. 7.5.2-1 Schematic for the Measurement of Angular Positioning Using an Indexing Table and a
Laser Interferometer

Spindle

/ “Toe clamp”

Three support

Calibrated
indexing

Angular table

retroreflector

~

Angle
interferometer

Cross-slide

Fig.|7.5.2-2 Setup for Adjusting the Alignment o0f an Indexing Table and a Laser Angle Interferometer

Antirotation
for indexing
table

Calibrated
indexing
table

Electronic
indicator

Angular /
retroreflector

Cross-slide
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Before commencing measurements, the machine shall
be run through an exercise cycle of two complete clock-
wise and counterclockwise cycles for each rotary axis,
using the same program or manual time sequence that
will be used during data acquisition. The testing proce-
dure is to command the machine under computer con-
trol to step known angular intervals and either manually
or under computer control rotate the calibrated index-
ing table in the reverse direction to maintain a condi-
tion of perpendicularity between the retroreflectors and

accuracy. Details on the polygon and autocollimator are
given in section 9.

After checking for on-scale behavior of the system by
commanding the machine under computer control to
step the appropriate faces of the polygon to a condition
of perpendicularity with respect to the autocollimator,
the axis should be exercised (two complete cycles, see
para. 7.5.2) and a series of readings shall be taken in
an incremental fashion on the angular position of each
of the polygon faces.!? After exercise (see para. 7.5.2),

the injterferometer. Data shall be taken and analyzed as
descrjbed in para. 7.5.7.

7.5/3 Setup With an Indexing Table and an Auto-
collimator. The procedure for testing angular posi-
tionin)g using an indexing table and autocollimator is
concgptually similar to that using an indexing table and
an inferferometer, as described in para. 7.5.2. As before,
a caliprated indexing table is fixtured to the face of the
rotary axis to be measured. Again, attention should be
paid [to fixture-induced stresses and table alignment,
which can alter the calibration accuracy. A flat mirror,
with |ts face parallel to the axis of rotation, is mounted
to th¢ surface of the indexing table facing a manual or
electrpnic autocollimator with the appropriate resolu-
tion gnd accuracy (see section 9).

NOTE

feromg

The autocollimator has a smaller range than the laser inter-
ter and is therefore not preferred, except in the case when
the combination of turret “rise” and indexing table “rise” is excés®

sive fgr a laser interferometer.

The¢ procedure is to first exercise the machine by-run-
ning the calibration program twice (see para. 7.5.2) and
then fo command the machine under computer control
to step known angular intervals and either manually or
undef computer control rotate the calibrated indexing
table|in the reverse direction to_maintain a condition
of nefar perpendicularity between the mirror surface
and the autocollimator. After éxercise, measurements
shall |be taken and the data/analyzed as described in
para.|7.5.7.

7.5l4 Setup With a'Polygon. This test is performed
using a calibpated optical polygon with a minimum
of nime face§.fof a positioning axis, or with a number
of fades equal to the number of turret positions for an
indexirigraxis. The polygon is approprlately fixtured to
the face o Y Sp
tion should be given to the attachment of the polygon to
minimize any fixture-induced stresses that might distort
the polygon mechanically and alter the calibration accu-
racy. Calibration shall be to at least the level required
for the application. A manual or electronic autocollima-
tor should then be placed so that an image is obtained
from one of the polygon faces. A sample setup is shown
in Fig. 7.5.4-1 for a servoed spindle axis. The autocol-
limator shall also have been calibrated to the required
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measurements shall be taken and the datacarjalyzed as
described in para. 7.5.7.

7.5.5 Setup With a Rotary Encodér. “A third method
for checking angular positioning, ‘and perhapp periodic
angular positioning, involves-using a calibrafed rotary
encoder. If such a system is ysed; the instrumen{manufac-
turer’s recommendations for’system mounting pnd align-
ment shall be followedyand the calibration of the device
shall meet the minimum requirements as speciffied in sec-
tion 9. A typical settip is shown in Fig. 7.5.5-1. Following
exercise (see fara. 7.5.1), measurements shall be taken
and the dataanalyzed as described in para. 7.5)7.

7.5:6)Setup With a Level. On some machines it is
possible to measure the angular positioning ¢f the tur-
ret-or other rotary axis using an indexing talle and an
appropriate level as a small-angle indicator. Ir] this case,
the level should be bracketed in a position dquivalent
to that shown for the laser angular retrorgflector in
Fig. 7.5.2-2. If a level is used, the procedure outlined in
para. 7.5.2 should be followed, including machine exer-
cise cycle. Measurements shall be made and the data
analyzed as described in para. 7.5.7.

7.5.7 Angular Position Measurements and Datf Analysis.
Independent of the measurement instrumentation selected,
a series of bidirectional measurements shall be taken in this
fashion over the full-circle angular position off the spin-
dle, rotary axis, or turret at the predetermined fumber of
locations, repeating this procedure 5 times as dgscribed in
para. 7.5.1. Five sets of bidirectional measuremerjts shall be
taken. When using the laser interferometer, the eadings at
each location shall be averaged for 0.25 s, taking ajminimum
of 120 points. The angular deviation at each angulhr position
shall be measured 10 hmes, 5 hmes in one rotation direction

3 ; rever data shall
be plotted as shown in Fig. 7 2 8 1 and analyzed following

10 Particular attention must be paid to obtain the correct sign
(+ or —) for the autocollimator deviation when performing this
calibration. On a machine with a servoed rotary axis, this sign
may easily be obtained by jogging the machine in a direction of
increasing angle and ensuring that the autocollimator reading
also indicates an increasing angle. On an indexing machine, hand
pressure on the rotary table, in the correct direction for a positive
angle, is usually sufficient to create an autocollimator reading for
obtaining the correct sign.
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Fig. 7.5.4-1 A Polygon Mounted to a Spindle Axis
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the prescription for linear axes as given'injpara. 7.2.7,except ~ angular encoders are often built in such a fashion that
that the units are in arcseconds or décimal degreesand only ~ the error between integral angles can be extremely $mall,
nine target angular positions are\required. Although only  but the error in interpolation between these anglgs can
nine positjons are required by this Standard, if the instru-  greatly exceed the error at integral angles. The inferval
mentation|allows, taking adatger number of pointsis highly ~ for periodic angular positioning measurement should
recommerjded. Note also‘that, in many cases, the periodic =~ be chosen such that it encompasses at least the inferpo-
angular pgsitioning, (see para. 7.5.8) can be assessed simul-  lation interval on an angular axis using optical epcod-
taneously with petforming this test. ers, moiré gratings, or inductive scales. On rotary fables
The dafa optained from the angular positioning tests ~ whose angular position is measured by the position of a
shall be apatyzed using the same procedures as are used =~ worm gear drive, the interval shall correspond to af least
to analyzéat T 72T i ; T al has
reported shall be the same except that the unitsshallbein ~ been established, this Standard provides for three meth-
arcseconds or decimal degrees rather than millimeters. ods of measuring the periodic angle positioning. One
uses the angular attachment to a commercial laser inter-

7.5.8 Periodic Angular Positioning. After obtaining ferometer system, the second uses a mechanical setup
the large angular positioning parameters, it is necessary ~ consisting of an electronic or mechanical indicator and a

on a servoed angular axis to check the angular interpo- ~ micrometer, and the third uses a rotary encoder.

lation of the scale devices. Since many different types of

angular scales are used, it is difficult to define, in general, 7.5.8.1 Periodic Angular Positioning Using a Laser
an interval of small angle measurement that will be suf-  Interferometer. The setup for this measurement is sim-

ficient for all applications. This test is necessary because ilar to that shown in Fig. 7.5.2-1, without the indexing
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Fig. 7.5.5-1 Typical Setup for Measuring the Angular Positioning Accuracy of a Rotary Axis Using
an Angular Encoder

“Wobble” adjustment

Small four-jaw chuck

Spindle

C-axis

table| Here, the angular attachment to & ¢ommercial
laser nterferometer is used with the double retroreflec-
tor mpunted in the position of the polygon of para. 7.5.4.
Note that this measurement may belmade with the index-
ing table in place as part of the anguilar positioning test if
the option in para. 7.5.2 is used.) The servoed axis of the
machijine is then commanded/to move in intervals one-
twentieth of the period\of the expected periodic error
cycleland the laser afigle reading recorded. This proce-
dure fhall be performed unidirectionally and repeated
five times oversthe same range, without rezeroing the
laser |interferQineter, to ensure consistency and assess
instrymental“and environmental drifts. The differences
betweeti-the laser angle reading and the incremental
angle 728

for a linear axis (except the deviation units are in arc-
seconds). The periodic angular positioning is the range
of the average angular deviations as shown in the fig-
ure. The analysis is analogous to that for unidirectional
systematic deviation of positioning (see para. 7.2.7.2).
Note that this procedure often reveals periodic compo-
nents of interpolation that can be used for analysis pur-
poses outside the scope of this specification. Note also
that laser-based angular interferometers can have large
errors if not properly aligned and need to be corrected
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Antirotation
fixture

X-axis cross-slide

for nonlinearity if the measured angle exce¢ds a few
degrees. The interferometer manufacturer’s r¢commen-
dation shall be followed regarding the angle range of the
angle interferometer.

7.5.8.2 Periodic Angular Positioning Using Displace-
ment Measurements. Periodic angular positipning can
also be readily measured using displacementtmeasure-
ment apparatus. A mechanical setup using a njicrometer
and an appropriate electronic or mechanical| indicator
with a spherical stylus is shown in Fig. 7.5.8.2}1. A laser
displacement-measuring interferometer, or other long-
range displacement indicator, can also be spibstituted
for the micrometer and indicator shown. The rpachine is
commanded to move in intervais of one-twentieth of the
interval determined, and at each point the electronic or
mechanical indicator is rezeroed using the micrometer.
The angular motion, 6 (in radians), is approximately the
ratio of the measured displacement divided by the radius,
as shown in the figure. With either the laser interferom-
eter or the mechanical setup, this approximation is valid
only for small angles, and corrections shall be applied if
the measured angle exceeds a few degrees.
Differences between the angle calculated from the
displacement measurement and the incremental angle
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Fig. 7.5.8.2-1 Typical Setup for Periodic Angular Error Measurement Using Mechanical Means

Large thimble micrometer

(0.2-wm resolution)

~—_

command shall be plotted as shown in Fig. 7.2.8-1 for
a linear gxis (except the units are angular), and the
periodic angular positioning shall be computed as in
para. 7.2.8. The angle may be calculated from the dis;
placemenit measurements by dividing the displace-
ment mepsurement by the measurement radius; MR
(Fig. 7.7.4.1-2), and then computing the answg¢t,;which
is in radigns, to either arcseconds or decimal degrees.

7.5.83 Periodic Angular Positioning-Using a Rotary
Encoder. | The periodic angular posjtioning may also
be measufed using an appropriate-totary encoder. The
setup shall be performed as described in para. 7.5.5 and
as shownl|in Fig. 7.5.5-1, and)\in fact, the periodic angu-
lar positigning shall be assessed as part of the angular
positioning if such instrumentation is available. The
measurenment intefyals and the data reduction shall be
as described in.pard. 7.5.8. Note that the rotary encoder
often has|periedic errors of the same magnitude of the
rotary mefasurement device used in the table or spindle

Rotary axis

Electronic or mechanical
indicator mounted in
fool position
(0.2-pm resolution)

tools,.Modern machines can be equipped with myltiple
spindles, multiple turrets, and even rotating (“live”) tool-
irlg (tool spindles). It is impossible, in this Standajrd, to
cover all conceivable configurations. For the purposes of
this Standard, tests are defined for all work spindlgs and
all part spindles that are supplied as part of a machine
purchase. If spindles are to be excluded from thes¢ tests
because they are “auxiliary” spindles (see section 4, this
exclusion shall be agreed upon between the Usef and
the Supplier as part of the original machine spe¢ifica-
tion. Otherwise, such spindles shall be tested follqwing
the procedures described in paras. 7.6.1 through| 7.6.4
and 7.7.

7.6.1 General. The general problem of the specify-
ing and testing of axes of rotation is thoroughly treated
in ANSI B89.3.4M. The details of that Standard will not
be repeated here. Rather, minimum tests are definefl that
are necessary for ensuring spindle performance for the
average User; others should refer to ANSI B89.3.4M for

to be tested. This should be thoroughly assessed before
using such a device for this measurement, and in no
case should a rotary encoder be used that has the same
interpolation interval as the encoder used on the table or
spindle to be tested.

7.6  Spindle Axis of Rotation

Traditionally, a simple lathe or turning machine is
equipped with a spindle for fixturing a part (work spin-
dle), and a cross-slide, mounted on a saddle, for fixturing
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further background material. Measurements for both
rotating sensitive direction and fixed sensitive direction
(see section 4) are discussed.

For axes of rotation, the general term “error motion”
is used herein to refer to the relative displacement in the
sensitive direction between the tool (or gage head) and
the workpiece. Error motions in the sensitive direction
cause one-for-one form errors to be cut into the work-
piece and thus are most significant for machine tool
performance characterization. Error motions perpen-
dicular to the sensitive direction are considered to be in
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the nonsensitive direction and are not evaluated in this
Standard. For the purposes of this Standard, two types
of sensitive direction are recognized. The first, fixed sen-
sitive direction, occurs in turning, i.e., lathes, where the
part is rotating in the spindle of interest and the tool is
fixed. The second, called rotating sensitive direction,
occurs where the tool is rotating and the workpiece
fixed. In the case of turning centers, this Standard is
applicable only where such machines are equipped with
“live” _tooling. This Standard provides procedures for

the axis of rotation so as to minimize eccentricity. (It
is assumed in the later text that the spindle analysis
system is capable of removing small residual eccen-
tricities.) The displacement indicator!! and test artifact
should meet the specifications outlined in section 9.
(In the case of ultrahigh precision machines, such as
diamond turning machines, residual errors due to arti-
fact out-of-roundness should be removed. See ANSI
B89.3.4M for this procedure.)

the eyaluation of the ranges of some of the relevant spin-
dle efror parameters. The error parameters used in this
Standard are limited to subsets of average and uncer-
tainty in radial, axial, and tilt motions.

All| the measurements in this section require rotating
a test|ball, mandrel, or other artifact in a fixture at high
speeds. Users are therefore warned to use appropriate
cautipns to ensure operator safety.

7.6,2 Structural Motion. Before commencing with
spindle error testing, the structural motions of the
machjne shall be assessed with the spindle off. These
tests qire similar in setup to those tests for relative vibra-
tion given in para. 6.3.1. They are, however, conducted in
condittions designed to point out relative motion between
the spindle and the tool, which is caused by the machine
itself father than the environment or actual spindle rota-
tion. The tests shall be run two times for each axis

(a) | first with the machine’s power and auxiliary syss
tems [on but with the machine drives off, that is, the
emergency stop position

(b) | second with the machine’s power andcauxiliary
systemns, such as hydraulics, turned on, and*with the
machiine drives on, that is, with the machine’in the feed-
hold fnode

The¢ setup is shown in Fig. 6.2.1.4-1. The values obtained
from these tests should be compated to those obtained in
the fynctional relative vibratignjtests (para. 6.3.1). If the
vibrafion amplitude in either of these conditions exceeds
25% o¢f the specificationyzohe for unidirectional repeat-
ability and the User-has met the Supplier’s guidelines
regar¢ling vibration'and environment, the Supplier shall
be redponsible ferrectifying the situation.

7.6\3 Spindle Tests, Fixed Sensitive Direction.
Figure 7:6:3-1 shows some test setups suitable for the

7.6.3.1 Radial Error Motion, Fixed, |Sensitive
Direction. The radial error motion shall*bé [measured
by positioning the displacement indicator in [the radial
direction, as shown in Fig. 7.6.3-1.”Radial errpr motion
measurements shall be made at ‘three spindle speeds
after the spindle has been allowed a warm-up| period at
half the maximum revolutions”per minute fof a period
of 10 min. The spindle speeds chosen for thig test shall
be approximately 10%,50%, and 100% of the machine’s
recommended maximitim spindle speed. At egch speed,
a polar plot of the'spindle error motion shall bg¢ made for
a minimum 0f20 revolutions. The machine Uger should
also simply;ebserve the output of the error-indi¢ating sys-
tem while changing the spindle speed slowly throughout
its total'speed range. There may be speeds at which exces-
sive.error motion results due to structural motipn. If such
speeds exist, they should be reported and avoided when
machining. A typical plot for a single spindl¢ speed is
shown in Fig. 4-2. This plot should be evaluated s follows.
First, the data shall be least-squares fit to a circle and any
residual eccentricity removed. Then the averape (mean)
values of the radial error motion and the asymichronous
error motion values shall be computed for a minimum
number of 16 angles uniformly distributed afound the
circle. (Many commercial spindle error analyzgrs sample
at a much larger number of angles; 16 is the nEinimum,
but a larger number is preferred.) The maximum range
of these averages shall be called the average radial error
motion (it is precisely analogous to the unidirecfional sys-
tematic deviation; see para. 7.2.7.2). Similarly,|the maxi-
mum value of the asynchronous motion shall be called
the asynchronous error motion.

Although the plot (see Fig. 4-2) looks the
fixed sensitive direction and rotating sensitive
the plot represents the measure of a differenf quantity.
The rotating-sensitive-direction setup(s) shofild never

same for
direction,

measUTEIMENt of the Spindie erTor Motions for the case
of fixed sensitive direction, that is, for a work spindle.
(In the following tests, it is assumed that a signal, pro-
portional to the angular orientation of the spindle, is
generated so that polar plots of the error motion as a
function of spindle angle can be generated either in a
computer or on an oscilloscope.) A precision test ball,
or other suitable artifact, is mounted in the machine
spindle, and the displacement indicator is mounted to
the tool post or to a fixture rigidly attached to the tool
post. The ball or artifact should be centered around
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beused-forfixed sensitive direction-measuremients
Be-HUSea—+of SenRsive-cirectHonheasteny .

7.6.3.2 Axial Error Motion Test for Fixed Sensitive
Direction. The axial error motion shall be measured by

1 At the time of the writing of this Standard, displacement
indicators that work on eddy current principles are, in general,
unsuited for spindle measurements. This is because they sense
changes in the metallurgy of the test artifact, as well as its geometry,
and can give incorrect results. For all spindle measurements, a
high-bandwidth indicator that senses only the geometry of the
artifact shall be used.
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Fig. 7.6.3-1 Test Setups for Measuring Spindle Error Motions in the Case of Fixed Sensitive Direction
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positioning the displacement indicator in the axial direc-
tion, as shown in Fig. 7.6.3-1. Axial error motion shall be
measured following the same procedure, including the
warm-up cycle, and at the same spindle speeds as those
specified for radial error motion. The analysis of the
error motion polar plot for axial error motion is also con-
ceptually identical to that for radial error motion, except
that fundamental error motion should not be removed
analytically. The asynchronous axial motion shall be the
maximum value of the range at any angle on the error

same and their outputs differenced before input into a
spindle analyzer, or their gains calibrated and the subtrac-
tion performed in software. In either event, the spindle
shall be run for at least 20 revolutions at the three spin-
dle speeds selected, as in para. 7.6.3.1, and the differences
between the two readings (gage 1 and gage 2) plotted on
a polar plot. The asynchronous tilt error motion value
shall be the maximum range from the total error motion
polar plot obtained from the difference between the two
gage readings, measured along a radial line through the

motign polar plot measured on a radial line through the
polar|chart center. The average axial error motion shall
be th¢ range of the average error motion values, defined
with fespect to the least-squares center.

71.6.3.3 Tilt Error Motion, Fixed Sensitive Direction.
Tradifionally, tilt error motion in the fixed sensitive direc-
tion Has been measured by simultaneously sensing error
motiqns at two spatially separated points, as is shown
in Fig. 7.6.3-1. For the purposes of this Standard, the fol-
lowing alternative is offered. First, the test ball or other
artifagt and capacitance gage are fixtured as described in
para.[6.2.1 and shown in Fig. 7.6.3-1, illustration (a), and
the ayerage radial error motion and the asynchronous
radial error motion measured. Next, the ball or other
artifaft and indicator are refixtured a distance of at least
50 min (approximately 2 in.) from the previous position
and g second set of measurements of these parameters
perfofmed. The difference in the radial error/motion
measfirements divided by the distance between them
[nomjnally 50 mm (approximately 2 in.)] is the average'tilt
motidn error. The difference in the asynchronotis-radial
error [motion divided by the length is the asynchronous
tilt miotion error, in radians. The measurement of radial
error motion may be used for the first measurement if the
second measurement is taken shortly thereafter.
Acgurate measurement of the tilt error motion requires
simultaneous sensing of the fadial error motion at two
spatidlly separated points, d4s shown in Fig. 7.6.3-1, illus-
tratioh (b), using radialysersors 1 and 2. A commercial
spindlle error analyzexr'can be used for this purpose, or
a tesy fixture withrtwo balls with their centers spaced
some|distance apart {50 mm (approximately 2 in.) is ade-
quate]], or a precision test mandrel or other artifact may be
attached tosthe spindle and aligned with high precision
to the axis-of spindle rotation, to minimize eccentricity.
As stated-prevdously 3 aste
in the commercial system) shall have a roundness such
that any errors in their form are less than the value of
error expected in the machine (see section 9). Otherwise,
procedures taken from ANSI B89.3.4M should be used to
extract artifact out-of-roundness from the measurement.
In either case, the analysis below assumes that the two
capacitance gages are set upon the equators of the balls or
along the test mandrel at a distance, L, from one another.
The two displacement indicators should be adjusted such
that their sensitivity (output voltage/displacement) is the
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polar chart center and scaled by the length,~L |, between
the two gages. That is

/8(9) = [72(0) - 7’1(3)]/Ld

where
L, = distance betweem)the centers of the two
gages
r,(60) radial motioniat'gage 1
r,(#) = radial motion at gage 2
B(0) = tilt motiet, rad
0 angular orientation of the spindle{(angle on
polar chart)
The average tilt error motion shall be the [difference

between, the maximum and the minimum avefage error
motion'yvalue, irrespective of radial direction, arjd defined

with respect to the least-squares center, as in
tion above. For practicality, the computation o
ages and the asynchronous error motions at 16
shall be sufficient. For the purposes of this
the maximum value of the asynchronous moJ
16 positions shall be reported as the asynch:

the equa-
the aver-
positions
Standard,
ion at the
onous tilt

error motion. For the most accurate estimate, the average

tilt motion shall be removed from the data and|
mum range on the resulting plot used for the
nous motion analysis procedure.

7.6.4 Spindle Tests, Rotating Sensitive
This test is used only on machines that have
spindles for milling, i.e., “live tooling.” Fig

the maxi-
asynchro-

Direction.
auxiliary
re 7.6.4-1

shows a test setup for the measurement of the spindle
error motions for the case of rotating sensitive direc-
tion. In this setup, a precision test ball or other artifact
is mounted in the machine tool “live” spindlg, which is
the normal location for a tool. The precision tpst ball or
artifact can be the ball or artifact used previouply for the
ETVE test, hysteresis test, and the like, and shia

motion test. (Various methods exist for removing the
imprecision of the test ball or artifact from the spindle
error motion measurement. These techniques should
be used in ultraprecision equipment and are outlined
in ANSI B89.3.4M. For the “live tooling” on most turn-
ing centers, however, a test ball or artifact of sufficient
accuracy that imperfections in form may be neglected is
readily procured.) Displacement indicators are generally
mounted to the work spindle of the machine in orthogo-
nal orientations. The displacement indicators should be
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Fig. 7.6.4-1 Test Setup for Measuring Spindle Error Motions in the Case of Rotating Sensitive Direction
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bandwidth sufficient to cover the rpm(range specified.
The bandwidth required depends upon the number of
undulatigns per revolution to be fesolved and the rpm
range of the spindle. For most téirning centers with “live
tooling,” 4 bandwidth of 10 KHz is acceptable for speeds
upto 6 00 rpm, and scaling* of this value can be used
for other §pindle speedsyIf capacitance gages were used
for the ET[VE and othertests and they have appropriate
bandwidth, they,éaiyalso be used for the spindle analy-
sis tests. Figur&%.6.4-1 shows one type of commercial
error anallyzer;but other models that meet similar speci-
fications d

Direction. The radial error motion shall be meapured
by computing and displaying the error motion |polar
plot according to the following equation:

1(0) = ry+ AX(6) cos & + AY(0) sin 0

where
r, = thevalue of the radius set by the aligngment
of the test ball or artifact
AX(6) = outputof the gage oriented with the ¥-axis
AY(#) = output of the gage oriented with the J-axis
¢ = angle of rotation of the spindle

Radial error motion measurements shall be atlthree

re-varfactbrsuyitable
re-perfecthyrsuitable

The ball or artifact should be centered around the axis
of tool rotation so as to minimize eccentricity, and a sig-
nal proportional to the spindle rotation angle, generated
by some subsidiary means or the ball or artifact, should
be mounted slightly eccentric and this eccentricity used
to generate the signals necessary for a polar plot. The
setup for this latter case is shown in Fig. 7.6.4-2, and
both cases are described in detail in ANSI B89.3.4M. A
third method, using a commercially available spindle
analyzer, is also acceptable.
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spindle speeds after the spindle has been allowed a
warm-up period at half the maximum revolutions per
minute for a period of 10 min. The spindle speeds chosen
for this test shall be 10%, 50%, and 100% of the machine’s
recommended maximum spindle speed. At each speed, a
polar plot of the spindle error motion shall be made for
a minimum of 20 revolutions.'? A typical plot for a single

12 For maximum accuracy, a higher number of revolutions may be
required for ball and roller-bearing spindles.
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Fig. 7.6.4-2 Spindle Test Setup With an Eccentric Ball
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spindlle speed is shown in Fig. 4-2. The machine User should
also sjmply observe the output of the error-indicating sys-
tem while changing the spindle speed slowly through<
out itp total speed range. Speeds may be observed whete
excesgive error motion results due to structural resonences.
If such speeds exist, they should be avoided wherrmachin-
ing. Kor the purposes of this Standard, only\two error
motidn values shall be computed from the\etror motion
plot. [The asynchronous radial error motion value (per
spindlle) shall be the maximum rangein the radial error
motidn as computed from the total error motion polar plot
(befoffe averaging), measured along a radial line through
the ldast-squares center, as Shown in Fig. 4-2. Next, the
averape (synchronous) radial error motion polar plot shall
be computed by averaging the radial error motion polar
plot 1psults for thetdtal number of revolutions. A typical
average (synchrohous) error motion polar plot is shown as
the dark line ifyFig. 4-2. The average (synchronous) radial
error mmotion,for the purpose of this Standard, shall be the
maximumivalue of the average (mean) radial error motion

error motion, as measured with respect to the least-squares
center of the polar plot.

7.6.4.2 Axial Error Motion Test for Rotating Sensitive
Direction. The axial error motion shall be measured by
positioning the displacement indicator (such as a capaci-
tance gage) in the axial direction, as shown in Fig. 7.6.3-1,
or by using a commercial spindle analyzer system. For the
measurement of axial motion with a rotating sensitive direc-
tion, synchronization to the spindle angular orientation
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afid-sophisticated data analysis are not required}| Here, the
maximum range of the displacement over appoximately
20 revolutions of the spindle shall be used as g measure-
ment of axial error motion. The measuremerjts can be
done most simply with a commercially availahjle spindle
analyzer, but an oscilloscope can also be used. This test is
sometimes not required, since for many applications, such
as boring, axial motion is in the nonsensitive dirgction. For
certain other applications, such as contour milling and fly
cutting, however, it can contribute significantly fo machin-
ing error and degradation of surface finish. For these appli-
cations, these tests should be performed.

Direction.
measured

7.6.4.3 Tilt Error Motion, Rotating Sensitive

In the past, tilt motion has not been commonly
for axes of rotation with a rotating sensitive |direction.
To measure this tilt motion, either a suitably lequipped
commercial spindle error analysis system or four capaci-
tance sensors and electronics for differencing the data in
a setup similar to that shown in Fig. 7.6.4-1 sha]l be used.
n-the firgt case,the spindle error analyzer shall be set
up according to the Supplier’s recommendations and
the tilt motion computed in the software. In the second
case, data shall be taken and analyzed as in para. 7.6.3.3
or para. 7.6.3.4, except that the differences between the
outputs of sensors 1 and 4 and sensors 2 and 5 shall be
used as the AX and AY in the equation and r, shall be
set equal to zero (note that sensor 3 is not required).
The average tilt motion, in radians, shall be obtained by
dividing the average differences by the distance between
the sensors in the test setup. The maximum value shall
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be reported. The maximum value of the differences in
the asynchronous error motions (total range on the polar
plot), divided by the distance between the sensors, shall
be reported as the asynchronous tilt motion value.

7.7 Machine Thermal Tests

7.7.1 General. For the thermal tests described in this
section, the machine shall be powered up with auxiliary
services operating and axis in the feed-hold position, with

sitivity to those used in the ETVE and spindle error tests
and be of the noncontacting type (see section 9). If desired,
a test mandrel and a sensor-mounting bracket, made of a
low-expansion alloy material, may be substituted for the
test balls and fixturing used previously.! In either event,
the mandrel or balls shall be adjusted to minimize radial
runout and the sensors set to read positive for deflec-
tions of the balls or mandrels toward them. The spindle
shall then be turned on to 75% of maximum speed. Data
from the five sensors shall be taken at intervals of 5 min

no spindle
effects of finternal sources. The machine and measuring
instrumerft shall be protected from drafts and external
radiation puch as that from overhead heaters or sunlight.
If the mafhine is equipped with an enclosure and the
machine Will be operated with this enclosure closed, then
these thermal tests shall be done in this configuration.

All testp shall be carried out with the machine in the
unloaded condition. Where the machine involves rotating
both the workpiece and the tool on separate spindles, the
tests shall|be carried out for each spindle. In all cases, the
tests shall|be between a nominal workpiece location and
a nominal tool location, or vice versa. If any compensa-
tion capalbjility or facilities for minimizing thermal effects,
such as ajr or oil showers, are available on the machine
tool, they[shall be used during the tests and their exist-
ence recorfded.

All megsuring instruments described in paras. 7.7.2
through 77.4 shall conform to instrumentation and test
equipmerft requirements given in section 9 and also be
“cap” tesfed according to the procedures outlined in
Nonmandatory Appendix J. The results of the cap_test
on the insfrument should be no greater than one-tenth of
the expected test deviation, or the instrument shotild be
modified pr changed.

Lol £ P | L£L2 o2 L L Lolails 4l
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7.7.2 Spindle Thermal Stability Test.._Movements of
spindles faused by self-induced temperature changes
yield signfificant errors in machining for both rotating
and fixed sensitive direction-~Before proceeding with

max. During the first 30 min of the test, the range pf the
data at all sensor locations shall be noted. The tes{ shall
proceed until the maximum change in any sensor|read-
ing over any 30-min period, at all of the-Sensor locqtions,
has reduced to 15% of the maximum of that sensor change
over the first 30 min of the test, orfof.a maximum ¢f 4 h,
whichever is smaller. The data shall’be plotted as shown
in Fig. 7.7.2.1-1. Angular drifts'ofthe axis average lihe are
plotted in Fig. 7.7.2.1-2. Thé.data recorded at each inferval
should be an average of measured displacements ¢ver a
5-s period. If a digital me¢asurement system is used, 4 min-
imum of four samples per revolution for 20 revolutigns, at
any time during\the 5-min period, shall be sufficient. The
zero for this figure shall be established by reading thee sen-
sors immediately after spindle rotation has commg¢nced.
To facilitate comparison between machines, this Stapdard
requifes reporting the offsets of the spindle axis avlerage
ling, as close as possible to the chuck, part-holding device,
or, in the case of tool spindles, the tool-holding devide (see
para. 7.1.3). First, compute the thermal tilts of the spindle
axis average line (refer to Fig. 7.6.4-1 for gage degigna-
tions). The tilts are

and

this test, the machine should\be in a quiescent state as where subscripts ¥, y, and z designate the plane ¢f tilt,
described| in para. 7.7.1¢ after a soak-out period of at  zpng
least 12 h D, = reading of gage 1
D, = reading of gage 2
7.7.2{11 Spindle Wal’m-Up Test. T‘h.is test Should D4 = reading Of gage4
be performedCfer all lathe, tool, and work spindles. For Dy = reading of gage 5
this test, intest fixture, such as that used for the spindle D. . = tiltabout the x direction
error analysis tests (paras. 7.6.3 and 7.6.4), is fixtured in D, . = tiltabout the y direction
the machine spindle and set to read against a five-sen- " .
L, = distance between gages 2 and 5 or 1 and 4

sor “nest” as shown in Fig. 7.6.4-1 for a tool spindle and
Fig. 7.6.3-1 for a work spindle. The sensor nest should be
fixtured to the tool post or to the cross-slide in the loca-
tion of the tool post when measuring work spindles.'® The
sensor nest should be fixtured to the work spindle when
testing a tool spindle. The sensors should be of similar sen-

13 For work spindles, two sensors in a five-sensor nest will be in the
nonsensitive direction and need not be used.

66

Note that the tilt angles are in radians, defined with
respect to the gages and not to the machine’s axes.
Positive tilts indicate tilting toward the gage pair used in
the computation.

14 If desired, the fixturing for the gage nest and for the test ball may
also be made of low-expansion material. The concept here is, in so
far as possible, to check the thermal stability of the spindle and not
the thermal stability of the test fixture(s).
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Fig. 7.7.2.1-1 Sensor Data From a Typical Spindle Thermal Warm-Up Test
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To |determiné the offset drifts, measure the distance, Like the angles, the offsets are positive in the|direction
L, ,, Qetweén'the centerlines of sensor 1 or sensor 2 and  of the gages and not necessarily in machinje coordi-
the fgce-of-the chuck, other part-holding device, or tool- nates. For this test, the numbers reported ghall be a
holdi ho device—The offsets-of the axds-aw crage lineatthe range of the av erage in pvanica a“alngy toth system-

face of the chuck, etc., are given by
Dx:DZ_Ll,ZXDx,z
D,=D,~L,XD,.

D z D 3
where
D, = thereading of gage 3
D, = the X offset in the selected plane
Dy = the Y offset in the selected plane
D_ = the Z offset

N

atic deviations of positioning discussed in para. 7.2.
As with the ETVE test, this test should be performed
in a configuration suggested by the Supplier; that is,
if the machine has spindle thermal control, this facil-
ity should be on. If thermal control involves fluids
on external spindle components, appropriate instru-
ments should be used."®

15> When tests are performed using cutting lubricant, capacitance
sensors should not be used.
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Fig. 7.7.2.1-2 Tilts of the Axis Average Line, Spindle Warm-Up Test
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12 Transient Shutoff Test. The behavior
dle during warm-up is often dramatically
than the behavior of a spindle during cool-

down. TI

is can lead to significant problems when

using mafhines in intermittent duty cycles. It is there-
fore recommended that a transient shutoff thermal
stability be measured. This is performed with either
of the tw¢ setups, fixed sensitive direction or rotating
sensitive [direction, and for each of the machine work
or tool spfindles. For the purpose of this Standard; this
test should last for the length of time required for the
preceding test on that spindle (see para. 7.7:2.T) or 4 h,
whichevqr is shorter. For either rotating«en fixed sensi-
tive diredtion, this test is performed_in the same way.
At the end of the warm-up test, thé.spindle is turned
off and tlpe sensors read for a period equal to that of
the warm-up test. The data are.ahalyzed as described
in para. 7}7.2.1. The transiehtshutoff thermal stability
is defined as the total ranige of the linear (and angular)
readings ffor a period(of 1 h after spindle shut-down.
Again, the data arectaken at intervals of 5 min max.,
with each data point being an average of all the read-
ings obtajned:-for a minimum of 5 s within the 5-min
interval.

pling reqtit

7.7.3 Thermal Distortion Caused by Moving Linear
Axes. This test is carried out to identify the effects of
internal heat generated by the machine positioning system
(linear axes only) on the machine structure observed as dis-
placements between a nominal workpiece and a nominal
tool. The test indicates the amount of drift in the machine
axis “home” position as well as the amount of the elonga-
tion of machine scales during the warm-up period.
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7.7.3.1 TestProcedure. A displacement-meas|
instrument,ustally a laser interferometer, shall be

uring
set so

as to measure the distance traversed by the axis yinder

test (cotresponding to the relative motion bet
the 'neminal tool and the nominal workpiece
machine) between two target positions. Note that
to the test, the laser interferometer should be
tested as specified in Nonmandatory Appendix
example of a typical test setup is shown in Fig. 7
Note that the setup is the same as that used for the
tioning accuracy and repeatability test. The two
positions should be selected close to the end poi
travel, where applicable. Two additional reversal
tions should be selected outside this test range to
for bidirectional measurement. Measuring instry
tation shall be located so as to allow for mini
opening in the machine enclosure (if supplied) d
the measurements.

Starting from one of the reversal positions, the m4
shall be programmed to move the axis to target posi
where it shall remain at rest long enough for the actua
tion reached to be measured and recorded. The axig
then move in the same direction to target position 2,

ween
f the
prior
cap”
J. An
2.3-1.
posi-
arget
hts of
posi-
hllow
men-

um
ring

chine
on 1,
posi-
shall
where

| then
direc-

tion will be reversed. The readings at target positions 2 and
1 shall then be measured and recorded during this motion
in the reverse direction. A diagram showing this procedure
is given in Fig. 7.7.3.1-1. The programmed traverse rate shall
be 0.5 times the rapid traverse rate, and the dwell time shall
be the settling time used for the positioning accuracy and
repeatability tests (see para. 7.2). Different dwell times and
traverse rates produce different heat inputs; therefore, they
cause different axis drifts. If other dwell times and traverse
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Fig. 7.7.3.1-1 Path for Measuring Thermal Distortion Caused by Moving Linear Axes
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rates pre to be specified, they shall be the subject of prior
agreement between the User and the Supplier.

Th¢ test sequence described above shall then be
repeated, recording data bidirectionally at the two target
positions. During the first 30 min of the test, the range
of th¢ data for each axis shall be noted. The test shall
proceed until the maximum change in any axis reading
over gny 30-min period at both endpoints has réduced to
15% ¢f the maximum of either endpoint change over the
first 30 min of the test, or for a maximum of 4 h, which-
ever 1s smaller. Before commencing the‘test on another
axis, sufficient time should be alloc¢ated to allow for the
machjfine to cool down. The ambient temperature shall
be coptinuously monitored-during these tests.!® Note
that ¢gn a machine of noypmal’size, a very large number
of dafa will be produced\by this test, which may last as
long ps 4 h. It is recomimended that the average value
over [l0-min interyvals be retained, rather than the full
data pet. The aVerage position values should then be
used [to comipite the thermal drift. Note that this test
does not fully assess the machine’s thermal behavior but
rather indicates thermal problems and can be effective

for pasitioning feedback, environmental comjpensation
forlair temperature, pressure, and humidity should be
used, if available as part of the normal maching configu-
ration as supplied by the Supplier.

7.7.3.2 Interpretation of Results. At the end of
the test period, the error at the two target pogitions for
each direction shall be calculated at 10-min |intervals.
This shall be done by subtracting the first avefage posi-
tion reading from all subsequent readings. Th¢ data sets
shall be plotted in the form of position error v¢rsus time
graphs, an example of which is shown in Fig} 7.7.3.2-1.
With reference to this figure, error e(xlT) is the tptal range
of thermal drift of target position 1 in the X digection for
the forward direction, and error e(xZT) is the tptal range
of thermal drift of target position 2 in the X digection for
the forward direction. The drifts in the reversq direction
will be noted similarly, using the down arrow ).

The dwell (settling) times, traverse rates, s¢tup posi-
tions, position of the air temperature sensor, type of test
equipment, and target positions shall be recoyded with
the test results.

for machine comparison.

If the measuring instrument incorporates compensa-
tion for environmental factors, such as air temperature
and pressure, then these shall be used. If the measuring
instrument incorporates facilities by which the measured
data can be modified for the part temperature, then the
part sensor shall not be used. For machines using lasers

16 Tt is useful to measure the drift during the cool-down period.
To do this, at the end of the test period, the machine should be at
the target position that indicated the largest drift and this position
periodically recorded as the machine cools down.
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7.7.4 Composite Thermal Error. This test is carried
out to identify the combined effects of the internal heat
generated by the main spindle(s) and the positioning
systems on the relative position between the work-
piece and the tool. Note that the results of this test can-
not be derived from the results of the two types of tests
described in paras. 7.7.2 and 7.7.3.

7.7.4.1 Test Procedure. Figure 7.6.3-1 shows a
typical measurement setup for a lathe or a turning center
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Fig.7.7.3.2-1 Position Error Versus Time for a Typical Test for Thermal Distortion Caused by a
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with a sinjgle work spindle and a single tool position or If the machine has more than one spindle or turret,
turret. THree displacement indicators shall be rigidly  the test(s) should be performed as follows. On multi-
mounted fto thetool-holding zone of the machine, so as  ple-turret, single-spindle machines, the sensor should
to be able|to mronitor be placed in the most commonly used turret and the
(a) the i i i i i bte; ould

structure that holds the tool and the structure that holds
the workpiece along the two orthogonal axes parallel to
the axes of travel of the machine

(b) tilt or rotation around one axis!” normal to the
spindle axis

17 1f desired, this test may also be performed on a turning center
with “live tooling” for each of the tool spindles. In that case, the
test for each spindle should be specified in equivalent detail. Also,
the five-gage nest (Fig. 7.6.4-1) may be used.
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be exercised. On machines with two spindles and one
turret, use one spindle with the gage and sensor nest
and the turret, but exercise both spindles and the tur-
ret. On machines with two spindles and two or three
turrets, one commonly used spindle and one com-
monly used turret should be selected, but all spindles
and all turrets should be exercised. For machines with
a milling spindle head, the test should be performed
twice: first with the sensor nest in a turret, measuring
with respect to a work spindle; and second with the
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sensor nest in a work spindle, reading with respect to
the milling spindle. Wherever possible, all the other
axes and spindles should be exercised during the test.
If desired, the User may also select other combinations
if these combinations are made part of the specification
and described in equivalent detail.

The temperature of the machine structure, as close
as possible to the front spindle-bearing housing, along
with the ambient temperature, shall be continuously
monitored. Although these temperatures do not exactly

spindle-running period] shall be recorded along with the
distance, L, between the two X displacement indicators
and the total time of the test, t. These values, as shown in
Table 7.7.4.3-1, shall be presented with the deflection-ver-
sus-time graphs. The test procedure, traverse rate, dwell
time, sequence of axes movements, location of target posi-
tions, and the location of the measurement setup, includ-
ing the locations of the temperature sensors, should also be
reported with the results of the tests.

Thermal drift for each direction shall be reported as the

correlate to the measured displacements, they are indica-
tions jof the thermal changes on the machine structure.

Th¢ spindle(s) shall be run continuously at half the max-
imun) speed throughout the test. The axes shall be moved
from the test position to the far end of travel and immedi-
ately feturned to the test position, where they should dwell
for a fsufficient time for the next reading to be recorded.
Axis movements shall be at half the rapid traverse rate
excepit for the final 5-mm (approximately 0.2 in.) approach
to the test position, which should be carried out at a low
feed fate, and the dwell time shall be the settling time as
specified in the positioning accuracy and repeatability test
(see plara. 7.2).

NOTH
turret

The sequence of axis and other movements, including
indexing, should be such as to avoid collisions with the
measyring equipment and to keep the direction of approach to
the tedt position constant. Other test conditions, including vari-
able spindle speed spectra, may be specified by prior agreement
betwegn the User and the Supplier. The dwell time, spindle speed
spectrpm, traverse rate, sequence of axis movements, and travel
rangeqd change heat input and therefore can cause differentdrift

rates.

The¢ test shall proceed in this manner untilithe change
in the position over any 30-min period, ‘at all the mea-
surement locations, has reduced toéss than 15% of the
maxifnum position change over thefirst 30 min of the
test, Wwith a maximum test time-of %h. The results should
be plptted in graphs of deflection and temperature ver-
sus time, as shown in the@xample given in Fig. 7.7.4.1-1.
Note[that, as in the preceding test, a large number of
data points may be‘generated by this test. Again, only
the ayerage value\over a reasonable period of time, for
example, 5 min\fo 10 min, should be retained for the
purpgses of analysis.

71.7\4:2 Interpretation of Results. The effect of

range of displacements for the indicator reading in the
respective direction. For X and Y directions,‘the greater
range of either displacement indicatonshall be the value
reported. Thermal tilts shall be calculated as [the range
of tilts about X and Y directions. The thermal [tilt at any
time is the difference in the tw/o’indicated rqadings in
the same direction divided/by the separation distance.

7.8  Critical Alignments

7.8.1 General. 4In'a lathe or turning cerfter, some
alignments reflect’/themselves one-to-one intq errors in
the finished-part. For a simple two-axis machjine, these
alignments) afe the parallelism of the in-feed (Z slide)
with thespindle axis of rotation and the perper|dicularity
of theieross-slide (X-axis) to the spindle axis. These critical
alighment parameters shall be measured using metrology
instrumentation or by cutting test parts and pprforming
part-trace tests for all X-Z axis pairs. The progedure for
performing a part-trace test is outlined in Nonmandatory
Appendix K. If the machine is equipped with ofp-machine
probing, the probing system could possibly] be used
to perform these tests. In such cases, the Supplier shall
provide appropriate brackets and electrical copnections.
Both procedures are allowed in this Standard. Note, how-
ever, that the measurements performed by clitting test
parts contain information regarding the therinal varia-
tions of the machine due to spindle growth and thus will
yield different results than the measurements performed
using metrology instruments. The choice of tes}(s), either
measurement with a straightedge or test part| measure-
ment, or both, shall be clearly stated as part of the original
machine specification.'®

NOTE: Those Users desiring to assign an algebraic sigh to square-
ness and parallelism measurements should follow the ¢gonventions
given in Nonmandatory Appendix N. Most of the figures in the
following sections show negative squareness errors.

warming up the machine structure on the ability of the
machine to maintain the position of the tool relative to
the workpiece can be assessed from the deflection-ver-
sus-time graphs. The results are influenced by the posi-
tional repeatability of the machine axis.

7.7.4.3 Presentation of Results. The range of dis-
placements along each machine axis within the first 30 min
[c(X,,30), c(X,,30), ¢(Z,30)] and during the total test period
[c(X,.1), e(X,t), c(Z,t), where t is the time at the end of the
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18 In the absence of specifications to the contrary, the general
parameters of machine geometry are presumed to apply when the
machineis “cold.” Thereason for this ruleis that the “hot” conditions
are too variable to have any meaning. If the squareness of X to C
is measured when the machine is “cold” using the straightedge
or log reversal, and then measured “hot” using the part-trace past
center, the thermal errors can be identified. The machine User is,
of course, concerned with the “bottom line” accuracy. If the User
is aware of the sources of each error, special procedures can often
be developed to improve the bottom-line accuracy. These are often
called “procedural solutions.”
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Fig. 7.7.4.1-1 Typical Results From a Composite Thermal Error Test
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Table 7.7.4.3-1 Typical Presentation of Results From Composite Thermal Error Tests
Reported Data X, X, Y, [Note (1)] Y, [Note (1)]
After 30 min c(X,,30) c(X,,30) N/A N/A c(Z,30)
After end of spindle c(X,,0) c(X,,0) N/A N/A cz,0
running period, t
Time, t
Distance, L,
NOTE:

(1) Values for Y, and Y, are obtained only when the optional five-gage nest is used. They are in the nonsensitive direction for work spindles on

lathes.
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7.8.2 Squareness of the Cross-Slide (X-Axis) With the
Work Spindle Axis (Often a C-Axis)*®

7.8.2.1 Measurement Using a Mechanical Straight-
edge. A typical setup for measuring the squareness
of the cross-slide to the spindle axis using a mechani-
cal straightedge and a displacement indicator (or an
optical straightedge substituting for a mechanical
straightedge and a plane mirror interferometer as the
indicator) is shown in Fig. 7.8.2.1-1, which shows a hor-

an appropriate tool.?! Since this test is performed after
the spindle has been on the machine, the Supplier shall
recommend an appropriate warm-up cycle, machining
time, and soak-out time. The size of the cylinder depends
on the size of the machine. The diameter, D_, should be
somewhat less than the swing of the lathe but need not
be greater than 300 mm (approximately 12 in.) for small
machines. The cylinder may also be used, if the User
selects, to measure the Z-axis parallelism; thus, its length,
L_, should be at least 300 mm (approximately 12 in.) or the

izonthl spindle turning center. (A straightedge can be
manyfactured rather than purchased; see para. 7.8.2.2.)
With |the spindle at position ¢ = 0, the straightedge is
mounted so as to straddle the rotary axis center and
aligned using the indicator with the machine axis. The
change in separation between the gaging surface of the
straightedge and the appropriate machine axis, which
in Fig. 7.8.2.1-2 is the X-axis, is measured either opti-
cally for mechanically. A least-squares fit to the data
yields a line whose slope is equal to the angle, ANGF,
between the X-axis and the straightedge gaging sur-
face. Next, the rotary axis is rotated to ¢ = 180 deg and
a simjilar measurement performed yielding an angle,
ANGR. Note that the straightedge must be of the right
length and properly clamped for this 180-deg reversal
to be| possible without damaging the machine or the
straightedge, or both. The angles involved are shown
in Fig. 7.8.2.1-2. In Fig. 7.8.2.1-2, an arbitrary “for-
ward| direction” with the angular axis at zero angle ig
depidted and the “reverse direction” with the angular
axis fotated 180 deg. The angle F in the figure*is-the
squaieness error between the straightedge-and the
spindle axis resulting from initial alignment, While the
anglg W is the desired squareness error., Theé measured
anglgs and the respective orientations\are denoted by
ANGF and ANGR. The out-of-squaténess is the bisector
of th¢se two angles, algebraically )V = %2 X (ANGF +
ANGR). If the straightedge i§ supplied with a correc-
tion thble, corrections should)be made prior to the crea-
tion ¢f the graph shown(in/Fig. 7.8.2.1-3.20 In the cases
of highest accuracy, the straightedge should be precali-
bratefl using straightedge reversal (see ANSI B5.54 for
the mpathematies of this technique). If it is desired to
measjire the ©ht-of-squareness of a Y-axis, this can be
done(usingithe same procedure, but with the spindle at
positjons #'= 90 deg and 6 = 270 deg.

maximum Z capacity of the lathe, whichever |s smaller.
Figure 7.8.2.2-1 shows that the test cylindef|is drilled
and countersunk at six locations but is"orly mounted at
three. Six holes are necessary only if \the cylinder will be
measured using straightedge reversal methods|(see ANSI
B5.54). The part should be “roughed” with ong tool and
then finished with a light cut using a new, sharptool. After
cutting, the spindle is stopped and the machine allowed
to soak out. A displacefwent indicator is then brgcketed on
the X slide in the tooPposition and indicated ggainst the
part over the rangeof X travel used to maching the face.
The data obtdined from this are shown in Fig} 7.8.2.2-3,
as the “before/center” data. (Ideally, the indicator should
always redd zero when traversed along the cufting path,
but thérmal changes may cause the machirle spindle
axis, t0 move.) Next, the indicator is rebrackefed to the
teol post, with the bracket that moves it the radlius of the
part in the X direction. This is illustrated in Fig. 7.8.2.2-2.
This allows the indicator to travel beyond c¢nter. The
data obtained from this measurement are shoyn in Fig.
7.8.2.2-3 as the “after center” data. The bisectqr of these
two angles is the machine out-of-squareness, ag is clearly
indicated in Fig. 7.8.2.2-3. Calculations are eqyivalent to
those given in para. 7.8.2.1.

NOTES:
(1) One-half the change in direction (angle) that is obsgrved by the
indicator as it travels across center is the “effective” [nonsquare-
ness of the X-axis (including spindle growth) at ong¢ particular
interval of the spindle growth curve. The “effective” [nonsquare-
ness will depend on which direction the facing cut is njade as well
as the interval on the spindle growth curve. This test fan be used
as an educational experiment to reveal the sensitivitjes to these
variables. The effect of using the constant cutting veldcity feature
(variable spindle speed) can also be measured. Since fhe test part
is generated with the spindle running, this test will not, in general,

give the same results as the test conducted with the |mechanical

7.8.2.2 Measurement by Part Tracing Past
Center. Measurement by part tracing past center is
illustrated by Figs. 7.8.2.2-1 and 7.8.2.2-2. The procedure
consists of facing an aluminum cylinder to center with

19 Note that many lathes use “diameter programming” and care
should be taken when programming a machine with these setups
to avoid possible damage to expensive instruments.

20 The data shown in this figure contain a sinusoid straightness
term that may not be typical of most machines.
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Straightedge.
(2) A diamond tool and aluminum cylinder is the preferred
equipment because of minimum wear, lack of built-up edge, and
sharpness. Elimination of the built-up edge means that there is
minimum sensitivity to cutting velocity, rake angles, type of cool-
ant, etc. Diamond tools have a sharpness that permits very light
cuts [0.1 pm (approximately 4 pin.) or less] if the machine has that

21 Depending upon the machine accuracy, this tool can be a single
crystal diamond tool, or a polycrystalline diamond insert with a
small nose radius [less than 0.75 mm (approximately 0.03 in.)], or
another sharp tool of comparable nose radius.
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Fig.7.8.2.1-1 Setup for Measuring Squareness of the Cross-Slide to the Work Spindle Using a

Me
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Clamps

Traverse
Spindle [ range

Straightedge

Angle bracket

face
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or other
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g.7.8.2.1-2 Schematic Showing the Angles Involved When Measuring Cross-Slide Squareness

to'the Spindle Axis
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Fig. 7.8.2.1-3 Typical Data From a Cross-Slide Out-of-Squareness Measurement

12
Best-fit line
10 0= 0 deg
E s ‘\
S ANGF
£ 6 Raw data Angle bisector
?3 0=0deg (squareness)
5 ¢ W
3 2 ML Best-fit line
2 ANGR 0= 180 deg
T o0
) ) 0 =180 deg
0 50 100 150

GENERAL NOTE: The direction of axis travel and the corresponding indicator reading are important to determinihg the direction of

squareness error.

positigning capability. Cutting-force deflection on light finishing

cuts isfusually negligible.

(3) Brpcketing the indicator to a position different than the func-
tional
if the
error ger unit of X-axis motion times half the distance between thé

boint of the tool causes an error in the calculated squareness
-axis has a yaw error. The error equals the change in yaw
indicafor positions. The yaw error per unit of axis motion canbe
estimated by plotting the measured yaw error as a functioti,of the
X-axis|position. It equals the angle of the best-fit line through the
data ppints over the range of the X-axis positions uséd\to measure

the fade of the cylinder.

7.8.2.3 End-for-End Cylinder Reversal. The same
cylindler faced in para. 7.8.2.2 may also be used for a
straigihtedge, as described in para. 7.8.2.1. First, the cyl-
inder|is machined using the.machine Z-axis to make a
cylingler. While the turnédeylinder is still in the machine,
its strpightness is medsured using reversal principles, as
descrfbed in ANSI'B5.54. The diamond turned cylin-
der, which has a-known straightness profile as a result
of thg straightedge reversal procedure, is removed and
remopinted.oh a bracket on the spindle approximately
parallelwith the X-axis in both horizontal and vertical

X slide position, mm

can also.bé.assessed since the cylinder now hag a known
nonstraightness, but that is not a requirement of this
Standard.)

7.8.3 Parallelism of the Longitudinal Slidg (Z-Axis)
With the Work Spindle (C-Axis) in the X-Z Plane??
7.8.3.1 Straightedge Rotation Method{ Figures

7.8.3.1-1 and 7.8.3.1-2 illustrate the straightgdge rota-
tion method. It consists of mounting a strpightedge
(either optical or mechanical), or precision mandrel, on
the spindle and adjusting it approximately parallel to
the Z-axis. Figure 7.8.3.1-1 shows the setup qn a verti-
cal spindle lathe, and Fig. 7.8.3.1-2, a horizontal spin-
dle lathe. An indicator is bracketed in the too] position,
facing in the X direction, and a trace is made|along the
front side of the straightedge. These data are plotted as
shown in Fig. 7.8.2.1-3. The spindle is rotated 180 deg,
the indicator is rebracketed using an extensiqn bracket
from the tool post, and a second trace is mad¢ from the
back side along the same line element of th¢ straight-
edge. These data are also plotted. The angle that bisects
the best-fit straight line to these two sets of data is the
Hoald” ot of noolla APV d-axis. The

planes-ThisisshowrinFig:7:8:2:3-1-Thecytinderserves
as the mechanical straightedge described in para. 7.8.2.1.
A displacement indicator is mounted on the X-axis at
the functional-point tool location, and traversed in the X
direction along the crest (diameter) of the cylinder until
it reaches center. The spindle is then rotated 180 deg and
the trace repeated in the outward direction. The data are
fit to straight lines, as shown in Fig. 7.8.2.1-3. The bisec-
tor of the angle between the two best-fit straight lines
to these data is the nonsquareness of the X-axis to the
C-axis in the cold condition. (Straightness of the X-axis
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cotdout-of-parallelsmofthe Zaxdsto-thed
calculations are identical to those given in para. 7.8.2.1.
(Analysis of these two traces also gives the straightness
of the straightedge and the straightness of the Z-axis
of the machine; see ANSI B5.54 for a full discussion of
straightedge reversal).

22 Some lathes are quite long. If either the mechanical straightedge
or part-trace test option is chosen, the User should specify the
length of the straightedge or cylinder as part of the original
machine specification.
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Fig. 7.8.2.2-1 Two Views of the Cylinder Used for Measuring Machine Out-of-Squareness and Parallelism

«—— Lo ——»
Dec —
\ D e X cross-
[ | /773_\ slide axis
B B C spindle axis
W —
Whhl:l ¥
\ Mounting
pad (three)L gix cleararice holes for 180-deg rotation
Faceplate
(a)
Pads — position 1
Counterbored
clearance
holes
(b)

GENERAL NOTE: The taper and the cone angle on the test cylinder are highly exaggerated.
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Fig.7.8.2.2-2 Part-Trace Test Past Centers to Determine Cross-Slide Squareness With the Spindle Axis

Test cylinder
f X

To readout

ﬂ/- device
a4

Tool position
when cutting

“After center”
raw data

Indicator reading, pm

“After center”
bestifit line

Center

Angle bisector
(squareness)

“Before center”
best-fit line

“Before center”
raw data

GENERAL NOTE: The direction of axistravel and the corresponding indicator reading are important to determining the direction of squarg

7
illust
inden
(see

.8.3.2 Turned Cylinder Method. Figure 7.8.3.2-1
rates the steehnique for part tracing on a cyl-
It consists of turning an aluminum cylinder
Fig~7.8.2.2-1), using tooling as described in
para.| 748-22, on the “front” side (normal machining

X slide position, mm

ness error.

plotted as shown in Fig. 7.8.3.2-2. As in the| previous
test, the out-of-parallelism of the Z-axis to he C-axis
is the line that bisects the best-fit straight lings to these
data. Note that the indicator, when it is bracketed
across centers, should be at the same Z position, with

side) of center; Tetting the Tmachine soak out, and then
making two part traces with an appropriate displace-
ment indicator (see Nonmandatory Appendix K), one
on the front side and the other on the back side of
center. If this option is selected, the Supplier should
specify a soak-out time, a machining time, and an
appropriate warm-up cycle. Note that the second trace
has to be made by rebracketing the indicator and not
moving the machine in the X direction. This is partic-
ularly true for vertical turret lathes, where the Z slide
is stacked on the X slide. Data from these traces are
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Tespect to the turret; as was thecatting tootand, when
the cylinder is traversed, the same range is traversed
as when the part was machined. (The straightness of
the Z-axis as well as its parallelism to the C-axis in
both the machine “hot” and “cold” condition can be
determined from these traces.)

The part trace on the front side of center is conceptu-
ally zero since it has just been diamond turned. It may,
however, show a slope if the heat generated in the spin-
dle during machining is not symmetrically distributed
or the drive motor is located next to the spindle. These
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Fig.7.8.2.3-1 Cylinder Reversal for Cross-Slide Squareness
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To meter
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Fig. 7.8.3.1-1 Setup for Straightedge Rotation on a Vertical Spindle Lathe for Measuring Z-Axis
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Rotate 180 deg
/ for second
measurement

A

Straightedge

Indicator in
tool post

B e
N

Indicator bracketed /
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Fig. 7.8.3.1-2 Setup for Straightedge Rotation on a Horizontal Spindle Lathe for Measuring Z-Axis
Parallelism to the C-Axis

Turret
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Fig. 7.8.3.2-1 Z-Slide Parallelism Schematic Showing the Test Cylinder
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Fig. 7.8.3.2-2

16

14

12

Typical Data From a Parallelism Measurement Using the Turned Cylinder Method

“Back side”
raw data

Angle bisector

“Back side”
best-fit line

Indicator reading, pm

(parallelism)

Z-axis
straightdess

“Front side®
best-fit-line

GENERALN

heat sourfes can rotate the headstock of the machine
so the average axis line tilts with respect to the Z-axis.
The slopq of the part trace on the front side of center
represents this tilt. The “cold” parallelismiis'determined
by the bisector of the angle between the best-fit straight
lines on the front- and back-side traces.

7.8.4 Lpng-Range Parallelism_of the Z-Axis (Long-
itudinal Sllide) With the C-Axis/(Work Spindle). When
parallelism is required(foi the total length of a lon-
gitudinal|axis, a dual straightness measurement can
be made|using thectaser straightness interferometer
and straightness. teflector, as shown in Fig. 7.8.4-1.
Conceptufally;this is the same as cutting a cylinder and
indicating the“opposite side. Two straightness mea-

Z slide position, mm

TE: The direction of axis travel and the corresponding indicator readingare important to determining the direction of squareness

error.

of 2 000 data points. Neither data curve is correct¢d for
alignment of the optics, slide way, and laser bdam.?
The setup for a vertically traversing axis is more[com-
plicated. It is shown in Fig. 7.8.4-3. In this case, a fetro-
reflector is used in the tool position, and the laser and
bending mirror must be moved between the setups. In
no case should the straightness reflector, shown in the
insets 1 and 2 of the Fig. 7.8.4-3, be moved.

7.9 Contouring Performance Using Circular Tests

7.9.1 General. Circular tests provide a rapid and
efficient way of measuring a machine tool’s contouring
accuracy along a circular contour.?* Circular corftours
provide one of the best checks for contouring perform-
ance in that as a machine is traversing with multiple

surementSare Tequired. For the {iI5t Measurement, the
laser beam and path of the moving Wollaston prism
(straightness interferometer) are aligned mechani-
cally (i.e., no data fit is permitted). The spindle, with
straightness reflector, is rotated 180 deg and the sec-
ond straightness measurement recorded. The average
straightness at each Z-axis position is plotted for each
of the two measurements, as shown in Fig. 7.8.4-2. At
each measurement point in both the forward and the
reverse directions, the laser reading should be averaged
for a minimum of 5 s and should include a minimum
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axes along a circular trajectory, each axis goes through
sinusoidal acceleration, velocity, and position changes.
The tests specified here are for machines with only two
axes. More complex tests, if desired, should be devised

2 In principle, the parallelism of the Z-axis to the spindle axis
can be obtained without mechanical alignment for the first
measurement. However, error can be significant when measuring
large straightness values.

24 When used statically in a point-to-point positioning mode, the
ball bar can also provide valuable information about positioning
performance and machine geometry.
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Fig. 7.8.4-1 Dual Straightness Measurement for Parallelism
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Fig. 7.8.4-3 Setup for Measuring Long-Range Parallelism of the Z-Axis in the Case of a Vertically Traversing Axis

for other fnachines and agreed on between the Supplier
and the User as part of the machihepurchase. Each test
specified fhall be run at two speeds: approximately 10%
of the mdximum feed rate ‘and 80% of the maximum
feed rate.|On some machines, the controller will auto-
matically[slow the feéd)rate to compensate for errors.
Thereford, the Usershall measure the time required
to perforin the ball’bar test and report the actual feed
rate from|the’¢ircle circumference and the time. Other
feed rated may be specified by the User, if desired. For

1
Retroreflector
and Wollaston
e '
[N}
| — Bending

mirror

Straightness
reflector

spindle shall be rigidly locked.?® Other test condjtions

are given in para. 7.1.

7.9.2 Telescoping Ball Bar Performance —X-Z Plane,
360-deg Trace.?® On some machines, there is erjough
axis travel in both X and Z to perform a 360-deg full-
circle test. On such machines, the 360-deg ball bar fest is
required. A setup for such a test is shown in Fig. 7{9.2-1.
Note that in this configuration the fixed socket |is no

this test, the Tength of the telescoping ball bar should
be slightly less than one-half the range of travel of the
shortest axis under test or 250 mm (approximately
10 in.), whichever is smaller. For clarity of explana-
tion, the tests described in paras. 7.9.2 through 7.9.4 are
illustrated for a particular type of telescoping ball bar.
Any ball bar system conforming to the requirements
of this Standard shall state, as part of the output data,
the angular interval used for ball bar length measure-
ment during circular contouring. For these tests, the
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%5 Machines that incorporate angular positioning capability with
spindle rotation may exhibit angular “hunting” of the spindle,
leading to unwanted errors when making measurements. Angular
motion may be reduced by turning the spindle off and disengaging
the drive (if possible). A frictional antirotation device, such as a
magnetic base, should be placed between the fixed and rotating
positions of the spindle. Under no circumstances should a rigid
connection be made between the fixed and rotating portions of the
spindle. The friction connection protects both the operator and the
spindle from damage due to inadvertent starts.

26 Many lathes are programmed in diameter, rather than radius.
Users should take care not to damage the instrumentation.
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longer on the centerline of the spindle in the X direction.
Before programming the machine, it shall be located
using the procedure recommended by the ball bar man-
ufacturer. After location of the fixed socket, the machine
should be programmed to make a complete 360-deg
trace in the X-Z plane, in both the clockwise and coun-
terclockwise directions. Typical results of such a test are
shown in Fig. 7.9.2-2. The data for the test shall be ana-
lyzed and reported as described in para. 7.9.5.

clockwise and counterclockwise directions. The circular
hysteresis is the maximum radial difference between the
two actual tool paths in the clockwise and counterclock-
wise directions at any given angle. The circular deviation
is the minimum radial separation of two concentric circles
that will envelope the actual path. Finally, the radial devia-
tions are the maximum and minimum deviations from
the true ball bar length, corrected to 20°C (68°F). For the
purposes of this Standard, the manufacturer of the ball bar
shall supply an effective coefficient of thermal expansion

7.913 Telescoping Ball Bar Performance—X-Z Plane,
190-deg Trace. Where possible, a 190-deg test should
also e performed. [The primary limitation is usually
the npinimum length of the ball bar and the traverse
length of the X-axis. Many commercial ball bars have a
minifhum length of 100 mm (approximately 4 in.), thus
requifing an X-axis of 200 mm (approximately 8 in.)
beforg this test can be performed.] A setup for this test is
showp in Fig. 7.9.3-1. For this test, the support arm may
also He placed below the ball bar. The machine should be
progiammed to move along the arc shown in the figure,
from (190 deg to 0 deg and back, at both of the prese-
lected feed rates (see para. 7.9.1). Typical results of such
tests pre shown in Fig. 7.9.3-2. Data are analyzed and
reporfed as described in para. 7.9.5.

7.94 Telescoping Ball Bar Performance—X-Z Plane,
100-deg Test. The 100-deg test should be used only on
those|machines where either the 360-deg test or the 1904
deg test cannot be performed due to limitations in axis
positjoning or available ball bar lengths. The telescop-
ing ball bar conforming to the requirements of seetion 9
shall pe used for this test. One of the magnetic’sockets,
called the “fixed socket,” is attached to thework spin-
dle uging a suitable fixture and the madchihe chuck. The
other|socket, called the “free socket,¥\s attached at the
nomihal position of the tool in theturret. Such a setup
is shqwn in Fig. 7.9.4.-1. The machine is commanded to
move along a radius from thé position labeled 0 deg to
the ppsition labeled 100,deg and back to position 0 deg
at both of the preselected feed rates (see para. 7.9.1). The
resul{s are presented‘in a polar plot such as that shown
in Fig. 7.9.4-2. Data are analyzed and reported as in
para.|7.9.5.

7.9
ball

5.Telescoping Ball Bar Data Analysis. For each
the 100-deg,the 190-deg, or the 360-deg

ar—test

for the ball bar and recommendations as to apprdpriate ball
bar calibration procedures, where applicable. Tdble 7.9.5-1
shows typical results of a ball bar test. The’datq are taken
from the 190-deg trace shown in Fig,”2,9.3-2.

7.9.6 Contouring Performance Using Precision Disks or
a Grid Encoder. This Standardvallows the substitution of
precision disks or grid ericdders for the telescpping ball
bars in the circular test(The circular test is a comjparison of
a circular path carriediotit by a machine tool to ajn accurate
circle, a circular comparison standard. For disks} this com-
parison is carried out using a 2D probe reading against a
precision disk) When grid encoders are used, the pattern
on a special grid encoder is sensed using phd¢to-optical
sensors, On the machine tool, a circle is progranmed; the
diameter of the circle corresponds to the diamegter of the
gitcle comparison standard. The 2D probe or [the photo
sénsor is moved on the circular path by the mgchine tool
and either measures deviations of the program ¢ircle from
the disk standard, or, in the case of the grid enqoder, sim-
ply gives the X-Y coordinates of the programmed path.
Commercial systems are available for both thq precision
disks and the grid encoders. The deviations ffom circu-
larity so measured are analogous to those obtgined with
the circular test using the ball bar. The analysjs shall be
done in the same manner as that for the circulqr test; see
para.7.9.5.

7.9.7 Equivalent Test Procedures. At th¢ time of
the issuance of this Standard, several ball bgr designs
or other instruments are in the process of deyelopment
and testing. The use of any of these ball barp or other
instruments is suitable, as long as the instrumgnt system
is able to perform the tasks described in parg. 7.9 with
the required accuracy (see section 9).

7.10 Cutting Performance Tests

—the circular hysteresis,27 H; the circular deviations for
clockwise, GT, and counterclockwise, G4, contouring; and
the radial deviations, F,, and F,_. , for clockwise (T) and
counterclockwise ({) contouring, corrected to 20°C (68°F),
shall be reported, as well as the measured feed rates in the

27 When performing this test, care should be taken that the machine
is moving at the correct feed rate. If the feed rate is different in the
counterclockwise and clockwise directions, the circular hysteresis
will be measured erroneously.
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7.10.1 General. In the performance of a cutting oper-
ation, the following conditions or limitations may arise:

(a) The drive cannot deliver the necessary torque and
it either stalls or the machine breaks. This leads to a test
of the ability to utilize the rated torque. A preliminary to
this test is the test of spindle idle run losses.

(b) Chatter occurs. In roughing cuts, this leads to
excessive vibratory forces that may damage the tool and
to chatter marks on the surface in finishing cuts.
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Fig. 7.9.2-1 Typical Setup for a 360-deg Ball Bar Test
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Fig. 7.9.2-2 Typical Results From a'360-deg Ball Bar Test
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Fig. 7.9.3-1 Typical Ball Bar Setup for the 190-deg Test on a Lathe
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Fig. 7.9.3-2 Typical Results From a:190-deg Ball Bar Test on a Lathe
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Fig. 7.9.4-1 Typical Ball Bar Setup for a 100-deg Test

Chuck

X

Turret

(c) Insfable cuts (without chatter), the deflections in the
system (e.g., in the tool, spindle, structure, fixture, or work-
piece) caupe errors of position and profile of the machined
surface.

(d) OtHer kinds of problems may arise, such as fail¢
ures of the coolant delivery system, leakage of oil filom
the spind|e-lubricating system, or clogging of chips in
the chip-femoval system. These are not discussed fur-
ther in this Standard.

7.10.[.1 Limitations. The limitations specified in
para. 7.10.1 (a) and (b) shall be determined in well-or-
ganized tests performed under{cdrefully specified con-
ditions. Fpr practical reasongythe tests are organized in
the following sequence:

(a) Spindle Idle Rungtgss Test. This test is carried out
first to mgasure the power available for the cutting tests.

(b) Chdtter Lingits and Full Torque Test. Measurements
of these tyvo liriitations are combined in a test(s) agreed
upon by theUser and the Supplier, during which one or
the other

mitation prevails
r

7.102=1~produced. The wattmeter is connected fo the
powet feed of the spindle drive. The measured lost
power includes losses in the electric drive as well as
those in the transmissions and bearings. It has beep suf-
ficiently established that these losses are little affected by
the useful load on the spindle. The net available gower
shall correspond to that provided in the specificati¢pns of
the machine tool (see Form 1).

7.10.3 Chatter Limits Test and Full Torque |Test.
Because of the wide variety of turning centers curfently
available, the User and the Supplier should negotipte as
part of the original specification a cutting perforthance
test that will determine the capability of the machjne to
apply its full torque (horsepower) to a metal-refnoval
operation, without the existence of chatter.

7.11 Multifunction Cycle Test

7.11.1 General. Themachineshallbe cycled thjough
all basic machine functions for a specified time geriod

7.10.2 Spindle Idle Run Loss Test. This test mea-
sures the economy of the drive and potential heat
sources. It is also useful, for the cutting tests, to know
the actual power available on the spindle at the various
speeds. This test should be performed for each work
spindle and each tool spindle.

In this test, the spindle is run idle in five steps over
its total speed range and, using a wattmeter, the power
required is recorded and a graph like the one in Fig.
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(ostuatty 24ty to demonstrate its compiexity, capability,
and short-term reliability. Preceding this test, a subsidi-
ary test should be performed to check the function of the
machine limit switches, coolant cycling, etc.

7.11.2 Procedure. The machine and control shall
cycle automatically under numerical control for a speci-
fied time period agreed upon between the Supplier and
the User. The program used for the cycling test shall
position the machine over its entire work zone and
shall include all basic machine functions, tool changes,
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Fig. 7.9.4-2 Typical Results of a 100-deg Ball Bar Test

Lathe-90.RTB

Machine: Lathe 90

Length: 100.0000 mm

Radius: 100.0000 mm

Best radius: 100.0112 mm

Feed:  750.0000 mm/min

Center off X: +4.3 pm
Center off Z: +44.4 um
Sample: 125.00 per sec

Start End
Machine 85.0 deg  185.0 deg
Data: 87.0deg 183.0 deg
cCcw
2 runs, bidirectional
Cw

Table 7.9.5-1

270

Scale: 2.0 pm/div

Typical Results of a Ball Bar Test

Parameter Name Symbol Value, fim
Cifcular hysteresis H 131.
Cifcular deyiation, clockwise Gt 130.
Cifrculardeviation, counterclockwise Gl 127.
Mjnimtm radial deviation, clockwise FminT -70.
Minimum radial deviation, counterclockwise FminJ/ -59.0
Maximum radial deviation, clockwise FmaXT 61.7
Maximum radial deviation, counterclockwise F_l 73.2

GENERAL NOTE: The results are dependent on the following conditions:

(a) machine: not applicable

(b) test angular range: 190 deg

(¢) ball bar length: 77 mm

(d) angular measurement interval: manufacturer supplied
(e) contour speed: 1 335 mm/min
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Fig. 7.10.2-1 A Typical Plot of the Power Loss in the Spindle Idle Run Loss Test

Typical MTDR (machine

A tool duty rating), 30 min
N T~
A
/ Pnom. N
I/
2 ! / AN
[ 7 ]
g ! Typical
o continuous
/ | rating
Y PIost
l/

traverse gnd feed motions, contouring, G-code canned
cycles, etq. The spindle shall operate through its entire
speed range during the test. A complete program run
time (cycle) shall not exceed 15 min, unless specifically
negotiatedl between the Supplier and the User. The
Supplier pnd the User shall also negotiate and make
part of the¢ original specification the number of failures,
if any, and the type of failures that are to be allowed dur-
ing the splecified time period.

8 MACHINE PERFORMANCE (ADDITIONAL)
8.1 General

Many turning centers offer optional features. In this
section, ah attempt has been made 6 include tests for
those moft commonly supplied. i a“machine is to be
purchased with options that aféynot covered in these
sections, the User and the Supplier should devise an
appropridte functional testta'be made part of the origi-
nal machine specification

8.2 Coaxiality af‘Axes of Rotation?®

The alignment* of axes of rotation is necessary on
many mag¢hines. For example, it may be necessary when

Spindle speed, %

100%

8.2.2) have beentraditionally used for the aligriment
of rotating maghinery. The third method (para. 8.2.3) is
more modérn and requires the use of a laser aligriment
system. The'fourth method (para. 8.2.4) relates to neth-
ods usked for establishing rotary table axis aligriment
on,machining centers. Finally, the fifth method {para.
8:2.5) is one that is traditionally used for aligning tail
stocks on normal production machines. The chojce of
the method used is left to the User; however, thg cho-
sen method should be made part of the original $peci-
fication and should have an accuracy sufficient for the
intended use of the machine. Note that none of [these
methods can determine the coaxiality that may]|exist
during operation with a workpiece loaded, tail [stock
pressure, etc.

Four parameters are required to specify the alignment
of two axes of rotation.?? Two of these parameters|spec-
ify the angularity between the two axes, and the|other
two, the offset between the two axes in some speified
plane. Note that in the presence of any angularity, the
offset is a function of position. This situation is depicted
in Fig. 8.2-1 in one plane. For historical reasons, ag well
as reasons relating to measurement procedures, gngles
are normally described with respect to vertical and
horizontal planes, and offsets are defined similarly. We

two spindieaxesTreettobeatigmed-orwherrartait stock
needs to be aligned to a spindle axis. This alignment
parameter is independent of the actual mechanical
runout of the spindle nose(s) or tail stock itself. Such
runout should be determined by traditional machine
tool practices and corrected where necessary. Five
methods of checking the alignment of axes of rotation
are given below. The first two methods (paras. 8.2.1 and

2 These measurements are often used to make machine
adjustments. If the alignments are worse than the Supplier’s
specifications, then such adjustments should be made.
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follow this convention in this Standard and, for each of
the proposed measurement methods, clearly specify the
plane where the offsets are to be reported. If not speci-
fied, these offsets should be reported in a plane nomi-
nally 50 mm (approximately 2 in.) from the face of the

2 The nomenclature in this section refers to horizontal spindle
machines. Those using other configurations should specify
the planes in which the offsets and angles are to be reported.
Sag measurements should not be required for vertical spindle
machines.
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Fig. 8.2-1

Illustration of Angularity and Offset Between Two Axes of Rotation

—— |

Offset JA

Angularity

— Offset 1

machfine main spindle. For the purpose of this section,
the fgllowing nomenclature is defined:

HA = the horizontal angle between two axes of
rotation

7O = the horizontal offset between two axes of
rotation in a specified plane

VA = the vertical angle between two axes of
rotation

VO = the vertical offset in a specified plane

Traditionally these measurements are performed with
the mlachine cold, but the User is warned that.the offsets
and angles change with temperature. These ghanges are
measfired in para. 7.6.

8.2l1 Rim-and-Face Method. THe rim-and-face meas-
urement method requires the use of two displacement
indics

ment

catorg
indicd

Offset 2 —

position (12:00,in the figure) and the mandrel rofated until
the indicators‘are at the bottom position (6:00 in the figure).
The readings of both indicators are recorded. Th¢ sag of the
rim indicator, RR , will generally be negative (pay attention
tosigns), while the sign of the sag of the face indjcator, FR,,
will depend on details of the setup. This test shiall be per-
formed three times and the mean of the readings ¢gomputed.
The indicators are then fixtured to the two axes pf rotation
(see Fig. 8.2.1-1), the two axes rotated together| and indi-
cator readings taken at the 12:00, 3:00, 6:00, and|9:00 posi-
tions. These measurements should be repeated three times,
with care taken to avoid thermal effects (gloved hands and
a temperature shield may be required on higl-accuracy
machines). The alighment parameters of the tyo axes in
the plane of the rim indicator are given by

tors conforming to the refquirements of section 9. VO = RRO — RR6 — RR;
Depending upon machine-aceuracy levels, the displace- 2

indicators could rafige’from dial gages to air-bearing FR6 — FRO — FR
LVDTs. A typical setip) using dial gages attached with VA= DIA -
brackpts to short, stiff ‘mandrels fixtured to the two axes
of rothtion, is siewn in Fig. 8.2.1-1. In the figure, the indi- HO = RR3 — RR9

are setyfar’positive reading for motions toward the 2

tor dials. For simplicity of notation, the rotary axis to FR9 — FR3
the left ibrthe figure is called the C-axis, and the axis to the HA = DA
right, the VI-axis. The bracket hoiding the indicators and
the mandrels should be as short and as stiff as possible. =~ where
Before commencing the test, the sag (compliance) of the DIA = the diameter of the circle traveled by the
bracket shall be measured. This is done by attaching the face indicator centerline
bracket to a stiff mandrel supported between centers, as FR, = the mean sag of the face indicator
shown in Fig. 8.2.1-2. For spans up to 200 mm (approxi- FRO = the mean face reading at 12:00
mately 8 in.), a steel mandrel 50 mm (approximately FR3 = the mean face reading at 3:00
2 in.) in diameter shall be considered adequate. (For very FR6 = the mean face reading at 6:00
high-accuracy machines, a calculation of the requisite man- FR9 = the mean face reading at 9:00
drel diameter should be calculated or a correction applied HA = the horizontal angle
for mandrel sag.) The indicators are zeroed at the top HO = the horizontal offset
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Fig.8.2.1-1 Typical Setup for the Rim-and-Face Test

/ Rim indicator
Bracket

12:00
l 5
i Face indicator
O
\ L g / 9:00 34
(f-axis ! % M-axis
I 6:00
\\
Plr?rzeir?;icator Measurement positions
Side View End View
Fig.8.2.1-2 Setup for Measuringthe Sag of a Pair of Indicators
/ Rim indicator
12:00
b o
opvn i Face indicator
Ve
\ s
o, 1 9:00 3:00
\ 50-mm mandrel 6:00

Centers

Side View

90

Measurement positions

End View
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Fig. 8.2.2-1 Typical Setup for the Reverse Indicator Method

/ S indicator

Bracket
Down 12:00
5
|
\ T — / 9:00 | 3:00
C-axis M-axis
jamay T
[ 6:00
| Measurement positions
| I (o)
/ @ End View
|
Bracket
\ M indicatot
Plane of S Indicator
RR, = mean sag of the rim indicator taken at the 12:00, 3:00, 6:00, and 9:00 positigns. These
RRO = mean rim reading at 12:00 measurements should be repeated three timgs and the
RR3 = mean rim reading at 3:00 means computed. The misalignment of the two axes in
RR6 = mean rim reading at 6:00 the plane of indicator S is given by
RJ 79 = mean rim reading at 9:00 — (SRO— SR6 — SR))
WA = vertical angle VO = s
VIO = vertical offset 2
If desfred, standard uncertaintiesin/these quantities may — (SR0 — SR6 — SR, + MR0 — MR6 + MR,)
. VA =
be computed (see Nonmandatorny Appendix M). 2D,
8.2{2 Reverse Indicator’ Method. The setup for HO = M
the r¢verse indicatof)method is shown in Fig. 8.2.2-1. 2
As in| the rim-and-face method, two appropriate indi- HA = _ (SR3 — SR9 + MR3 — MR9)
cator$ shall bewused, with the choice depending upon 2Dg
machfine accufacy. The indicators shall be set to read
positive forimotions toward the dials, as shown in the
figur¢. Before commencing measurements, the sag of the ~ Where
. . PR TR PE==r1 3 . D = the distance betweenthe S and M ages
1nd1C 1OI' SETUP Shall DE INEdsured.  1nc procedurc 1s 4as g g g
outlined in para. 8.2.1, with the reverse indicator brack- MRO = the mean M gage reading at 12:00
ets (Fig. 8.2.2-1) being substituted for the rim-and-face MR3 = the mean M gage reading at 3:00
brackets in Fig. 8.2.1-1. The indicators shall be zeroed at MR9 = the mean M gage reading at 9:00
the 12:00 position, the mandrel rotated to the 6:00 posi- MR, = the mean sag of the M gage
tion, and the readings from the S and the M indica- R6 = the mean M gage reading at 6:00
tors recorded. This measurement shall be performed SRO = the mean S gage reading at 12:00
three times and the mean sags computed. The indicators SR3 = the mean S gage reading at 3:00
shall then be fixtured to the two axes of rotation, using SR6 = the mean S gage reading at 6:00
mandrels as described in para. 8.2.1. Once mounted, SR9 = the mean S gage reading at 9:00
the two axes shall be rotated and indicator readings SR, = the mean sag of the S gage
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Fig.8.2.3-1 Rotation Axes Alignment Using an Optical Alignment Laser

= 1P |

Position 1: Target in tail stock

Position 2: Target in spindle

For the d¢finitions of HA, HO, VA, and VO, see nomen-
clature infpara 8.2.1.

8.2.3 Qptical Tail Stock Alignment. Several align-
ment lasefr systems are available that may also be used
for axes of rotation alignment. A basic system is shown in
Fig. 8.2.3-[l. In such a system, a laser is attached to either
of the ax¢s of rotation and a photodetector attached to
the other|of the two. Procedures vary. Some systems
require roftating one axis by hand, taking readings of the
laser posifion, and then rotating the other axis by hand
and again recording the results. Other systems require
rotating the axes together as described in paras. 8.2.1
and 8.2.2| The out-of-alignment of the two axes of rota-
tion is cal¢ulated by the system software. In all cases, the
Supplier’$ recommendations for the laser instrument
system ugage should be followed. The measuremerts
shall be rppeated three times, and mean values for|the
four out-df-alignment parameters shall be calculated.

8.2.4 Two-Sphere Axis Alignment.
two-sphe
tured to

Te perform the
e axis alignment test, a set of test balls is fix-
bne spindle and adjusted to/have minimum
runout (ech ball is separately adjusted). Such a situation
is shown In Fig. 8.2.4-1, illustration (a), where the fixture
is in the mjachine main spindle:Here, the fixture used for
the spindle error analysismay be readily used. Next, an
indicator pracket is attached rigidly to the second rotary
axis [shoWn as a tailsstock in Fig. 8.4.2-1, illustration (a)].
The bracKet shouldbe stiff and light and needs to be sta-
ble only fpr the duration of the test. The bracket should
also be chiecked for sag using a procedure similar to that
describedt —8:2: 22 i ive;
a stiffer bracket should be used or the sag measured, as
described in para. 8.2. The mean sag at gage 1, SR,, and
the mean sag at gage 2, SR,, as well as their standard
uncertainties, shall be recorded. Also, if a high-thermal-
expansion material is used, the thermal effects may bias
the result and the bracket should be insulated. An indi-
cator shall be positioned on the bracket to read against
the artifact at position 1, and three full-circle traces shall
be taken as the tail stock is rotated. Data from these cir-
cle tests are least-squares fit to a circle, and the mean
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circle center, CX,, CY,, determined{Mext, the indjcator
is rebracketed to make three tracestaround the artifact at
position 2. Again, the data areleast-squares fit to a|circle
to obtain a CX,, CY, center: (fwo indicators can also be
used at the same time, which requires less stabilify but
introduces the problem of matching gage calibratiions.)
For this Standard /the-0ffsets are reported at position 1,
which is nominally 50 mm (approximately 2 in.)| from
the main spinfdle face. The equations are

HO = HO, = CX,

SR,
VO = VOl = CYl - T
HO, = CX,
HO, — HO,
HA=————
Dy
SR,
VO, = CYz .
2
VO, - VO,
VA =
Dy

where D_ is the distance between the two gages.
As shown in Fig. 8.2.4-1, illustration (b), the setu
be reversed and the measurement repeated. Simila
cedures should be followed. Note that the gage nu
ing is the same to make the previous equations ap

may
pro-

mber-

ply.

8.2.5 Parallelism of the Z-Axis With Other Linear

, W.—For machines equipped with auxiliary axes
that move in the Z direction, such as a tail stock, it is
important to measure the parallelism of the auxiliary
axis motion with the machine Z-axis. This situation is
illustrated in Fig. 8.2.5-1 for a machine with a movable
tail stock. The simplest method for measuring this par-
allelism is to indicate against the tail stock center using
indicators in the X-Z and Y-Z plane. At some initial
position, the indicators are zeroed. Then the tail stock is
moved in increments. After each motion increment, the
indicators are again moved to read against the tail stock,
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Fig. 8.2.4-1 Two-Sphere Setup for the Alignment of Two Rotation Axes

Sensor 1
Sensor 2
Lightweight
/ bracket
: 1 1

Spindle ] | | | |
- — L\ 1 — 7 BN - —
NO
[ \ o) Spindle or
Artifact — tail stock
(a)
Sensor 1
/— Sensor 2
1 1 I Artifact
Spindle A_k_}_k_h_
- | - " 1 - 1 I - _
© | | Spindle or
9 tail stock
\— Lightweight braeket

(b)

Fig.8.2.5-1 Schematic of the Measurement of Parallelism of the Z-Axis to the Axis of a Movable Tai

| |/ Turret
Angle
(if required)
Quill extended
y % as required
> e
Tool y—
reference — | / Z-X plan
N 0
Tail stock—//
Z-Y plane

<~ Z-axis motion

GENERAL NOTE: Move the tail stock in increments along the entire stroke, and clamp during measurement.
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Fig.8.2.5.1-1 Setup for Measuring Tail Stock Alignment Using the In-Feed (Z) Axis

R e
L 7 -
i N R
N7
Cy | Ca
(a)
4 x
T
z b—— —_—
q*_ e —
./,’_.J____l ‘
57
¢ C}: Cz

at the sarhe point on the tail stock, using the machine
Z-axis. The indicator data are plotted for both planes,
and the slopes of the lines obtained by least-squares fit-
ting are the out-of-alignment in the respective planes.
At least 1{) positions along the Z-axis should be used for
each plang and the standard uncertainty obtained from
the least-4quares fit to the slopes reported.

8.2.5}1 Mechanical Tail Stock Alignment. Many
machines|are equipped with a tail stock. In these.cases,
it is often| sufficient to indicate the tail stock centerline
location yvith respect to the spindle centerline, using
the macHine in-feed.’® This situatior is* depicted in
Fig. 8.2.5[1-1, illustrations (a) and (b)) where the two
axes of r¢tation are called C, and C,. First the paral-
lelism of the C;-axis to the Z:-axis is measured in both
the X andl Y planes, usingythe procedures described
in para. 7.7.3.1. (Values~pbtained previously may be
used.) N¢xt, the Z-axiS\is traversed and the parallel-
ism of C,|measured-by the same procedure. Note that
this proc¢dure doés not require that the mandrels be
precisely pligned*to the spindle axis. The offset is mea-
sured usipgprecision spheres. These precision spheres,

(b)

the indicator, and the X deviation of the second sphere
and C, determined. The measurement is performed
similarly, ih the Y direction. Offsets and angles arg then
calculated.

8.2.6 Parallelism of the Z-Axis (Longitudinal Slide) With
the C-Axis (Work Spindle) inthe Y-Z Plane.3!  Parallelism
of the Z-axis to the C-axis in the Y-Z (vertical) plane is
important on some machines that require facing a york-
piece to center without a defect, at different posjtions
along the Z-axis. Stated in a different way, if the fool is
set to centerline height at one position of the Z-ajis, it
will not be at centerline in other positions unlegs the
Z-axis motion is parallel to the C-axis in this plang This
parallelism may be measured by one of the three neth-
ods mentioned previously for measuring the parallelism
in the Y-Z plane. That is, it may be measured uging a
mechanical straightedge positioned in the correct firec-
tion (para. 7.8.3.1), by part traces on a machined cylinder
(para. 7.8.3.2), or by using a straightness interferometer
(para. 7.8.4). When using the first two methods, appro-
priate attention should be paid to gravitational sag on a
horizontal spindle machine.

of the sa
fixed distance from the face of the spindle and the face
of the tail stock. The recommended distance is 50 mm
(approximately 2 in.), as discussed previously, though
other distances may be chosen. They are adjusted to
have minimum runout. First, the X deviation of the
surface of the sphere in spindle C, is measured; then,
the Z-axis is traversed to position 2, without rezeroing

. n L gt o) tadd n
e OrameTer(See—SeCtioi 7 aremotnteaata

30 Note that the results of this procedure are biased by angular and
straightness errors of the in-feed axis.
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8.3

Turning centers are complex systems and contain
many subsystems that also contribute to the accuracy and
performance of the machine. Subsystems that contribute

Subsystems Repeatability

31 Parallelism of the Z-axis to the C-axis in the X-Y (vertical) plane
is important on some machines that require facing a workpiece
to center without a defect (“blip”) at different positions along the
Z-axis. Stated in a different way, if the tool is set to centerline height
at one position of the Z-axis, it will not be at centerline at other
positions.
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Fig.8.3.1-1 Tool Holders Used for Tool-Change Repeatability

L
X

él{o)--—

o

100 mm
(approx. 4 in.)

- ——— —

to thg accuracy are the tool-change repeatability; turret
repeaftability; and tool-setting-system repeatability, loca-
tion, aind drift. Tests for these important subsystems are
addrgssed in paras. 8.3.1 through 8.4

8.311 Tool-Change Repeatability.) For the purposes of
this Standard, tool change repeatability is checked using
two tpol holders selected by.the User from a Supplier’s
specified tooling packagePrecision test spheres are to
be mpunted in these/fool holders in a manner similar to
that shown in Fig(8.3.1-1. One of the test spheres is to be
at the minimun¥pessible distance from the turret or tool
holddr, and thesecond test sphere is to be mounted on
a rigid columin at a distance of 100 mm (approximately
4 in.)| ffionY the first sphere. (These lengths are default

N
Hiesdolt—
w

Gage line

into position such that the two displacement jndicators
are nulled. This position is recorded. This pr¢cedure is
repeated on the second sphere. An automatjc cycle is
established to place sphere 1 into the turret jand posi-
tion it to its established null in the displacemgnt indica-
tor nest, withdraw it safely from the nest, interchange
it with sphere 2, position sphere 2 to its null gosition in
the nest, and then withdraw and return sphege 2 safely
to the tool magazine. This program is executeql 10 times
in rapid succession, and the X and Z offsets of each ball
are recorded for each trial. Four tool-change repeatabil-
ities are defined: they are the difference betyeen four
standard uncertainties of the X and Z readings for the
short setup, minus the machine unidirectionjal repeat-
ability for the direction(s) of approach to the s¢nsor nest

options, and the USer 15 ffee 1o select other lengihs
appropriate to the application, if required.) The tool
holders with their test spheres are to be inserted in User-
selectable positions in the tool magazine for the machine,
and a displacement indicator nest is to be rigidly
attached to the machine chuck in the nominal position
of the part.®? The test then proceeds as follows. The first
sphere is loaded into the turret and the machine jogged

32 This test can, if required, be performed on an axis-by-axis basis
using a single sensor.
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(para- 7-2:75); and the difference i 4 times the standard
uncertainty of the X and Z readings, minus the machine
unidirectional repeatability for the direction of approach
to the sensor nest for the long setup.®® For example, the
tool-change repeatability for one tool length in the X
direction is given by

33 Note that on most lathes the Y is the nonsensitive direction;
however, improper Y positioning will lead to a dimple at the
center of a faced part and thus is included here as an important
parameter.
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Fig. 8.3.2-1

Example Tool Holders to Be Used for Turret Repeatability

1 = —\2
u, = —E X, — X
x \/n—].l-l( ti t)

and
R, =4u —RT
or
R, =4u, — Rl

where

10, the default value for this test

the appropriate repedtability for the

X-axis

the tool-change_repeatability for that

direction and tool length

= the estimate of the standard uncertainty

the iM(réading in the X direction

= thewaverage of the 10 readings in the X
difection

Note that this testincludes changes in tool position caused

by rotatir|gthe” tool magazine and any thermal errors

— 3

RT or R

should"be those normally supplied with the maghine.
If the machine has straight-shank tooling, tool h¢lders
such as those shown in Fig. 8.3.2-1 are appropriafe. As
described in para. 8.3.1, a two-indicator sensor rjest is
rigidly attached to the machine chuck in the nominal
position of the part. After establishing the null locgtions
for both tools, an automatic cycle is established to|place
sphere 1 into the indicator nest, withdraw it, ind¢x the
turret, and place sphere 2 into the indicator nest| This
program is executed 10 times in rapid successiop and
the X-Z deviations for both tool and turret posjtions
are recorded. Four turret repeatabilities are defined.
They are the difference between 4 times the stapdard
uncertainty of the X and Z readings for the short getup,
minus the machine unidirectional repeatability f¢r the
direction(s) of approach to the sensor nest (para. 7.2.7.6);
and the difference in 4 times the standard uncerfainty
of the X-Z readings, minus the machine unidirectional
repeatability for the direction(s) of approach to the¢ sen-
sor nest for the long setup in the second turret pogition.

induced by traversing toamnd from the toot-change foca-
tion. To obtain the most realistic estimate of tool-change
effects, the User should have the two spheres with their
tool holders placed in magazine locations that require
extensive motion of this mechanism.

8.3.2 Turret Repeatability. Turret repeatability is
checked using a method analogous to that described in
para. 8.3.1 for tool-change repeatability. For this test, the
short and the long precision test spheres are mounted
in two User-selectable turret positions. The tool holders
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lined in para. 8.3.1.

8.3.3 Optional Tool-Change and Turret Repeatability
Using a Tool Probe. When a machine is equipped
with a tool probe, there may be significant advantages
to using it to assess tool-change repeatability and tur-
ret repeatability. In addition to reduced setup, the test
parameters may be more accurately isolated from the
positioning repeatabilities of the machine and the mea-
surement sensors.
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The required hardware is the same as that for the pri-
mary tests except that the gage nest is replaced by the
tool probe measuring in X and Z directions.

8.3.3.1 Test Procedure for the First Sphere. Measure
the X and Z location 10 times. Between each measure-
ment, return the machine to the location where a tool
change would take place, but do not exchange tools.
Exchange spheres. Repeat the 10 measurements for the
second sphere.

machine part-holding device. The X direction, on the
other hand, is set with respect to a more stable machine
parameter, that is, the spindle axis of rotation. Tests here
are designed with this in mind. If the machine has more
than one work spindle or turret, tests should be per-
formed for each possible spindle-turret combination.
Further, if the tool-setting system is on a movable arm,
the arm should be moved between each tool set when
checking repeatability. Only one such combination is
discussed here, namely, the single spindle-single turret.

Alternate measurements of first and second sphere for
a totdl of 10 additional cycles in which the tool changer
is usegd.

8.3.3.2 Analysis. The analysis is the same as that
for the primary test procedure (see para. 8.3.1) except
that the unidirectional machine positioning repeatability
values are not used. For the 20 sets of X and Z measure-
ment$ for each sphere, the first 10 do not include a tool
change and the second 10 do include the tool change.

1 20 )
U, = |= X, — X
x 9 l:“( ti t)
1 10 )
u; = _Z(xti xt’)
9132
and
ths = 4ux o u,x
This falculation is performed for each direction,~and
each gphere (i.e., four times)

8.3l4 Gage Line Repeatability. The purpose of this
test i to determine the gage line repeatability for all
of th¢ pockets on a turret with togl=changing capabili-
ties. For this test, the short tool (§ee Fig. 8.3.2-1) is used.
First [the tool is put in one pocket and its X-Z offsets
measfired three times using) the tool-setting system.
The ool is then insertéd jin all the other pockets, in
turn, [measuring its offsets three times for each pocket.

The tptal range of thé.X offsets is reported as the X gage
line nepeatability,ahd the total range of the Z offsets
is regorted aSdhe Z gage line repeatability. If desired,
andatd uncertainty in the offsets may be calcu-
on.a-pocket-by-pocket basis (see Nonmandatory

the s
lated

Repeatability, Location, and Drift of Tool-
Setting System(s)

Turning centers are now supplied with tool-setting
systems that allow for the automatic setting of tool off-
sets in the X and Z directions. (Other names, such as
tool-setters, tool-gaging, and tool-setting probes, are
also used.) On most turning machines, the Z direc-
tion location is set with respect to some feature on the
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If other options are desired, they should he negotiated
between the User and the Supplier and bé\mtalde part of
the original machine specification.

8.4.1 Repeatability of the Tool-Sétting System. Before
establishing the position of the.tool-setting syptem with
respect to the spindle centetling, it is necessary to check
its repeatability. To do thispanew insert or a stpall preci-
sion ball should be mourited in the location of an insert
in the tool holder, Whichever option is chosen, the tool
holder should be~short and as stiff as possijle. Before
proceeding, the machine should be exercised [following
an exercise\procedure to be specified by thg¢ machine
Supplier, Next, the machine should be jogged tq allow the
tool g ball to contact the tool-setting system in poth the X
and,Z (if applicable) directions and an original|X-Z posi-
tion established. A cycle should be established,|following
the Supplier’s recommendations, to quickly reset the tool
10 times. This procedure should be representative of how
the tools will be set during normal machine ogjeration. If
the machine is equipped with an arm that moyes in and
out of the work zone, that arm should be introduced dur-
ing each cycle; that is, the tool-setting cycle shotild be that
normally used to set tools when machining. Fpr each of
these 10 repeats, the X and Z locations of the [tool (ball)
should be recorded. From these numbers, a| standard
uncertainty should be computed for each axis,|following
the procedures outlined in para. 8.3.1. The repeatability
should be reported for both the X and Z (if applicable)
directions as 4 times the standard uncertainty obtained
from these measurements.>*

For some specific purposes, it might be desirgble to test
the tool-setting sensor independent of the conjplete sys-
tem performance. In that case, the procedures|described
above should be followed but the tool-setting arm left

8.4.2 Original Location of the Tool-Setting System.
To initially establish the position of the tool-setting system,
this Standard requires cutting a test part. This proposed

3 The results obtained from this test will vary, depending upon the
withdrawal distance from the tool-setting station and the machine
traverse speeds used. It is recommended, for this repeatability test,
that the withdrawal distance be only 5 mm (approximately 0.2 in.) and
the traverse speed be kept at less than one-tenth maximum traverse.
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Fig. 8.4.2-1 Test Part for Determining the Location of a Tool-Setting System and Tool-Setting-System Drift
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test part i§ shown in Fig. 8.4.2-1. It consists of a small cyl-
inder, the[cut portion of which is 25 mm (approximately
1in.) in djameter and 25 mm (approximately 1 in.) long.
These dinhensions do not need to be precise. The mate-
rial for this test part is 6061-T6 aluminum, like that used
for the pr¢vious tests for machine critical alignments (see
para. 7.8)| A part program is established to face the part,
turn the diameter, and face the small ledge near the spin-
dle base. Hor the finish cut, a sharp single-crystal diamond
tool, polyfrystalline diamond tool, or other appropriate
insert with a small nose radius of approximately 0.5 mm
(approxinpately 0.020 in.) and low-tool-wear characteris-
tics when|machining aluminum shall be used. Before the
finish cut fis made, the tool position shall be sensed using
the tool-sptting system in both the X and the Z direc-
tions. The|locations in machine coordinates of the tool as
reported by the tool-setting system should be recorded.
The final ¢ut should then be made on the part to a speci-
fied nomipal diameter. Before the part.is removed from
the spindle, the Z offset between the step on the part and
an approgriate feature on the chuck face, spindle nose, or
spindle faceplate should be fneasured in the Z direction.
This distapce should be eomipared to the Z reading of the
tool-settirg system to_éstablish the correct offset.

The diameter of thetest part should then be measured.
Dependirfg uponithé application, this diameter may be
measured onsthe'machine with an appropriate micro-
meter or thken'off the machine and measured using suit-
able metr i i 51
for the application. The difference between the actual
diameter and the programmed diameter should then
be used to establish the correction to the X location of
the tool-setting system. For high-accuracy applications,
nominal differential expansion corrections should be
made (see section 4, Definitions). This should be entered
into the machine controller, taking care to get the appro-
priate sign (the sign of the correction can be checked by
remachining the same part to a smaller diameter and
repeating the test).
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Material: 6061-T6

8.4.3 Combination TeSt) for
Drift.3®> The location¢off the tool-setting system| with
respect to the spindle centerline and an appropriate
spindle surface will vary with the machine’s thermal
state. Exhaustive/tests could be conducted analpgous
to those given in para. 7.7. This Standard defines f sin-
gle test that'combines several of these effects. This test
requires’the machining of four test parts of 6061-Tp alu-
minum using two tools. A drawing of the test fart is
given in Fig. 8.4.2-1. The duration of the test shall lpe the
duration established in previous spindle thermal gtabil-
ity tests (para. 7.7.2) or 4 h, whichever is shortef. The
tools used for this test are the same type as the too] used
for the original location of the tool-setting-systenq tests
described in para. 8.4.2.

The test normally proceeds as follows.?® The firgt part
is mounted following the procedure that will normally
be used in machining. The spindle is then set to fun at
50% of maximum speed (revolutions per minute}. The
first part is faced. Then the tool is set following the
normal procedures used when machining. Theh the
diameter and face “A” of the part are cut. At the end
of this machining cycle, the spindle is kept running at
the same speed and the X and Z axes of the machine are
exercised over most of their travel (the part should not
be contacted), at 80% of rapid traverse, for a perjod of
one-fourth the duration of the test, or 1h, whicheper is
shorter. At the end of this period, the spindle is stopped,
€ process of facing, tool-
setting, and part diameter and step cutting repeated.
After the second part is cut, a new tool is inserted into
the tool holder (or the turret indexed to a new tool) and
the process repeated for two more parts. At the comple-
tion of this test, all four test parts are measured for both

Tool-Setting-System

% This test may include spindle thermal stability (see para. 7.6.2).

% For machines that cannot follow this procedure, a conceptually
equivalent procedure shall be agreed upon between the User and the
Supplier and made part of the original machine specification.
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step height (Z direction) and diameters (X direction). The
instrumentation chosen for the measurement is applica-
tion and machine-accuracy dependent. For example, on
many turning centers, micrometers and height gages
might be sufficiently adequate. On diamond turning
centers, other instrumentation is required.

The data are analyzed as follows. The differences
between the programmed diameters and the measured
diameters are computed. The step height data are com-
puted similarly. The total range of the difference between

8.6

The following procedures have been designed to eval-
uate the performance of a turning center, equipped with
a suitable probing system, as a measuring machine. The
tests described in paras. 8.6.1 through 8.6.4 are meant to
apply to machines equipped to measure in the point-to-
point mode. Although machines equipped for part scan-
ning are not currently commercially available, these tests
could also be used on such machines, provided their data

Machine Performance as a Measuring Tool3’

the pfogrammed and actual diameters is reported as the
X-axip tool system drift, and the total range of the dif-
ferenge in programmed step heights versus actual step
heights is reported as the Z-axis tool system drift. If
desir¢d, more than four test parts may be used to estab-
lish the statistical validity of the results. In this case,
groupps of parts should be machined in rapid succession
at eagh of the time intervals previously defined and the
average diameter step height and standard uncertainties
compjuted for each interval.

8.5 | CNC Performance Tests
8.5l1 Test for Minimum Block Execution Time. A
part program shall be prepared to run the machine tool

in onf axis only, using the maximum practical traverse
length and linear interpolation. This is normally the
Z-axip on turning centers. The length of line segments
shall pe set to a value one-fourth the “desired increment
length,” which should be the chordal length normally:.
used when contour cutting. For example, if the machine
will He used to make parts with a normal chordal length
of 1 ihm (approximately 0.04 in.), the test line segment
length shall be 0.25 mm (approximately (0.01"in.). The
part program shall have the feed rate programmed
in the first block, where it can be easily modified. The
number of program blocks shall not)exceed the “block
look-phead” limit of the control.

Th¢ program shall be run.-and the feed rate set at the
maximum feed rate spegified by the Supplier for this
test. The feed rate shall be'measured by a time-recording
devicp or by a laser/interferometer set in the feed rate
measfirement mdde. The measured feed rate and the
programmed féed*rate shall be compared. If the mea-
sured| feed rate‘miatches the programmed feed rate within
5%, the controller passes this test and the minimum block
execytign-time, MBET, is computed as below. If the mea-

wereacqtirecHrthe point-te-pointmeasuringmode. The
results of these tests do not reflect on the perfopmance of
the machine tool in a metal-cutting modéxThe|following
tests address the issue of measuring performance in dis-
crete stages that depend on the level of softwate capabil-
ity provided by the Supplier and-the intended |use of the
measuring system. Testing shalbbe performed|in a man-
ner that most closely repfeSents the way in Wwhich the
machine’s measurementsystem will be used affer accept-
ance. The tests described in paras. 8.6.1 through 8.6.4 are
in conceptual agreement with similar tests for dJoordinate
measuring machines, as outlined in ASME B§9.4.1, and
machining eemters, as outlined in ANSI B5.54. [For three-
axis applications, ANSI B5.54 should be used. Prior to
commencing these tests, the machine probe shhll be cali-
brated dccording to the Supplier’s recommendations for
nofinal operation of the machine when measufing parts,
using an artifact of a different size than the pait that will
be machined and measured. Qualification oh the test
artifact to be used for this test is specifically excluded. It
is also assumed that prior to performing thesg tests the
machine performance has been assessed as described in
section 7 of this Standard.

8.6.1 General. Unless otherwise specifigd by the
User, the measurement repeatability and feafure mea-
surement accuracy tests shall be performed jalong the
spindle centerline and in the center of the work zone.
The probe orientation and configuration shall repre-
sent the configuration to be used after acceptqnce, with
a default stylus length of 50 mm (approximately 2 in.).
Note that the value for measurement repeatapility and
feature measurement accuracy is dependenf on posi-
tion, probe configuration, and stylus length; |therefore,
the User may specify other locations and configurations
or several locations and configurations, if reguired, as
part of the original specification.

sured feed Tate 15 {55 than 957 ol the programimned teed
rate, the programmed feed rate shall be reduced, in rea-
sonable increments, and the test repeated until a match
(within 5%) between the measured feed rate and the
programmed feed rate occurs. The feed rate where the
measured and programmed feed rates agree, V__, shall
be used to calculate the minimum block execution time,
MBET. It is given by

MBET = INCR/V

max

In no case shall the machine be run at an unsafe speed.
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In these measurement repeatability and feature mea-
surement accuracy tests, the requirement in the definition
of repeatability to sense the same quantity is satisfied by
measuring the center coordinates of the precision artifact
rigidly mounted in the spindle near the center of the work
zone. Ten determinations of the reference artifact’s center
shall be made as rapidly as practical to determine mea-
surement repeatability. For each axis, 4 times the stand-

%7 The tests described in para. 8.6 do not cover cases in which the
machine is used as a comparator.
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Fig.8.6.2-1 Approximate Location of Probed Points, Depending on Probe Configuration, When Measuring a

Machined Test Part
] ]
~25 mm ~5 mm ~25 mm ~5 mm
[

- ~25 mm »|

(a)

ard uncerfainty of the artifact’s center coordinates shall be
reported §s the measurement repeatability for that axis.
Machine fneasurement repeatability shall be reported on
a per-axig| basis. To determine the feature measurement
accuracy, the same data shall be used; however, these data
shall be eyaluated by the software to determine the size
of the artifact being measured. If a data point(s) obtained
during thjs test appears to be an outlier (see section 4,
Definitions), this point may not be simply discarded when
either defining the standard uncertainty or the dimensions
of the artifact. Rather, the complete test shall be repeated
and the d4ta from a complete test evaluated.

For mafhines that have the option of operating in“a
radius mdde or a diameter mode, all tests shall be-per-
formed afd reported in the radius mode. For mhachines
that operafte only in a diameter mode, all results computed
as diametgrs shall be divided by 2 and reported as radii.®®

The Uspr is cautioned that it is extrémiely important
that the mjeasuring stylus be on center_ih the Y direction
for the mjeasurement of diameteks jor radii. The error
made when the stylus is off center while measuring a
diameter |s given by

- ~25 mm »|

(b)

should be a dimensionally stable metal capable of hglding
an accurate surface finish{ A thermometer conformjng to
the requirements of séction 9 shall be appropriately| ther-
mally contacted with the test part in a position that does
not interfere with’ probing, and a second thermometer
placed in a-position designated by the Supplier as being
representative of the mean scale temperature. The two
diameters of the test part shall be measured 10 timeg each
using'at least 10 points along each profile of the test part.
Intthe case of machines capable of measuring past thq spin-
dle centerline, the diameters of the test part shall be meas-
ured 10 times each using at least 5 points along each profile
of the test part. The step height of the test part, indjcated
in the figure, shall be measured 10 times using af least
5 points on each face. Contact points for each set shall be as
widely spaced as possible. From these data, two average
measured radii, Rp1 and R ,, corrected for temperaturg, and
the average step height, Z e corrected for temperaturg, shall
be computed. The equations are as follows:

R, = Rypll — a(T, = 20) + o(T — 20)]

R, = Rypll — a(T, = 20) + ofT — 20)]

2(offset)
ervor, = W and
here Zyy = Zyol(1 = (T, — 20) + o(T — 20)]
DIA [ the'part diameter where -
offset [ \(the distance above or below center Ry = tihe measured radii ) o
T——=thcaverage temperature of the poimtsetected as
8.6.2 Measurement Accuracy Where Software Allows _ Tepresentative of the mean scale temperature
for Only 1D Measurements. For this test, a test part shall L = Fhe average temperature of the test part dur-
be machined in the spindle. The part is User-selectable, _m8 measurement
with two diameters not greater than 80% and 40%, respec- Zyo - the measured step height o
tively, of the maximum swing. The default size for the part @ = thenominal thermal expansion coefficient of
is given in Fig. 8.6.2-1. The material is not specified but the machine scales o
a, = thethermal expansion coefficient of the test part

3 Diametrical measurements are preferred. Radial measurements
are susceptible to thermal drift of the spindle centerline with
respect to the probe location.

% This test part will be measured in a metrology laboratory and
thus serves as the calibration gage for checking machine accuracy.
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Fig. 8.6.3-1 Approximate Location of Probed Points, Depending on Probe Configuration, When Measuring
a Test Sphere

Th¢ mean values and their standard uncertainties are
compjuted following standard procedures (see section 4).

Maeasurement repeatability shall be computed as

¢ |X measurement repeatability, MR(X): 4 times the
largest standard uncertainty of either radius
* |Z measurement repeatability, MR(Z): 4 times the
standard uncertainty of the step height

Th¢ test part shall be measured using dimensional-
measpiring equipment at 20°C (68°F) in a metrology lab.
The mneasuring equipment should be suitable for the
machfine accuracy specification. The feature measure-
mentfaccuracy shall be computed as follows:

(a) | The feature measurement accuracy in the X direc-
tion, FM(X), shall be reported as the largest of the dif-
ferenges between either of the average radii measured
on the¢ machine, corrected for temperature, and the radii
measjired in the metrology lab.

(b) | The feature measurement accuracy in the Z diregs
tion, FM(Z), shall be reported as the difference between
the aferage step measured on the machine, corrected
for tgmperature, and the step height measured in the
metrglogy lab.

There is no test for probe lobing for a machine of this
configuration.

8.6.3 Measurement Accuracy Where Software Allows
for 2D or 3D Measurements, \A)25-mm (approximately
1-in.)| calibrated reference\sphere, conforming to the
requirements of section'9;shall be mounted in the main
spindle such that it’is\readily accessible for machine
probing. A thernjomieter conforming to the require-
mentp of section®9 shall be appropriately thermally
contacted with/the test sphere in a position that does
not ifterfere with probing, and a second thermometer
placefd in-aposition designated by the Supplier as being

Measurement repeatability shall be reported as

* measurement repeatability, MR(X): 4 ftimes the

standard uncertainty of the mean X coogdinate

* measurement repeatability, MR(Z): 4 fimes the

standard uncertainty of the’Z mean coofdinate

* measurement repeafability, MR(R): 4 fimes the

standard uncertainty~of the mean radius
Note that these repeatdbilities are defined as
tainties obtained from the calculated values for
readings.

The spindleshall be rotated approximately 180 deg
with thefefefence sphere remaining rigidly| attached.
Ten mote sets of at least 10 readings shall be made on the
oppadsite side of the reference sphere in a similgr manner.
The’X and Z coordinates of the center of the bgll and the
tadius of the ball shall be computed for each s¢t of read-
ings. From these computed results, the averagemeasured
radius, corrected for temperature, R 150 and the average
X and Z coordinates, X_ ;. and Z piso and theif standard
uncertainties shall be computed.

The feature measurement accuracy, FMA, in |
tions shall be computed as

the uncer-
10 sets of

oth direc-

FMA(X) = max.(|Rp0 - R
F1X,0 = X150l

R R

spherel’l p180 s:herel)

R R

FMA(Z) = max.(|R;70 — o

|’ |R erel)

sphere p180
where

R here= calibrated radius of the gage at 20°(" (68°F)

For each reading in each of the 10 sets of datj, a radius
is calculated using the average computed center loca-
tion. For each set of data, the minimum poin{ radius is
subtracted from the maximum point radius. The largest
value among these is the specification zone f¢r circular
profile measurement accuracy, CPMA.4

repreSentative of the Wear scate telperature. 1l Sets
of at least 10 readings shall be made on the reference
sphere. Contact points for each set shall be as widely
spaced as possible, as shown in Fig. 8.6.3-1. X and Z
coordinates of the center of the ball and the radius of
the ball shall be computed for each set of readings,
using the software supplied with the machine. From
these computed results, an average measured radius,
corrected for temperature, R ,, and the average X and
Z center coordinates, X , and Zp()’ and their standard
uncertainties shall be computed.
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8.6.4 Linear Measurement Accuracy. The proce-
dure described in this paragraph represents a mini-
mum requirement to ensure conformance to linear
measurement accuracy specifications. Linear measure-
ment accuracy can be considered a combination of the

40 A number of error sources contribute to circular profile
measurement accuracy, such as probe lobing, thermal errors,
geometric errors, and the CNC'’s ability to repeatably latch the
probe’s interrupt signal.
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positioning accuracy of the machine, the ability of the
measurement system to repeat a measurement, and
any offsets introduced by probe performance. Since the
bidirectional systematic deviation of positioning of an
axis (para. 7.2.7.1) and the feature measurement accu-
racy (para. 8.6.2 or 8.6.3) have been previously meas-
ured, the values obtained for these measurements shall
be used in the computation of the linear measurement
accuracy.

The linear measurement accuracy for each linear

8.7.3 Production Parts. Where the machine is to
be used in producing a single part or a family of parts,
the best machine test to determine machine capability
would be a run of production parts that are as close to
the production part as possible. In this case, the machine
shall be started and allowed 1 h for warm-up. The first
part shall be cut and checked and any corrections to the
tooling or programming made at that time. An addi-
tional 6 to 10 parts shall also be cut over a 2-day period,
allowing the machine to settle into thermal stability.

axis, LMA(X) and LMA(Z), shall be reported. It is the
sum of the measurement repeatability, MR, for an axis
(para. 8.6Q2 or 8.6.3); the feature measurement accuracy,
FMA, for|that axis (para. 8.6.2 and 8.6.3); the spindle
thermal stability, D, or D, (para. 7.7.2); and the bidirec-
tional sysfematic deviation of positioning of an axis, E
(para. 7.2{7.1), minus the bidirectional systematic devia-
tion of popitioning of an axis multiplied by the radius of
the artifa¢t, R, used in the feature measurement accu-
racy test gnd divided by the axis length, L, of the axis of
interest.*!{That is

LMA(Y) = MR(X) + FMA(X) + D, + E(X) — E(X)

X (R,/Ly)
LMA(4) = MR(Z) + FMA(Z) + D, + E(Z) — E(Z)
X (R,/Ly)
8.7 Machining Test Parts
8.7.1 General. Machining test parts have an impaoré
tant role |n the acceptance of machine tools. Howeyer,

using sucl test parts alone to determine machine aceuracy
and acceptance is not recommended. There are¢ many
variables fhat can affect the test part in machining tests
that have o direct relation to the machine.fool. Examples
include nfaterial properties, tool wear; ¢ceolant flow and
selection, [ temperature fluctuations it the workpiece,
programming errors, and fixturesinduced distortions.
Thus, ma¢hine positioning acCtiracies and alignment are
best testedl by the procedures outlined in this Standard.
Two type§ of tests are diS¢ussed in paras. 8.7.2 and 8.7.3,
respectivdly.

8.7.2 Standard.Test Parts. Alarge number of stand-
ard test pprtshave been generated as the result of dec-
ades of wark by other standards committees If a test

The machine shall be kept running between the-ydrious
test cuts, in a dry cycle, to increase thermal stability of
the machine, without requiring an excessive-amotint of
material to be cut and inspected. Further tests shill be
negotiated between the User and the'Supplier and be
part of the original machine specification.

8.8 Parametric Tests

To obtain more compléte information rega
the machine, some Users may desire to perform
plete parametric{testing, measuring angular
terms other than yaw (para. 7.4), and also meas
straightness efrors. If these error measurements are
performed;. the User should follow the instrumnjenta-
tion guidelines for these tests given in ANSI B5.54. The
measurement procedure and data analysis should,
however, follow the procedure given for positipning
accuracy and repeatability of linear axes as speciffed in
para. 7.2. This includes lines of measurement, mdasur-
ing intervals, and measurement procedures, inclfiding
data analysis. The data should be reported with the
correct titles, as has been done for the measurdment
of angular error motion (yaw) in para. 7.4. Not¢ that
for straightness measurements, a straight line glign-
ment term must be removed before data analysis} as is
described in ANSI B5.54.

rding
com-
error
uring

9
9.1

The instruments specified in this Standard aj
recommendation only. Other instruments with [simi-
lar capabilities and accuracy are acceptable for usq with
this Standard. It is recommended that the contribitions
to measurement uncertainty of instruments and arfifacts

TEST EQUIPMENT AND INSTRUMENTATION

General

e for

part is required, an appropriate standard part should
be chosen and made part of the original machine spec-
ification. This part should contain tests for contouring
accuracy, threading, and boring, as well as any other
machining operations that are of importance to the
machine user.

41 The number reported is highly approximate and is intended
only to give a worst-case estimate.
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beingused-besufficientty smmatt-suchthatthe Tesulting
expanded (k = 2) measurement uncertainty, U, is less
than an appropriate fraction of the specified value for the
performance parameter being measured. Unless other-
wise specified, one-eighth is the appropriate fraction for
performance parameters that are derived from a range
or envelope of values (e.g., positioning accuracy and
repeatability, straightness, and circular deviations), and
one-fourth is the appropriate fraction for performance
parameters specified as a maximum deviation from nomi-
nal (e.g., squareness and parallelism). In paras. 9.2 through
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9.11, simplified guidelines are given to approximate this
condition for individual cases. All instrument and arti-
fact calibrations shall be traceable to a national metrology
institute such as the National Institute of Standards and
Technology (NIST). Calibration frequency shall conform
to standards related to the instrument or artifact used.

9.2

The time constant of thermometers shall be no more
than pre-tentir of the Cycle tme of the NIghest fTequency
component of the temperature variation of interest in a
test. The time constant is the time required for the ther-
mompgter to indicate 63.2% of its final change due to a
step ¢hange in temperature (see ANSI B89.6.2 for fur-
ther dlarification). The resolution of thermometers shall
be ng greater than one-tenth of the amplitude of the
lowegt-amplitude component of temperature variation
of intprest in a test.

Th¢rmometers used for nominal differential expan-
sion ¢orrection or laser wavelength correction shall be
calibrjated by suitable means to an accuracy of =0.1°C
over the temperature range of use.

Temperature

9.3 [ Relative Vibration

Relative vibration shall be measured using a
high-fesolution, undamped displacement indicator.
Resolution of 0.1m (approximately 0.000004 in.) or bet-

ter is frecommended. Such indicators should also have d
bandwidth of at least 1 kHz.
9.4 Displacement

9.4.1 Laser Interferometers. Laser interferometers

shall have a frequency stability of such’that this long-
term [stability represents an error lessisthan one-fourth
of the unidirectional repeatability,Jinear axes, of the
machjine (in meters), divided by the length (in meters) of
the Igngest machine axis. The-resolution of such a sys-
tem shall be better than ene*fourth of the unidirectional
repealtability, linear axes\?

2 Grid Encoders. Grid encoders used for con-
g performance testing shall be calibrated with an
of less thah one-fourth of the unidirectional repeat-
y, linear axes, of the machine.

9.
touri
error
abilit

accuracy test shall be calibrated for their diameter to
within one-fourth of the unidirectional repeatability, lin-
ear axes, of the machine.

9.4.4 Precision Disks. The precision disk(s) used
for the contouring test shall be calibrated to an accuracy
of one-fourth of the unidirectional repeatability, linear
axes.

9.4.5 Telescoping Ball Bars. The balls on the end of
the telescoping ball bar shall be spherical towijithin one-
fourth of the unidirectional repeatability, linear axes, of
the machine tool and equal in diametér-to wjthin one-
fourth of the unidirectional repeatability, lihear axes,
of the machine. The length variation due to pag of the
telescoping ball bar in any position shall be|less than
the resolution of the machiné being tested} and the
resolution of the ball bar\ittdicator shall be efjual to or
better than the machifiexesolution. Any ball bjar system
conforming to the requirements of this Staniard shall
state, as part of the output data, the angulayr interval
used for ball‘bar length measurement during circular
contouring,\The ball bar shall be calibrated t¢ an accu-
racy ofsone-fourth of the unidirectional reppatability,
linear.axes.

9.4.6 Displacement Indicators. Displacenpent indi-
cators used for the ETVE test, machine thermal tests,
critical alignment, rotary axis alignments, topl-change
repeatability, and repeatability in drift of| tool-set-
ting systems, as specified in this Standard} shall be
calibrated to within one-fourth of the unidjirectional
repeatability, linear axes, of the machine. Clacitance
probes, laser interferometers, linear varialjle differ-
ential transformers (including air-bearing| types*®),
fiber-optic proximity sensors, dial gages,|or other
developed instrumentation that accurately jmeasures
displacement throughout the range of maghine dis-
placement variation are acceptable. The banglwidth of
the probe(s) to be used for these tests is unspecified,
as these tests are sufficiently slow that a banglwidth of
a few hertz is sufficient. Users are cautioned|to ensure
that the bandwidth of the indicator being uded is suf-
ficient for the intended purpose.

9.5

Angle

9.4.3 Precision Reference Ball(s). The precision
reference ball(s) in the tests for ETVE, tool-change and
turret repeatability, and machine performance as a meas-
uring tool shall be spherical to within one-fourth of the
unidirectional repeatability, linear axes, of the machine
tool. Reference balls used for the feature measurement

42 Users concerned with the suitability and accuracy of alaser system
for their application should contact the Precision Engineering
Division, NIST, 100 Bureau Drive, M/S 8200, Gaithersburg, MD
20899-8200, http:/ /www.nist.gov.
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9.5.1 Autocollimators. Autocollimators used for
the positioning accuracy and repeatability, rotary axes,
and the periodic angle positioning accuracy shall be
calibrated to within one-fourth of the unidirectional
repeatability, rotary axes, of the axis to be measured.
Calibration shall be performed on a regular basis or after
any suspected instrumental damage.

4 Air-bearing LVDTs are preferred for the part-trace tests on high-
precision machines.
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9.5.2 Polygons. Polygons used for the positioning
accuracy and repeatability, rotary axes, shall be cali-
brated to within one-fourth of the unidirectional repeat-
ability, rotary axes, of the axis to be measured.

9.5.3 Indexing Tables. Indexing tables used for test-
ing shall be calibrated to within one-fourth of the unidi-
rectional repeatability, rotary axes. Self-calibration is an
acceptable method for traceability.

9.9 Spindle Error Measurement

At the time of this writing, the only suitable indica-
tors for spindle error measurement are high-bandwidth
capacitance gages. Such gages shall be calibrated to within
one-fourth of the unidirectional repeatability, linear axes,
and shall have a bandwidth of at least 10 kHz. The User
shall specify for particular applications if a higher band-
width is required. Other indicators of equivalent band-
width may be substituted, with the warning that some
than

9.5.4 Rotary Encoders. Rotary encoders shall be
calibrated to within one-fourth of the unidirectional
repeatability, rotary axes. Self-calibration is an accept-
able methjod for traceability.

9.5.5 Angle-Measuring Interferometers. Several
manufactpirers offer differential interferometers for
the measfirement of small angles. For the use of these
interferorIeters, the instrument manufacturer’s recom-
mendatiops and constants regarding the conversion of
differentidl displacement to angle shall be followed, with
particular| attention paid to the nonlinear corrections
required fpr large angles. Special attention should also be
paid to the alignment of the optical elements when such
alignment is performed by the User.

9.5.6 Diifferential Levels. Differential levels shall
be calibrafted to within one-fourth of the unidirectional
repeatability, angular positioning.

9.6

The acquracy and repeatability of the pressure-sénsor
used for dorrection of the laser interferometer shall be at
least =1 thm Hg (approximately 0.019 psi),

Prdssure

9.7 Hu

Humidjty measurement for correction of the laser
interferometer wavelength shall\be sufficiently accu-
rate that |t contributes no more than one-fourth of the
unidirectional repeatability;linear axes, to laser meas-
urement grror.

midity

9.8 Uti

The utility air pressure shall be measured using the
gages supplied with the machine, unless otherwise

ity Air

stchrindieators may-besensitiveto-parametersothe
displacement, and this condition must be investigated.**
9.9.1 Commercial Instruments. Commeycial ifstru-
ments that measure spindle error motion shall havg sen-
sors that conform to the requiremefits .for spindle|error
measurement given in para. 7%.)Furthermore,|such
instruments shall provide doctithentation to ensure that
any internal algorithms cofiform to the measurgment
procedures as describedsin this Standard.

9.10 Straightness Measurements

9.10.1 Indicatops. Displacement indicators [ for
straightness . méasurements shall conform to the require-
ments of para. 9.4.6.

9.10:2" Straightedges. Staightedges used for the

straightness measurements shall be calibrated to within
one-fourth of the straightness requirement of the gxis to
be measured. Self-calibration (reversal) is an acceptable
method for traceability.

9.11 Test Part Measurement

If a coordinate measuring machine is used for fa test
part measurement, it shall conform to the requireinents
of ASME B89.4.1 and have a working tolerance for|volu-
metric performance less than one-fourth of the specifi-
cation zone for the specific machining test(s). If |other
inspection methods are used, all instruments, gage$, and
procedures required for these measurements shall have
calibrations to ensure that individually the error cqmpo-
nent that they introduce shall be at least one-tenth pf the
specified measurement accuracy for the test part.

o the
when

#1In particular, inductive sensors are also sensitive
metallurgy of the mandrel or ball used as a reference artifac

specified aspartof theorigimal mmachime specificatior:
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NONMANDATORY APPENDIX A
GUIDE FOR USING THE DRAFT TURNING CENTER STANDARD

GENERAL

e spindle error motions, fixed sensitive

direction

e primary purpose of this Standard is to aid in pur-
hg of machines to specification. When purchasing a

new 1nachine, the User should clearly specify the desired

mach|
mach|
entrig
ficati
the Ul
ronm|
the St
with
it sho
ing, t
be le
origit
shoul
used.
not a

Thd
sequd
in m
tests
is a st
curre
Only
gle W

ine classification (Form 1 in section 1) and the
ine performance (Forms 4 and 5 in section 1). The
s in Forms 4 and 5 shall be considered the speci-
n zones for the purchased machine. If desired,
ser may also describe the proposed machine envi-
ent on Form 2; however, it is the responsibility of
ipplier to provide these environmental guidelines
the machine quote. When the machine is received,
uld be tested, and, subject to environmental derat-
he measured values for the tests described should
s than or equal to the specification zones in the
1al machine specification. Note that the machine
d be tested in the environment in which it will be
Testing at the Supplier’s plant can be useful but is
substitute for testing after machine installation.

b tests described in this Standard are in logical
nce but not necessarily the most rapid sequence
ichine testing. The most rapid sequence groups
n terms of similar instrumentation. The following
hggested procedure for testing that the Committee
htly believes would minimize the, testing time.
the testing of a simple two-axis:lathe, with a sin-
ork spindle, is covered. Further) it is assumed that

progiams and all necessary fixtures have been prepared

in ad

A-1.1

Tes
The r
cator

yance.

Recommended Tests: Day 1

ts should be/pérformed in the order given below.
bcommended Day 1 tests use a displacement indi-
nest asshown in Fig. 6.2.1.4-2.

relative vibration test (para. 6.3)

ELVE test (para. 6.2.1)

structural motion test (pnrn 76 7)

(para. 7.6.5)

composite thermal error (para. 7.7.4)
Note that the composite thermal error testreqy
perform. After this test, the machine\must be &

ires 4 h to
llowed to

come to equilibrium before other testing can proceed.

A-1.2 Recommended Tests: Day 2

The recommended Day+2 tests require the
laser interferometer.

® positioning ¢ accuracy and repeatabili
(para.7.2)
angulaférror motion, X-axis (para. 7.4)
positioning accuracy and repeatabili
(para. 7.2)
ahgular error motion, Z-axis (para. 7.4)
thermal distortion caused by moving 1
(para. 7.7.3)
Again, after completion of these tests, the ma
be in a warmed-up thermal state and needs to b
to come to equilibrium.

A-1.3 Recommended Tests: Day 3

The recommended Day 3 tests require a calil
escoping ball bar, a test part, and tooling or af
straightedges and indicators, and a power me

e contouring performance using circy
(para. 7.9)
critical alignments (para. 7.8)
spindle idle run loss test (para. 7.10.2)
multifunction cycle test (para. 7.11)

A-1.4 Recommended Tests: Day 4

The Day 4 tests require at least material and
other test parts are specified, a metrology labg
part measurement is required.

use of a

y, X-axis

y, Z-axis

near axes

chine will
e allowed

prated tel-
propriate
fer.

llar tests

tooling. If
ratory for

Fa. 7.10.3)

spindle thermal stability test (para. 7.7.2)
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NONMANDATORY APPENDIX B
1-DAY TEST FOR MACHINE PERFORMANCE

ed in

B-1 PURPOSE described in para. 7.9.2, 7.9.3, or 7.9.4, whichever is
applicable. The data shall be analyzed as descrif
When it is desired to estimate machine performance para. 7.9.5.

within1d
Standard,
with onlyf
Machines
To perforr]
tion of tes

B-2 PO
LIN
MO

The po|
angular ¢
measured|
and 7.4.
paras. 7.2

B-3 CO
a

The ma|
sured usi

hy, the following tests, taken from the body of the
are recommended. These tests are for a machine
two linear axes and a single work spindle.
with more than two axes require more testing.
n these tests in 1 day requires advance prepara-
equipment and machine programming.

BITIONING ACCURACY AND REPEATABILITY,
EAR AXES; AND ANGULAR ERROR
TIONS, LINEAR AXES

sitioning accuracy and repeatability and the
rror motion of both machine axes should be
following the procedures outlined in paras. 7.2
The data shall be analyzed as described in
7 and 7.4.1.

TOURING PERFORMANCE USING
CULAR TESTS

chine’s contouring performance shall beméa-
hg a telescoping ball bar, using the prosedure

B-3.1 Critical Alignments

The squareness of the cross-slide (X-axis) with the

work spindle axis (often a C-axiS),shall be mea
as described in para. 7.8.2. Thé parallelism of th
gitudinal slide (Z-axis) with.thé work spindle (C
in the X-Z plane shall be“measured as describ
para. 7.8.3.

B-3.2 Structural-Motion

The structidral ‘motion of the main spindle sh
measured indaccordance with the procedures giy
para. 7.6.2.

B-3.3-'Spindle Thermal Stability Test

The thermal stability of the main spindle sh
measured in accordance with the procedures giv
para.7.7.2.

bured
b lon-
Faxis)
ed in

hll be
en in

hll be

en in
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