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Foreword

Since the beginning of the sixties two completely inde-
pendent working parties have been engaged on the in-
vestigation of statistical test methods for machine tools.
On the one hand a group of the Deutsche Gesellschaft
fiir Qualitidt (DGQ) (German Quality Association) has
been concentrating on statistical testing with the aid of
test workpieces, while the Ausschuf} Informationsverar-
beitung der VDI-Gesellschaft Produktionstechnik (ADB)
(Data processing Committee of the Production Engineer-
ing Section of the VDI) has been working mainly on
problems connected with the positional accuracy of NC
machine tools. The work of both groups has been em-
bodied in the following publications:

ASQ/AWF 12 Statistical Testing of the
Operational Accuracy of
Machine Tools

Statistical Testing of the
Operational Accuracy of Lathes

ASQ/AWF 121

VDI 3254 section 1 Numerically Controlled
Machine Tools; Accuracy Data;

Terms and Static Characteristics

section 2 —; — Measurement of Static
Characteristics

section 3  —; —; Testing with Test Work-
pieces

The two groups were amalgamated in 1970 with the
VDI/DGQ Fachgruppe Statistische Priifung der Arbeits-
genauigkeit von Werkzeugmaschinen (Technical Group
for the Statistical Testing of the Accuracy of Machine
Tools) supported jointly by the VDI and DGQ, and which
is in addition actively sustained and promoted by the

Verein Deutscher Werkzeugmaschinenfabriken e. V. (VDW)

im VDMA (German Association of Machine Tool Manu-
facturers) and the Fachnormenausschuft Werkzeugmaschi-
nen (FWM) (Machine Tools Engineering Standards Com-
mittee). It was agreed that the DGQ would be in
charge and the results of the work would be published as
VDI/DGO guidelines. The earlier publications were
thoroughly revised and extended.
The individual guidelines have the following titles:
VDI/DGQ 3441 Statistical testing of the operational
and positional accuracy of machine
tools; basic principles
VDI/DGQ 3442 Statistical testing of the operational
accuracy of lathes

VDI/DGQ 3443 Statistical testing of the operational

accuracy of milling machines

VDI/DGQ 3444 Statistical testing of the operational
accuracy of drilling machines

VDI/DGQ 3445 Statistical testing of the operational
Sections accuracy of grinding machines
1t0 5"

*) Fundamentals of: cylindrical grinding machines with centres;
centreless, internal and surface grinding machines.

Statistical test methods may of course be used for other
types of machine tool not dealt with in the above-men-
tioned guidelines. The conditions of operation and test-
ing must be established and agreed for any particular
case.

The investigations were directed by Dr.rer.nat. KlausG.
Miiller, Stuttgart (Chairman of the VDI/DGQ Technical
Group). The individual Specifications were drawn up in
working parties consisting of delegates from manufac-
turers and users in addition to the associations. Thanks
are due to all chairmen, collaborators and companies
involved for their willing co-operation and support.

The following assisted in the preparation of the guideline
VDI/DGQ 3441:

Ing. Baumann, Frankfurt

Dipl.-Ihg. Buck, Stuttgart

Ing. Bulgrin, Stuttgart

Dipl.-Ing. Goliicke, Aachen

Ing. Konz, Diisseldorf

Dr.-Ing. Korner, Frankfurt

Dipl .-Ing. Mangelsdorf, Miinchen (Munich) (Leader)

Dipl.-Ing. Neubrand, Ludwigsburg

Prof. Dr.-Ing. Pfeifer, Aachen

Dipl.-Ing. Schdfer, Stuttgart

Dr.-Ing. Schmid, Niirtingen

Preliminary Note

The accuracy of a machine tool is in general assessed in
accordance with the standards of the DIN-Deutsches
Institut fiir Normung e. V.1).

Testing in accordance with these conditions of acceptance
serves mainly to provide information concerning the geo-
metrical accuracy of machine tools determined as a rule
with the machine in the unloaded state. The effects of,
for example, cutting forces, play in bearings and imbal-
ance which arise during machining of workpieces, are
under these circumstances only partly comprehended.

General specifications for the acceptance of machine
tools are contained in DIN 8601.

Besides the tests described in the standards there are
other factors which are important when assessing the
quality of a machine tool.

Finally, the quality of the components to be machined

is decisive for the operational accuracy of a machine.
Only statistical methods are able to provide reliable
evidence of this. Furthermore, the determination of
positional accuracy is particularly important, especially

in the case of numerically controlled machine tools.
Statistical methods are also used for this purpose. Accept-

ance in accordance with the standards of the DIN Deut-
sches Insitut fiir Normung e. V. (German Standards

1y Information about existing German and international standards
is available from the Fachnormenausschufs Werkzeugmaschinen
(FWM), (Machine Tools Engineering Standards Committee),
Frankfurt/M.
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Institution) is not rendered superfluous by the use of
these procedures, but should in each case precede the
statistical test.

1 Scope

This guideline describes the basic principles of the statis-
tical test methods. It is of direct application to the test-
ing of machines which are tied to a particular component,
that is for all special machines where the parts to be mach-
ined are clearly defined. The Specification can also be
used in its general sense for all machines which are not
tied to a particular component, length measuring gauges,
as well as for coordinate measuring machines, component
and coordinate tables, and also for copying equipment
and drawing machines. Furthermore, it forms the basis
for an understanding of the guidelines VDI/DGQ 3442
to 3445, in which the method of checking the operation-
al accuracy of lathes and milling, drilling and grinding
machines which are not tied to a particular component

is explained in more detail.

All these guidelines are recommendations. It is a matter
for agreement between manufacturer and customer
whether they are to be taken as the basis for the accept-
ance of new machines. Furthermore, the results of such
tests can provide basic information to assist in produc-
tion planning and ensure reliability of manufacture. The
tests described are suitable for checking the operation of
machines which have been in use for a long period, or
they can be directed to the analysis of weak points in-
dicated by the occurence of defective parts..

2 Introduction

In this guideline the terms, procedures and methods of
statistical testing are clearly defined and described, not
only for the operational accuracy of machine tools but
also for their positional accuracy. It specifies the charac-
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teristics to be measured and at the same time gives re-
commendations for their uniform presentation.

In accordance with the usage recommended in standards,
e.g. to express the accuracy of a piece of measuring
equipment directly by the magnitude of its measurement
uncertainty, the following terms have been adopted in
this publication

manufacturing uncertainty as a measure of manufactur-
ing accuracy,

operational uncertainty as a measure of the operational
accuracy

and

positional uncertainty as a measure of the positional
accuracy.

In the first place dimensional variations which arise in the
machining of components give a direct indication of
manufacturing scatter or accuracy. The manufacturing
uncertainty is therefore a measure of the accuracy with
which a component can be produced on a given machine
under specific conditions of operation. It includes devia-
tions which are attributable to the machine — by defini-
tion the operational uncertainty of a machine tool — and
deviations which are not attributable to the machine.
Since for this present assessment only those deviations
which are attributable to the machine are of interest,
these must be identified from the large number of pos-
sible factors which have an effect on the manufacturing
uncertainty, Fig. 1.

It is not the object of this Standard to investigate the
manufacturing uncertainty using all the factors outlined
in Fig. 1.

By definition all deviations which are attributable to the
machine which occur during the production of parts on
a machine tool are included in the term operational un-
certainty, so that it not only embraces defects in the
machine system but also random defects, Fig. 2.

l Manufacturing uncertainty

Workpiece Method of Mfg. Machine J Machine operation Method of

- measurement
Shape Planning and Production accuracy Operator for testin
Material org. of of the machine personal skill the workg jece
{e.g. machin- machining Rigidity consclentiousness P
ability) Tooling dynarmic Operational and
Clamping of Clamping fig static environmental
workpiece Machining data Thermal influences conditions

Coolant Setting up
Lubrication
Positional control

Fig. 1. Factors affecting the manufacturing uncertainty of a workpiece.
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Fig. 2. Operational uncertainty of the machine-limiting factors
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It is not at present possible to devise a concise direct test
method for determining the operational uncertainty of a
machine tool. An indication of the most important factors
attributable to the machine can only be given using various
indirect tests.

The detection of defects of the machine system affecting
operational uncertainty is a complex problem which can
be very difficult. The DIN Standards and the correspond-
ing ISO Recommendations form important starting points
for the purpose of geometrical tests.

Furthermore, special investigations for instance into the
dynamic behaviour of a machine tool can effect progress.

Operational scatter is a measure of all random deviations
attributable to the machine. It is an indication of the
degree of reproducibility to which a component can be
produced on a machine tool. By machining test work-
pieces under clearly defined machining conditions the
operational scatter can be determined by the statistical
methods in accordance with section 3.

Positional accuracy is an important characteristic feature
in the case of all machines having a facility for position-
ing, especially where numerically controlled machines
are concerned. Its magnitude is defined as positional un-
certainty (Fig. 2). Positional uncertainty indicates the
degree of accuracy with which an arbitrarily preselected
position can be reached or started from. It is determined
by direct length measurements on the machine in accord-

utable to the machine (e.g. trend due to tool wear, changes (’ 2

of operator or measurement uncertainty when measuring
individual parts) can be eliminated from the test data, in
order to determine the magnitude of the operational un-
certainty.

In most instances the expense of determining the opera-
tional uncertainty is not economically justified. For this
reason only the share of random deviations which can
be attributed to the machine are determined, i.e. the
operational scatter, using test workpieces.

3.1.1 Deviations Due to the Machine System

By these are meant effects such as geometrical deviations
of the machine components, thermal effects, static and
dynamic rigidity etc. They can to some extent be detected
for instance by geometrical checks in accordance with
DIN Standards and ISO Recommendations or by special
investigations (dynamic behaviour). By laying down def-
inite machining conditions and the use of the statistical
methods described later they can be eliminated to a great
extent in the same way as for effects which are not attribut-
able to the machine.

3.1.2 Random Deviations — Operational Scatter

The operational scatter of a machine tool can be determin-

ed from the dimensional variations of the test workpieces
under specific machining conditions using statistical meth-
ods. The operational scatter is defined as six times the

ance with the procedures described in section 4. standard deviation ( 6 - s) determined from the dimensional

variations of the test workpieces (section 3.2.4). It is always
stated in conjunction with the type of deviation (size, posi-

All deviations are detected in this way step by step, after
the saddle of a machine tool for instance comes to rest

in the various positions along the axis of test. Testing the
dynamic behaviour of a machining axis is not dealt with
in this guideline.

3 Testing Operational Accuracy by Machining
Test Workpieces

Besides other characteristics which are taken into account

when assessing the quality of a machine tool, it is usual

to consider the accuracy with which a part can be produced

on the machine. One speaks of the operational accuracy of
a machine tool. The measure of operational accuracy is
defined as operational uncertainty.

3.1 Operational Uncertainty

Operational uncertainty is the sum of all random devia-
tions and those which are attributable to the machine
system determined for example by the use of test work-
pieces (Fig. 2).

It is determined for a specific method of production
and under defined conditions of manufacture.

Dimensional variations of the part which occur during
machining give the first indication of manufacturing un-
certainty (Fig: 1).

By the establishment of test conditions and the use of
statistical methods those influences which are not attrib-

tion, form).

3.2 Determination of the Operational Scatter A_

The procedures described in this section are applicable with-
out difficulty to machines which are tied to a particular
component, and in the case of all special machines which
by virtue of their design and the fact that they are custom
built (and possibly the machining conditions), the parts
to be machined are already defined. The test can then
also be carried out using such parts as are produced on

the machine.

These procedures are likewise applicable to all machines
which are not tied to a particular component. It is, how-
ever, necessary to specify the requisite typical test work-
pieces and machining conditions such as for example
cutting speed, feed rates and operating conditions for the
different types of machine tool. Details are set out in the
special guidelines VDI/DGQ 3442 to.3445.

3.2.1 Machining of Test Workpieces

The machining of test workpieces enables all the essential
characteristics to be determined. In the case of machines
not tied to a particular component, suitable test work-
pieces or workpieces which are similar to one another
taken from current production are necessary. Their di-

mensional proportions should be as far as possible constant.

Lizenzierte Kopie von elektronischem Datentrager



Apart from dimensional deviation every workpiece ex-
hibits other deviations from the ideal shape which are
composed of individual geometrical elements. Deviations
of shape are defined in DIN 7148. It depends on the
method or purpose of production which of the possible
deviations which occur in test workpieces shall be in-
vestigated in more detail.

3.2.1.1 Preparatory Arrangements

Before beginning the testing of a machine tool by machin-
ing test workpieces the following must be settled in order
to ensure that it is arranged to give positive results at
reasonable cost:

1. Allowable deviation of size, position or shape;

2. Technical conditions, tools and operation layout;

3. Number of test workpieces;

4, Limiting conditions (e.g. setting up the machine,
environment);

5. Arrangements for measuring the test workpieces.

Only when these data are known is it possible to analyse
the test results and so determine the operational scatter
satisfactorily.

It is very important to ensure that the environmental
conditions are comparable when comparing the test
results of several machine tools of the same type or of
one machine, the change in the operational scatter of
which it is intended to follow up over an extended period.

Random deviations can only be determined statistically,
for which it is necessary to machine at least 25 to 50
components. Using statistical methods it is also possible
to separate and eliminate from the results machine sys-
tems effects such as trend from the random deviations.

3.2.2 Methods of Test

There is a choice of two test procedures, the standard
test and the short test. These are distinguished mainly
by the type of random sampling.

3.2.2.1 Standard Test

As tool wear increases there is a change on the one hand
of the operational scatter of a machine tool due to in-
creased loading brought about by higher cutting forces,
while on the other hand the deviation due to the machine
system also changes e.g. as regards size (trend). It is
therefore important that the random sampling covers the
whole of the running time between two tool changes. The
test is begun with sharpened tools?).

Random samples are taken over the expected tool life.

In the case of single spindle machines 10 individual ran-
dom samples are generally taken for every 5 parts.

2) High initial wear on the cutter teeth can falsify the test results
considerably. For this reason, when using newly sharpened tools
or new throw away tips a few cuts should be made prior to the
test.

VDI/DGQ 3441 -5

In the case of multi-spindle-machines or transfer lines
where similar parts are machined on several spindles or
work carriers, separate checks must be made for each
spindle and locating station in order to detect every
weak point. Generally 10 random samples are taken for
every 3 workpieces from each spindle or work carrier.
The measured values are analysed in accordance with
the range method (see section 6).

3.2.2.2 Short Test

If a quick overall picture of the operational scatter is
required and the costs of investigation must be kept
as low as possible, short tests may be sufficient, for ex-
ample when machining with a single.spindle machine
with sharpened tools?), as far as possible 50 parts are
run off one after the other.

If one has to make do with a smaller number of pieces
(not less than 10) the test may be sufficient, but the in-
formation yielded will be less reliable (see section 6.3).

The measured values are generally analysed in accord-
ance with the range method in section 6. Analysis using
the probability diagram can only be made if the effect
of trend is not present.

Compared with the standard test, the short test offers
quicker information, a relatively simple procedure and
little expense. It should be borne in mind, however,
that the tools can machine many more components than
the number of pieces tested. This means that the actual
magnitude of the operational scatter which occurs due
to the greater machining forces operating as the tools
become blunted, is not fully measured. The short test
can therefore only be regarded as an approximate meth-
od. It is not representative of the total operational scat-
ter. The standard test is to be preferred. On grounds of
cost the short test is used mainly for testing machine
tools which are not tied to a particular component.

3.2.3 Checking the Dimensions
The dimensions can be checked in two ways:

by random selection of the measuring position;

by precise measurement of the smallest and greatest
dimension.

3.2.3.1 Checking the Dimensions by Random Selection
of the Measuring Position
The dimension is checked at random at arbitrary positions
on, for example, a turned part. The procedure is outlined
in Fig. 3. The measured values summate the dimensional
and shape deviations relating to circular and cylindrical
shape. These dimensional and shape deviations cannot be
calculated separately from the measured values thus de-
termined. Dimensional checking by random selection of
the measuring position will therefore always be chosen
if the expected shape deviations are so small relative to
the operational scatter that they can be neglected.

Lizenziente Kapie von elektronischem Datentrager
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Enveloping cylinder of the lower and upper
limits of tolerance

— 1st measurement

Actual —2nd measurement

shape

—~3rd measurement

Fig. 3. Random dimensional checking

3.2.3.2 Checking the dimensions by precise measure-
ment of the smallest and greatest dimension,
Fig. 4

Enveloping cylinder of the lower and upper

—Smallest dimension

. Largest dimension } Measurement planel

Actual

shape
P I Smallest dimension

L Largest dimension } Measurement plane 2

Fig. 4. Checking the greatest and smallest dimension

If the expected shape deviations are too great relative to
the operational scatter, the operational scatter of the
dimensions and — if required — the shape deviations must
be separately determined, since otherwise the operational
scatter of the machine with reference to size would be
falsified due to the effect of shape defects.

The influence of defects of shape are eliminated by pre-
cise measurement either of the smallest or the greatest
dimension of the test workpiece. The measured values
are analysed in accordance with section 3.2.4.

If required, the shape deviation, for example eccentricity,
is separately measured and analysed statistically.

3.2.4 Formulas for the Determination of Operational
Scatter A

When carrying out a standard test of a machine in accord-

ance with section 3.2.2.1 m = 10 random samples for every

5 parts are taken, distributed over a complete period of
tool life. The measured values are recorded in the test
record (figures 5a and b) in the order of their machining.
1 random sample is made up of every n = 5 parts in suc-
cession.

Formulas for the determination of operational scatter in
accordance with the range method:

Term Formula
Range R
in the random sample j Rj = Xi max — *i min
m
z K
— ] =1
Mean range R =
m
Standard deviati _ R
tandard deviation Sp= ‘—1?)—
Operational scatter Ag= 6-sp

*) d, is a factor which depends on the number of measured
values in the random sample (section 6.2.2).

The operational scatter 4, which is worked out in this
way for the machine indicates that — under the specific
operational conditions laid down — 99.7% (6 - s range)
of the random dimensional scatter attributable to the
machine are smaller than or equal to this value for 4.

3.3 Operational Scatter and Workpiece Tolerance

The dimensional variations of the machined parts are
brought about by different causes (section 2)

The principal causes are:
operational scatter,

adjustment and measurement uncertainty,
trend, e.g. tool wear, temperature.

The statistical test described here is intended to establish
whether, with a given material and given operational con-
ditions, the dimensional scatter of the machined parts
caused by the machine lies within the manufacturing tol-
erance. The operational scatter determined by the test
must therefore not exceed a specific quantity as regards
workpiece tolerance. The relationship of operational scat-
ter to tolerance is designated relative operational scatter f

operational scatter A

= -100%
manufacturing tolerance T
In the case of chip forming machining where the tool
wear only causes a small dimensional change, an opera-
tional scatter of up to 80 % of the workpiece tolerance
may be allowed, for instance when drilling. In the case
of machining processes with trend the operational scatter
should not exceed 60 % of the workpiece tolerance. The
following percentage distribution of the workpiece tol-
erance gives an approximate summary of the situation:

with trend without trend

relative operational scatter f 60 % of tolerance
trend 20 % of tolerance - -

measurement uncertainty +

adjustment uncertainty 20 % of tolerance

Lizenzierte Kopie von elektronischem Datentrager

80 % of tolerance

20 % of tolerance



2 abed pJooalisa) "qg ‘B4

-7

| eBed pi1odsi 1se] "eg "Big

(z abed) paodaJ 1533 ay1 U @ 01 Bujp1oooe 1311805 UILIRUI [BNIOL 3YL

“.Q& 01 UOIR|3S U} PRJEPISUOD aq Isnw  9I"e g (Z)aseo u)
: rANm]| aouessioy Z'0 <
e |u|mv|_onmmnw (1) [ soumiage] 20 > P sy
5¢°2°9 { 9 UONY3S LHYE DDA/IAA 49) :AlUIEIIBOUNJUBLIBINSEIN
g w*wwmum\u\mm.% Tiyumuoneso o ]~ tBuipeas ajeos

< (uoneubisap)
abneb Sunnsespy

» 9 = ajbue asuesespp
T T L ayevpeg --n\q-u- = 9yes jeuocboyrio
LA LA
wig Gl = 4wodgosnpey " AgTTT = axes siqeisnlpe :Answiosh buning
|||||||||||||| : ap1g4eo Jo adA :Bujjooy
0/d oo
|||||||||||||||||||||||||||||||||||||||||||||||| syeway

\5!\!5& N\hwﬂm@. = § paaj .?n‘.-..\‘-;w ¥~ = emo o yideg
vﬁ\ul\mh.W.Q.\‘. = 4 paads Bupiny f%\tVn\lQ;Wbl = v WdY
D sanjeA Buneinag 8 LPE DOU/IQA 03 S8NjeA piepuelg

sucipuod bunind

S s s me———m e = - ooy IBUIRY
C wr WM ._n— |||||| dueIajO}
; ﬂ H m - uolsuawip
& WW 909 L9 =0  aouasayes prepuelg
=z 2.  JN 0 T S wuw .--anc ="' bus| ebneg
54 & ww ~~ |Wm|,| =/ yabua
* +— ww T nm‘w “=q igzawelg
nes A SUOISUBU
-9l rl |||||||||||||||||||| ) ‘a
[+ .w\» Vi sdoysyiom

Buimesp Buisiom 18031d)40M 153

- sdimba Y
)Sﬁqgeﬂﬁkm MN.%.NN wr m% s mu
:aumieubig @eg (49 uo98s’ L pHE DOQA/IAA OF Alessaoal se)
(p1e11d0.dide se ® 0 ®~°Eot - mmv Augeaoun Juswalnsea o3 piebay
3w o eseevedi® O] w4 T g
< Y
™ {ssendosdde se &) 1o (Fruoy uases Ys) ; Iy o
nGu\ wrl Nw R wonys wo A ug 9 wi g %u'&w&wl = Sy g 'y @
| a 25514091929 [£0% [40% 1609 ]¢0's (94 [1o'h (49 [40E] 'y
m wtyz [ [3G|96h [16°9 |94 [L0H |95 | 1e'n |99/ [LTE€ 982 E
7ET 491 [ 222 gt (g0 [ erlo-| 7h0 | 46 850~ dot v
THi |700-| 667 | 077 | €57 |23%-| ¢4 | 97 [ €870 [ 4570 €
977~ L27-800-1290-|90°z-1481~| ho'L| tho-| pLio 180 - z
sop|#Z-1s10] s0-|5¢h-] 2p-|5€0] 69 (S0 | ¢ L
]! 6 8 L 9 ] 14 € 4 I ! @
(2°2°6"9 U0198S’ | YYE DBA/IQA) PUSI o) 3dUEMO||Y
o £ _ =N = : 5 =urd9zez="p)
A Tl | T A I Y 3 [
wrl gl = (Meyox woy) Mt e En.ﬁw"‘wawln ) qtkm ¥ eow mmwﬂwm @
. , v 0L
s %.% =N vm:_cww%m%mw“ @ fi&%u &H&% = ﬂu 4 ueaw _wm..wﬁ.\_,. @
(Alessaoau se ey sB) :pusil sisAleuy
2
M_ 8
1LeYaI-x
2 2t
|| )
w ®
53 A d 14 P 2 9 s s » PR P TRRTITMR TC
Al (Ao hel | pee | 2| 6 | £ |26 |26 | € [ 90] u/xa=%®
z | 2f | 29| 9| IG5 Sal se a9z st 4 x2| @
AR A AN ANFERAE. S
lLiSr|pe (b |6 | 4 12 19 2|2 v
AR RN AN AN b kA £ / €
Stlelllol} 21 015 | 9 £ 7|7 z
Aot lw | b 61918141 211 t
d
oo 6 |8 ¢ |9o|ls | v ||z b e " ol
A Al 1] it | c_ow_moa mEaExVo— @

ww 000 19

-

£ UOISUBLUIP 198 BY1 WIOJS SUOIIRIABD SB W U} San|eA Jejnde|

Z 3bed piodasisa}

Aseanooe [euoiiesado o uoneUIWIBIAQ

LbvE
090/1aA

$yJeway

TUTTTIITIIIT I T T I NE A ragqeid Bunsay

......................... :801A3p Butuoiysod

:buidwen
24t ol |neyJano 1sen

TTTTTTmS T ST T 0 ) sednoggnuew
m\wmx m:mw>

00¢ 27¢ edAy  TTTTTTTITT TIN5 ) T yep  HeImvenue

w.w,bw 1JaqUINU BUIYDEY

PR Wn\\ﬁ\v\\S\w\mw.xm.. Jobir :v\m\ww.\- dulyoep

{z¥¥E DDA/ IQA 01) 3uief B J0 Aseanode Love

| sbed p1odas1se) jeuoneiado sy 40 uopeUILIBIEQ 090/1aA

Lizenzierte Kopie van elektronischem Datentrager



8- VDI/DGQ 3441

This means, assuming that no trend effect is present (i.e.
the operational scatter may not amount to 80 % of the
given workpiece tolerance), that the mean range R, form-
ed from groups of 5 measured values, may only take up
about 30 % of the given workpiece tolerance! This is
given by the following relationship:

08T=6s55 =6" df- ;(d, for 5 test workpieces = 2.33)

n

from which

R~03T

3.4 Correction Factors — Trend, Measurement
Uncertainty

The magnitude of operational scatter is very much in-
fluenced by the factors of trend and measurement un-
certainty.

3.4.1 Trend

The results will be unduly falsified if the trend —e.g. changes
of the machined dimension due to tool wear or thermal
effects — is not eliminated by calculating the operational
scatter from the measured values.

The effect of trend on the standard deviation which is
being calculated is already largely eliminated by determin-
ing the operational scatter in accordance with the range
method described in section 6.2. If, however, the slope

of the trend line is too steep, the standard deviation should
be corrected and the operational scatter calculated from
it in accordance with section 6.5.2.

Knowledge of the magnitude and course of the trend Ty
yields important information about the effects of systems
errors on the machining process.

3.4.2 Measurement Uncertainty

The measuring gauges used to determine the measured
values must be sufficiently accurate. It is therefore neces-
sary to specify the measurement uncertainty of the meas-
uring gauges and to relate this to the workpiece tolerance
or operational scatter. If the resulting measurement un-
certainty4 sp equipt. is too high, more accurate measur-
ing gauges must be used or the measurement uncertainty
must be considered mathematically. For the determina-
tion and consideration of measurement uncertainty see
section 6.4.

3.5 Test Record with Example of the Determination
of the Operational Scatter of a Machine

The test record used for determining the operational

scatter of machines by machining workpieces is shown
in Fig. S5aand b. Page 1 (Fig. 5a) is arranged for a spe-
cific machine, and contains all the necessary data con-

cerning the machine itself, the test workpieces, the
machining conditions and information about the meas-
uring gauges used to check the dimensions.

Page 2 (Fig. 5b) of the test record is arranged to cover
all types of machine in a general way. The measured
values — which were determined from the test work-
pieces — are recorded in section @, and the method
é calculating operational scatter is set out in lines

to

To give a clearer appreciation of this an example is
given of the calculation of the operational scatter 4
of a lathe.

The test workpiece is a turned part. The diameter is
machined te a nominal size of 61.0 mm. The machining
tolerance is 20 um. All the necessary data for assessing
the results (material, machining conditions) are recorded
on page 1 (Fig. 5a) of the test record.

The measured values are recorded in the order of mach-
ining in section @ of page 2 of the test record. There
are n = 5 successive individual values for one random
sample m (recorded in one column).

The average values x; worked out for each random sample,
line @, are plotted on the X chart; line @ Deviations

of the system, for example trend Ty = 15 um, can be
recognised from the ¥ chart for 50 machined parts. The
aggregate of the mean values x = 8.7 um is obtained from
the x values; line @

The approximate standard deviation determined by the
range method is s g * = 2.8 um; line . This standard
deviation sg * includes not only the effect of trend but
also the measurement uncertainty of the measuring proce-
dure. If these two factors are too high relative to the
tolerance their effect must be eliminated theoretically.

In the example shown both corrections were made for

the sake of completeness.

For a number N = 50 machined parts, the trend Ty =15 um,
obtained from the x chart line@ ; @, . The mean cor-
rected range R, corr @ worksout at 5.57 um calculated by
the method given in section 6.5. It should be noted that
in order to calculate the part of the trend x; apper taining
to each individual measured value, all the measured values

must be numbered consecutively from i =1 toi =50
x;r =(i - 1) T, where i = 1 to 50.

The standard deviation s adjusted for the effect of trend
is calculated as shown in line , and still contains the in-
fluence of the measurement uncertainty of the measuring
procedure,

The standard deviation of the measurement uncertainty
SR equipt @was calculated as 0.9 um using the method
described in section 6.4, Putting this in the equation in
line (16) the standard deviation sy becomes 2.2 um. The
operational scatter of the machine A = 6 s then be-
comes 13.2 um; line @

Lizenzierte Kopie von elektronischem Datentriager
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4 Checking Positional Accuracy by Direct
lvieasuremient on the Machine
4,1 Factors in the Assessment of Positional Accuracy
Factors in the assessment of the accuracy with which a
position can be attained with machining and testing
equipment are
positional tolerance,
positional uncertainty,

positional deviation,
reversal error,
positional scatter.

These factors are separately determined for each axis
with the machine in the unloaded state. Positional accu-
racy within the plane and space of the machining and
testing equipment depends in addition on orthogonality
and linearity.

4.1.1 Positional Tolerance Tp

Positional tolerance T, represents the total allowable
deviation within the working range of a machine axis.
The positional uncertainties determined for the indi-
vidual axes of the equipment must be less than or equal
to the manufacturer’s quoted positional tolerances for
the equipment. o

4.1.2 Positional Uncertainty P

The positional uncertainty P is the total deviation on the
selected test axis taking into account the characteristic
values determined in the individual positions:

Positional deviation, reversal error, and positional scatter.

It consequently includes both systems and random devia-
tions.

4.1.3 Positional Deviation P,

The positional deviation P, as the system deviation is the
maximum difference of the mean values of all measuring
positions on a selected test axis.

4.1.4. Reversal Error U

Reversal error as a system deviation represents the dif-
ference obtained from the mean values in both directions
of travel for each position on the chosen test axis.

The mean reversal error U is the arithmetic mean value
of the reversal error of all measuring positions on the
chosen test axis.

4.1.5 Positional scatter P,

The positional scatter P, represents the effect of random
deviations in each position on the chosen test axis. It is
expressed to a specified degree of probability (sections
4.2.2and 4.2.3).

The mean positional scatter f’s is the arithmetic mean of
the positional scatter of all measuring positions on the
chosen test axis.

VDI/DGQ 3441 -9

4.2 Determination of the Characteristic Values

4.2.1 Determination of the Characteristic Values of
Individual Measuring Positions within the Chosen
Test Axis

To determine the characteristic values, e.g. of a numerically
controlled axis, a number m of positions are chosen along
the whole length of travel of the test axis. From a statistical
point of view this means m random samples with the serial
index “j* (section 6). The measuring positions should be
chosen at unequal spacings from each other so as to ensure
the detection also of recurrent errors.

Each position is brought up several times, generally in
opposite directions parallel to the axis. In the case of in-
direct position sensing devices a definite reference point
must be come up to prior to each measuring cycle. The
number nof individual measured values obtained in this
way for each random sample is designated by the serial
index “i*, while the two directions of travel are marked *
for the positive and | for the negative direction. (If the ana-
lysis of the measured results is carried out by a computer,
itis suggested that the directions of travel are denoted by
the abbreviations POS and NEG). In this way a number n
values of x i t are obtained from the positive direction
and a number n values of x;; | from the negative direction
for each random sample ““j**. The numerical values of the
quantities x;; T and x;; ¥ represent the deviations from
the desired value at the position x; in question. If the
frequency distribution of the individual values is plotted
for a random sample x i the resulting relationship is shown
in Fig. 6.

e

| .
o ]
Hiufigheit wt

.

Verteilung der Verteilung der
Finzelwerte FLinzelwerte
Abweichun ! Abweichun
g |\ | g
54— B .
-z, Sollwert + By

Fig. 6. Frequency distribution of the individual values Xjj
of a measured position

The larger the number of measurement positions and the
number n of individual values, the more reliable is the
determination of the characteristics. The number of
measurement positions to be brought up must be at least
10 per metre + I, and, in the case of paths of travel greater
than 2 metres, at least one measuring position per unit of
scale. It is advisable to collate to one group at least 5
measured values at random sample position x; from the
positive and negative directions respectively.

4.2.2 Formulas for the Characteristic Values of
Individual Measuring Positions within a Chosen
_Test Axis

To determine the individual characteristics shown in

Fig. 6 and the factors defined in section 4.1 essentially

Lizenzierte Kopie von elekironischem Datentriager
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simple calculations are necessary which are summarised
as follows, proceeding form the individual values x;.

All values apply to a chosen test axis.

Term Symbol
Individual value / at position X; X
Individual value i at position x; X5 t
in the positive direction of travel

Individual value i at position x; Xi 2
in the negative direction of travel

Term Formulas

Mean value of the indi-  __ 1 n

vidual measured values jT = Zoxy t
at position x; in the
negative direction of travel

Mean value-of the indi-
vidual measured values %, |
at position x; in the neg-
ative direction of travel
of travel
5 T V
5; ¥

Standard deviation of

the measured values

at position X in the
negative direction of travel

I eyt-mh?

Standard deviation of
the measured values E (x5 b X H?2
at position x; in the neg- n-1li=1

ative direction of travel

Mean standard deviation s; d+s. 1t
of the measured values ~ § = — J

o 4 2
at position X;

For a quick estimation of the standard deviations of all
the measured values at random sampling position x; the
range method can be used to give an approximate calcula-
tion. The ranges and the standard deviations are calculated
as follows:

Term Formuias

RTx

Range R; at position x; in the
i j imax

— Xt
) § P
positive direction of travel min

R.l=x.. 3 — X {

Range R at position x; in the

negative direction of travel ) Ymax Ymin
— R; ++R i b

Mean range Rj at position X; R i = —

Mean standard deviation of the R,

measured values at position s: R= ’*

X; (calculated from the range) a,®

*) d, is a factor which depends on the number of individual
measured values per random sample (section 6.2.2).

The range method procedure offers the possibility of

eliminating the effect of trend on the medsured values
obtained in succession at random sampling position x;
(section 6.5).

4.2.3 Principles of the Characteristic Values for a
Chosen Test Axis

The following principles apply to the factors defined in

section 4.1:

Term Formulas

Positional scatter at
position x; i (Repeatability )
of position x;, when 8 J
U= 0

Maximum positional P =P
scatter

Reversal error at position U, = X —x; 1

%

System deviation from  _ x;T+x.{

the desired value at x =

position x j 2

Positional deviation P,= (X,  -Xx
Jmax “Imin

Positional uncertainty P = [?,-+1/2 ; +st)] max
- [E- 120+ Py min

The positional scatter P can only be calculated from the
above formula when the random tests comprise at least
10 individual measured values in the positive direction of
travel and 5 individual measured values in the negative
direction respectively. In the exceptional case of fewer
random samples, the factor K obtained statistically must
be taken into account to determine the positional scat-
ter (section 6.3).

If the characteristic values determined for several meas-
ured positions within the chosen test axis are plotted on
the path of travel, a diagram is obtained such as is shown
in Fig. 7.

6
- AL
4 //I/ S
B < S ~f.7 %\ —]
‘|5 4 i~~~
o |/ | T
,&/2!"?\ \\\ / — ///r el =
7 y; \ / J A% | P
"“’Ullz =i ‘\\\‘:// %—M{ < H
L
2| =~ i
0 7 2 3 7 8 9 10

4 6
Random sample No

Fig. 7. Graph of the nominal sizes at several positions on the
chosen axis

P positional uncertainty
PA positional deviation
Pq positional scatter
U reversal error

soll  Xjasired
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4.2.4 Determination of the Mean Values of the Char-
acteristics for the Travel Path within the Test
Axes
In many cases it is sufficient to know the average values
of the statistical characteristics to assess the positional
accuracy. The mean values are obtained from the indi-
vidual values of all the measured positions, and are there-
fore related to the length of the travel path within the test
axis. In amplification of the principles set out in section
4.2.3 the mean values in question are given as follows:

Term Principle
_ T m
Mean positional scatter Po=—. z P
m j=1 1
_ 1 m
Mean reversal error U=—-. 2 Uj
m j=1

In addition to the mean positional scatter and the mean
reversal error, the extreme values Py and Uy, should
be stated.

4.2.5 Reference Distance and Graphical Presentation of
Positional Uncertainty

The accuracy of all length measuring systems is a function
of the measured length. It is therefore necessary to relate
the allowable values for the characteristics to a reference
distance of length L ,. If for instance the positional un-
certainty is related to a length L, = 1000 mm, this is re-
presented as

P (1000)

As a rule P is referred to the whole path of travel, so that
there is no need to specify the reference length L .

If the reference length L  is smaller than the travel path,
then the positional tolerance and the positional uncertain-
ty must be plotted graphically in the manner described as
follows to assess the accuracy.

As the distance AL from the reference path L, increases
a linear rise in the positional uncertainty P is allowable.
These relationships are shown diagrammatically in Fig. 8.

The cross-hatched areas can be regarded as a tolerance
pattern. From Fig. 8 it can be seen that the increase in

|
A Tp/2 f

4 ——
Lol \‘"\

-~
~

| Reference distance AL=L, — »{
- | 0 ‘
s N
©
@
3+
g
3
A
O
< i
RN -
g N \ ‘
20 :
D g wy ' Travel path L
o3 4y
8%
£
3
b
Q

desired value
\

—~
Max. travel path L

v
— max

Fig. 8. Graphical presentation of positional uncertainty
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positional uncertainty P is limited by the ratio AT, [Lg,
where AT, represents the increased tolerance over the
path L . The ratio T, /L , is established together with
the positional tolerance T,

If the pattern is shifted parallel to the axis along the
shaded area of the curves, at no point along the whole
path of travel must the pattern and the curve band inter-
sect (see Fig. 9).

N
N R

Difference between actual value and desired value

Max. travel path /max

Fig. 9. Graph of a tolerance pattern shifted parallel to the axis

4.3 Obtaining the Measured Values
4.3.1 Measuring Devices and Measuring Arrangements

In order to ensure that the characteristics are measured

to a sufficient degree of reliability, length measuring
equipment must be used having inherent errors which

are so small as to enable the allowable deviations on the
machine to be detected with sufficient accuracy (section 6).

Position measurements must be carried out in the work-
ing range of the tools. They include deviations arising for
instance from slideway errors and whose magnitude de-
pends inter alia on the distance 1 between the machine
measurement axis and the test axis. Fig. 10 shows the
relationships for a horizontal drilling machine.

Typical positions within the working range of the tools
are given for instance in the case of a drilling machine
with 3 axes, if the slides on 2 axes are in a mean position,
while the slide of the 3rd axis of the available slideway

is measured. If limiting values are required to portray

the positional accuracy, the test axes must be situated

at the limits of the working area. Similar relationships
exist for other types of machine.

4.3.2 Limiting Influences Affecting the Measurement

For the characteristics to be reliably stated the operat-
ing and environmental conditions must be fully under-
stood. These include the following data:

time and period of measurement;

ambient temperature (machine and measuring gauges
must be exposed to this temperature for a sufficiently
long period);

any other environmental conditions;

Lizenzierte Kopie von elektronischem Datentrager
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Measuring gauge Test axis

0.

P
X N
S i
N NS
N N N
iy NN
AN

b) Positional uncertainty at distance 1,

———ee - Maximum travel path I .

—

N

\\ NN N AN

al Positional uncertainty at distance /,

Fig. 10. Diagrammatic representation showing positional devia-
tion is related to the situation which occurs when the machine
measurement and test axes do not coincide

method of setting up (it should be noted that additional
errors can occur when improvised setting up is used);

operating condition before measurement (limiting
conditions such as spindle speed, slide feed rate and
warming up time);

information about possible dead loading;

method of measurement and information about
measurement uncertainty;

plan of the measuring arrangement with position of
the working spindle, the machine measurement axes
and the test axes (e.g. distances /, and /, in figure 10)
and the positions of the measuring points;

description of the measuring procedure and informa-
tion about travel conditions (travel time, speed of travel,
slide positioning, path of travel).

The values of the factors affecting the results must be
changed as little as possible during the test. ‘

When comparing measurement results which have been
obtained at different times, variations in the values of
these factors must be taken into account: standard de-
viation s; and therefore the positional scatter By, are
particularly sensitive to temperature drift.

4.4 Example of the Evaluation of the Characteristics

An example is given below of the determination of the
characteristics in a chosen test axis. The desired value

at each measurement position was preset on the machine
controls. The individual values are the deviations from

the desired value. They are recorded in table 1, pages 14/15.
The standard deviation is in addition calculated by the
range method. The characteristics are plotted graphically

12 -
S TTITRNALTILT, ©
" /\/“\ \//\\/A\/\ \ P_s’/z

§ A NI
LW A A

g - \\// — [

S \/

R /‘;00'. ‘502.' 600 mm 7000 7100

easuring position

Fig. 11. Graphical representation of the characteristic values

at each measurement position within the chosen test axis
as shown in Fig. 11.

This detailed example helps an understanding of the meth-
od of analysis. In practice it is advisable to undertake a

computer analysis, recording and graphical presentation ( i
of the results in support of this. ‘

b Advice on the Choice of Test lviethods and
Test Characteristics

When testing the operating uncertainty of a machine tool
by machining a number of components or test workpieces
which are clamped over the whole working area of a,
machine, all the limiting factors attributable to the ma-
chine must be taken into account.

From the economic point of view it is not generally
feasible to use test workpieces to such an extent that all
systems deviations can be detected. ’

Only the random deviations, that is the operational scat-

ter of a machine are therefore determined by this method,

and possibly in particular cases the operational scatter as

regards shape or any other entity (section 3.2.1.1). The

chosen characteristic value set in relation to the work- ( ;
piece machining tolerance (section 3.3) enables a deci-

sion to be made about the serviceability of a machine

for a specific purpose.

The machining of test workpieces is of most significance
where the dimensions of a workpiece are not the only
criterion for-assessment, but also other qualities such as
deviations of shape or surface qyality. In these cases the
appropriate operational scatter can only be determined
by machining workpieces.

Consequently the following characteristic values are ex-
pedient for the assessment of the operational scatter of
a machine tool:

operational scatter 4,

Operational scatter with reference to shape 4 gp,pe-

In the case of general purpose machines and in particular

with numerically controlled devices, the positioning of
machine saddles, tables, spindle sleeves (or quills) etc. is

a machine function which is expediently tested by de- (
termining the positional uncertainty. '
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Its determipation has the advantage that not only devia-
tions of the system are detected by direct measurement,
but also random deviations.

The measuring place within the operating area of the
machine can be easily changed. The whole of the range
of travel of each axis is covered, and the number of
measuring positions within the area of travel can easily
be increased. The number of measured values can be
increased while maintaining the measuring period con-
stant by using automatic measuring methods, and on
the other hand a possible trend can be detected by in-
creasing the measuring period.

Measurement takes place along the line of each axis while
the other axes are at rest. It provides in particular evi-
dence of the quality of the measuring system, the drive
and the geometry of the slideways. Information about
the geometrical interaction of the axes cannot be ob-
tained at this stage. This requires additional tests. The
machine is not under load from the workpiece and the
machining process with this procedure.

The following characteristics are required for an assess-
ment of the positional accuracy:

positional deviation P,

maximum positional sc?tter Psmax
mean positional scatter P,
n;aximum reversal error U,

mean reversal error U

Table 2. Choice of test method

VDI/DGQ 3441 —-13 -

For a better understanding it is advisable to prepare a
graphical presentation of the effective deviation ineach
measurement position in accordance with Fig. 7, section 4.

Specification of the positional folerance T, and agree-
ment on ranges of tolerance for all the important test
characteristics forms a valuable basis for good relations
between user and manufacturer. When making such
agreement the environmental conditions must be taken
into account in each case as well as the most important
limiting factors (sections 3 and 4).

The criteria for the selection of a test method are in the
first place the type of machine (special purpose -- general
purpose), the type of control (numerical control, cam
operated and manually operated), and the desired informa-
tion. Using both methods (operational scatter and posi-
tional uncertainty) the reliability of the evidence exceeds
the expected operational uncertainty of the machine.

Table 2 is intended to serve as a guide as to which meth-
ods are preferable in the case of different types of ma-
chine. Those tests marked with X should always be carried
out. The sign — indicates that the test may be omitted.

In the case of machining centres all possibilities of testing
are frequently utilised in order to obtain reliable results.

In the case of automatic machines with cam operation,
repeatability of workpiece dimension is of paramount
importance, and therefore testing with test workpieces is
the best method.

*} Check with test standards

Lizenzierte Kopie von elekironischem Datentrager
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test to Systems Random operational
DIN 8601 deviation deviation scatter {test
workpieces
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not tied to a | manually setting by X - — X
component operated scale
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purpose) digital display X X X X
gauging machine | X X X (x)*)
automatic | cam control X — (X} X
tracer control X — (X} X
numerically | machining
controlled | centres X X X X
other machines X X X (X}

' . Explanation:
gauging machines | X X X {(x}*) % recommended
drawing machines | X X X X {X)  possible
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Table 1. Example of the determination of characteristic values

Random sample position on the travel path in mm

] 51,110 {100 162,22 |200 253,33 {300 364,44 {400 455,55 | 500
n Measurement points m
individual measured values f 1 2 3 4 5 6 7 8 9 10 11
1 0 0 -3 -8 —4 -3 -3 +3 +1 +2 -7
2 +1 +2 —1 -5 -2 +1 0 +6 +4 +4 —4
3 0 +1 -3 -8 -2 -2 -1 +6 +2 +4 —4
4 0 0 -2 -7 —~2 0 -2 +4 +1 +2 —6
5 0 +1 -2 -7 -3 —1 ~2 +4 +1 +4 -5
x; 1 +1 +4 —11 —33 -13 -5 -8 +23 +9 +16 —26
U
X 1= g +02 | +08 | -22 -66 | -26 | -10 |-16 | +486 | +18 | +32 | -52
R; 1= 1% max T = % minT] 1,0 2,0 2,0 3,0 2,0 40 3,0 3,0 3,0 2,0 30
individual measured values ‘ 1 2 3 4 5 6 7 8 9 10 1
1 +3 +4 +1 -3 +1 +2 +2 +7 +6 +6 -2
2 +4 +5 +1 -2 +1 +2 +2 +8 +5 +6 -1
3 +3 +5 +1 -3 +1 +3 +2 +9 +7 +7 0
4 +3 +6 +3 +1 +2 +5 +4 +10 +7 +6 +1
5 +4 +5 +1 -2 +3 +3 +3 +10 +7 +7 -1
Tx +17 +25 +7 -9 +8 +15 13 +44 +3,1 +32 | -3
_ 1
x; = EE X 1 +3,4 +5,0 +1,4 —1,8 +1,6 +3,0 +286 +838 +6,2 +64 —-0,6
A= e g = Xy min | 1,0 2,0 2,0 4,0 2,0 3,0 2,0 3,0 2,0 1,0 3,0
- 1
Rj= o (A T+A; 4 1,0 2,0 2,0 35 2,0 35 2,5 30 25 15 3,0
P
AR +18 |+29 |-04 |-42 |-05 |+10 |+05 |+67 | +40 | +48 | 29
yp = i t=xd | 3,2 42 36 48 4,2 4,0 42 4,2 44 3.2 4.6
R.
Sig = d—’ 0430| .0,860 | 0860| 1505| 0,860| 1,505| 1,075| 1,290| 1075| 0845| 1,290
n
1 = 442
5= 7 Zig t=x; 0,447 0837 | 0837 | 1,40 0,894| 1,581 | 1,140f 1342f 1304} 1095 1,304
g
5 e s Zixy b —x )2 0548| 0707 | 0894 | 1643| 0894| 1,225 0894 1,304| 1095| 0548 1,140
_
I5; 1= 7Y T+s4) 0,498 0,772 | ose6 | 1,392 o0894] 1,403 1,017 1,323} 1.2 0,822 1,222
Pen ™ 65 2,6 52 5,2 9,0 52 9,0 6,5 7.7 £ 39 7.7
P =615 | 3,0 46 5,2 8,4 54 84 6.1 7.9 7.2 49 73
]
,‘?j + % U, +P,) 49 7.3 4,0 2,4 43 7.2 5,7 12,8 9.8 8.9 31
j
;i Y wep ) -1,3 | -15 |—-48 |08 -5,3 -52 |-47 |+06 | -18 | +07 -89
2 )y
Pomaxlg =9 #m U, =48um P)r =67um  P=128+10,8=236um
Psmax 8,6 um %) =3,7 um P, =6,5 um
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656,66 {600 657,77 |700 758,89 |800 869,99 900 351,11 1000 1052,22 |1100 11563,33
12 13 14 15 16 17 18 19 20 21 22 23 24
+1 -1 +1 -4 -2 -2 -1 0 -5 -5 -3 -2 -1
4 +1 +4 -1 +2 +1 +2 +4 -1 -2 -1 Y 0
+4 0 +3 -2 -1 -1 +2 +3 -1 -2 -2 +1 -1
+4 + 1 +5 -1 +2 Y] +2 +3 -1 -2 -2 +1 -1
+4 +1 +3 -2 0 —1 +2 +4 —1 -3 -2 +1 ¢}
+17 +2 +16 —-10 +1 -3 +7 +14 -9 —14 —-10 +1 -3
+3,4 +04 +3,2 —-2,0 +0,2 —-0,6 +14 +2,8 -1,8 -2,8 -20 +0,2 -0,6
3,0 2,0 4,0 3,0 4,0 3,0 3,0 4,0 4,0 3.0 2,0 3,0 1,0
12 13 14 15 16 17 18 19 20 21 22 23 24
+5 +4 +5 ] +3 +3 +5 +4 0 -1 0 +4 +1
+8 +5 +7 + 1 +2 +1 +4 +5 +1 +3 +5 +4
+8 +6 +8 +2 +3 +1 +4 +6 0 +2 +4 +5
+9 +5 +8 +3 +4 +3 +5 +6 0 +1 +2 +5 +4
+8 +5 +8 +3 +2 +3 +3 +5 +1 +2 +3 +4
+ 38 +25 + 36 +9 + 14 F11 + 21 + 25 +2 +9 + 21 18,0
+76 +5,0 +7,2 +1,8 +2,8 +2,2 +4,2 +50 +04 0 +1,8 +4,2 +3,6
4,0 20 3,0 3,0 20 20 2,0 2,0 10 20 30 2,0 4,0
3,5 2,0 3,6 3.0 30 2,5 25 3,0 2,5 25 25 2,5 2,5
+55 +27 +5,2 -0 +1,5 +0,38 +2,8 +3,9 -0,7 -1.4 -0, +2,2 +1,56
4,2 4.6 4,0 3,8 26 2,8 2,8 2,2 2,2 28 38 40 4,2 ZU;=886
1,505 0,860 1,505 1,290 1,290 1,075 1,075 1,290 1,075 1,075 1,75 1,075 1,075
1,342 0,894 1,483 1,225 1,789 1,140 1,342 1,643 1,789 1,304 0,707 1,304 0,548
1,617 0,707 1,304 1,304 0,837 1,095 0,837 0,707 0,598 0,707 1,095 0,837 1,617
1,430 0,801 1,394 1,265 1,313 1,118 1,080 1,175 1,168 1,005 0,901 1,071 1,033
9,0 5,2 9,0 7.7 7,7 6,6 6,5 7,7 6,5 6,5 6.5 6,5 6,5 Py =1603
i
8,6 48 8,4 7.6 7.9 6,7 6,5 7.1 7.0 6,0 5,4 6,4 6,2 z st =157,0
11,9 7.4 11,4 5,6 6,8 5,6 7.5 8,6 39 3,0 4,5 74 6,7
-0.9 —-2,0 -1,0 —5,8 -3,8 —4,0 —-1,9 -0,7 —53 —-5,8 —4,7 -30 -3,7
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6 Appendix
Explanations of the most important statistical techniques
and concepts

6.1 Parent Population, Distribution, Random Sampling
The total number of parts machined on a machine are designated
parent population. Due to various influences the dimensions of

the parts are scattered over a specific range. If the class frequency
H. is plotted on the scale (x) according to a sujtable classification
afound the class meanx, (j=1,2,3,...),then we geta frequency
distribution which, given uninterrupted machining, small scatter
and a large number of parts, can be approximated by a symmetrical
bell-shaped curve, Fig. 12. This normal (or Gaussian) distribution
is uniquely defined by the mean value u (as a measure of position)
and the standard deviation o (as a measure of scatter). In reality

it is not possible for economic reasons to measure a very large number
of parts. We therefore limit ourselves always to # random samples.
For the mean value and standard deviation in this case the appro-
priate estimated values X and s are used.

U——x

N

K Measured
L—Z 0—’l
4 g

variable (x)
b — 6o

Fig. 12. Standard distribution

6.1.1 Mean Value
The arithmetical mean or mean value in short of a random sampling
of n values X 1, X5, . . - ¥, is given by:

— 1 1 n
X = — (x1+x2+...+xn)=~ T X
n no.
i=1
The mean value u corresponds to this in a normally distributed
totality; the bell-shaped curve rises to a maximum at the point
where X = u (Fig. 12).

6.1.2 Standard Deviation

For normal distribution the standard deviation o means the distance
bétween the axis of symmetry and the point of inflection of the
bell-shaped curve. It is a measure of the scatter of the measured
values around the mean value (Fig. 12).

In the range between u — o and u + o lie
68.26 % of all measured values.

In the range between u — 2 ¢ and u + 2 o lie
95.40 % of all measured values.

In the range between u — 3 o and p + 3olie
99.76 % of all measured values,

For determining the estimated value s for the standard deviation ¢
of the random sample the following formula is used:

e B oo
§= n—1 ,El (xl—x)

6.2 Methods of Approximation for the Determination
of Mean Value and Standard Deviation

Calculation of the approximate standard deviation s using the
above formula is fairly time consuming. In practice therefore
the following two methods of approximation are used. They
are generally sufficiently accurate.

6.2.1 Graphical Method with the Aid of the Probability
Network Diagram

For a better understanding, an example is re-worked alongside

the formulas, Fig. 13.

From the measured values of the random samples the range R
is first obtained as the difference between the maximum and
minimum values:

R=Xpax —* min
This range is sub-divided into several equal sized intervals, the
classes.

Reference values for a number & of classes are given by:

e~

In this formula # denotes the number of measured values. There
must, however, be at least 5 classes, as otherwise a reliable resuit
is not possible.

In the example k = I/ 64 = 8.

The range of classes must be chosen so that each individual value
can be assigned to a class, It is calculated from:
R
W=
k-1
In the example R =339 — 304 = 35 mm; from which the classifi-
cation range becomes:

w=8—_—1—=5mm

In this way the following classifications are obtained:

> 301,5 to 306,5 mm
> 306,5 to 311,5 mm
311,5 to 316,5 mm
316,5 to 321,5 mm
321,5 to 326,5 mm
326,5 to 331,5mm
331,5 to 336,5 mm
> 336,5 to 341,5mm
The analysis sheet (Fig. 13) shows the frequency distribution in

the upper half and in the lower half this distribution in the prob-
ability network,

VVVVYV

The classes determined are recorded in sequence in the line mark-
ed “measured variable* and the measured values assigned to the
individual classes with crosses. The frequency diagram in the ex-
ample gives the approximate shape of the standatd distribution.

The number of measured values in the respective classes (class
frequency) is recorded in line “nj“.

In line “G;* the number of measured values are added up succes-
sively from class to class (summated class frequency).

In line “H,-“ the values for "G are expressed as percentages.
They represent the cumulative frequency.
Hyj= ——— (%)
n
The values of the cumulative frequency are then plotted in the
probability diagram.

The cumulative frequency in the first class is 3.1 %. The associated
point in the probability diagram is found to be the point of inter-
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Fig. 13. Analysis with the probability network diagram
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section of the vertical line 306.5 mm with the horizontal line

3.1 %. This applies appropriately to all cumulative frequencies of
the individual classes. A compensative line is drawn through the
points in the probability diagram.

The range of scatter 6 lies in the area between the points of
intersection of the compensatlng tines with the 0.15 % and 99.85 %
lines.

The mean value X is given by the point of intersection of the curve
with the 50 % line.

6.2.2 Range Method

The whole random sample is divided into m individual random
samples of for example n = 5 parts. The range R (difference be-
tween the maximum and minimum value) is obtained from the
measured values of 5 parts. The mean range is given as the arith-
metical mean of the ranges of the m random samples

IR
m

R=
The standard deviation is obtained from the equation
R
d,

SR+

d in the above is 2 factor which is taken from the following
table 1t is dependent on the number of measured values in the
individual random sample.

Number of
values in the
individual
random
sample

d,= 1,128 | 1,693 | 2,059 | 2,326 | 2,534 | 2,704

Number of
values in the
individual
random

sample 8 9 10 12 16 20

d,= 2,847 | 2,970 | 3,078 | 3,258 | 3,532 | 3,735

By this means the mean value is calculated as follows: from each
random sample is obtained its arithmetical mean value x.

The fotal mean value X is then calculated from the m random
sample mean values from

X
m

X

6.3 Determination of the Confidence Range for Mean
Value and Standard Deviation
The characteristic values X and s which are obtained from the
statistical analysis of the measured values represent estimated
values for the corresponding characteristic values u and o of the
parent population. If a sufficiently large number of measured
values (# > 50) are taken the x and s values are accurate enough.
Further calculation for the confidence ranges is not necessary.

_Factor

Since the confidence ranges for the values p and ¢ depend on the
size of random samples, quite considerable differences can occur
between the random sample values X and s and the values of the
parent population u and o in the case of smaller random samples
however.

Note: When machining test workpieces m random samples are
taken for each of n individual measurement values. The
extent of random sampling m - n is then taken as the basis
for calculating the confidence range for X and s. In calcu-
lating the positional characteristic values per random
sampling position {# (pos) and n (neg)] are determined.
The confidence range for x_J and 5 refers in this case to the
random sampling of 2 n.

For the practical determination of the positional characteristic

values the random sample values X and s for a random sampling
size of n = 10 are generally sufficient, if there are 6S-dispersion

areas.

In special cases where the possible deviations between random
sampling characteristic values and the characteristics of the
parent population must be accurately assessed, the determina-
tion of the confidence range is summarised below:

For the mean value:
With 95 % probability statement the mean value u of the parent

— t t
population Hes in the area X + —5= - 5. The factor V_
n
is taken from Fig. 14.
1,6
1,2
n \ Probability statement 95%
08
04 I
< —+
I
0 I
- /\/.//
-04 /
-0,8
-1,2
- Size of random sample n -
-16 1 Ll | i Libat [ R N ¥t (\s}
1 2 4 6 10 2 4 6 100 2 4 6 1000 “
Confidence range for the true value u of the random sample
t - t
X——— S, Su= _—
X N7 SpSu=x+ e Sgp

Fig. 14. Confidence range for the mean value

The confidence range for the true mean value B fixes the absolute

location of position x i

For the standard deviation:
With 95 % probability statement the standard deviation of the
parent population lies between

1/Dup sgand 1/Dy - Sp

The following applies
1/Dup "SpEo0< 1/Dyow* SR

The factors 1/D for the standard deviations sg determined by
the range method are taken from Fig. 15. To determine the con-
fidence ranges of u and o of the parent population, when s has
been determined according to the exact method of calculation,
the values given in Fig. 14 and 15 for the range method can be
used in practice with sufficient accuracy.

£
J)
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Fig. 15. Confidence range for the standard deviation

6.4 Determination of the Measurement Uncertainty

of the Measuring Gauges Used
Special attention should be given to the accuracy of the meas-
uring gauges used, since the results of a statistical test can be
strongly falsified if the uncertainty of the measurement proced-
ure is too great.

The scatter of the measuring gauges to be used must therefore
be investigated prior to every test, unless it is already known.

The measurement uncertainty must as far as possible not exceed
10 % or at the most however 20 % of the specified machining
tolerance when the statement probability is 95.4 % (4 sg equipt.)'

If the measurement uncertainty of the method used is considered
with reference to the expected or determined operational scatter
A, then the following relationship should exist: 4 sg equipt.

< 0.25 to 0.3 4. This relationship is obtained from the reference
values recommended in section 3.3.

For the practical determination of measurement uncertainty the
random sample should consist of at least 24 parts. The parts are
numbered and measured twice, one after the other, in the same
order and each time at exactly the same measuring point with

the measuring gauges used for the test. Determination of measure-
ment uncertainty is explained by an example below.

6.4.1 Example for Determining the Measurement
Uncertainty of a Measuring Gauge
Determination of measurement uncertainty is explained by the
example of a measuring device consisting of measuring stand,
surface table and dial indicator. The diameters of the 24 cylindri-
cal parts are measured. The deviations from the set dimension
taken from two successive measurements at a specified measur-
ing point are given in table 3.

The 24 measured values are sub-divided into three groups each
containing eight values. The difference between the results of
the 15t and 2nd measurements are then taken (make sure which
is positive and which negative!).

The range R is now worked out for each group from the three R
values of the arithmetical mean range value R, The scatter of the
dimensional difference is first obtained by the range method and
then the standard deviation of the measurement uncertainty of
the equipment s equipt. after dividing by 2. By total measure-
ment uncertainty is meant the area 4 sp_equipt, (95 % statement
probability). .

If the area 4 sR equipt. Of measurement uncertainty is greater
than 20 % of the workpiece tolerance, more accurate measuring

VDI/DGQ 3441 -19 -

Table 3. Deviations from the set dimension taken from
two successive measurements

Test |1st 2nd Difference A | Range R 5
speci-| measure- measure-
men |ment ment
No. [um um nm um
1 14,6 13,7 +0,9 2,3
2 20,8 19,6 +1,2
3 11,6 10,9 +0,7
4 191 19,0 +0,1
5 241 22,0 +2,1
6 12,0 12,0 0
7 19,3 18,5 +0,8
8 14,2 14,4 -0,2
9 13,56 12,0 +1,6 1,8
10 17,8 18,1 -0,3
1" 12,6 11,6 +1.1
12 11,7 10,6 +1,1
13 12,4 12,7 —0,3
14 17,0 15,7 +1,3
15 15,3 14,1 +1,2
16 13,8 14,1 -0,3
17 23,5 26,1 —2,8 5,2
18 194 18,4 +1,0
19 15,6 14,8 +0,7
20 14,6 12,0 +2,6
21 15,0 15,8 -0,8
22 16,2 17,3 -1
23 14,8 13,8 +1,0
24 16,7 17,0 —-0,3

equipment must be used, or, if this is not possible, the operational
scatter must be reduced by the measurement uncertainty in accord-
ance with the following analysis of the results of the investigation.

_ »
sR= Ysr? -k equipt.
SR the operational scatter reduced by the measurement
uncertainty
s"}‘{ scatter calculated from the measured values

SR equipt_sca‘cter of the measurement uncertainty

ZR, = 9.3
_ ZR, 9
R, 31
=2 = " —j08
‘RA a_ 285 Hm
SRA 1.08
SR equipt.” —2 = —2 =0.76 um

If it is found during an investigation that the measurement un-
certainty of the measuring equipment is too great, the cause
for the error must always be sought, or new equipment or
another method used.

6.5 Trend

The cause of trend is generally tool wear, which leads to system
dimensional deviation. Other influences such as temperature
change can, however, give rise to trend phenomena.
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6.5.1 Determination of Trend

Trend can most simply be determined graphically (section 3.5).
For this purpose the measured values are plotted against the
workpiece numbers which are plotted in chronological order.

If this is too time consuming due to a very large number of meas-
ured values, then instead of plotting the individual measured
values x, the mean values x of the individual random samples

m are plotted. A compensating line is drawn through the plotted
points. In many cases the compensating curve is a straight line.
'If no linear relationship exists, the curve can be approximated
piecemeal by straight lines.

With graphical representation of all measured values Ax is the great-
est ordinate difference of the compensating line.

TN=Ax

If, however, the mean values X of the individual random samples
are plotted, the compensating line must be extended by the
distance of one random sample to determine Ty, in order to
obtain the corresponding ordinate difference.

This procedure is generally sufficiently accurate. Although a
somewhat more accurate estimate of the trend can be obtained
by calculation, it is more time consuming however.

6.5.2 The Effect of Trend on the Standard Deviation

The operational scatter is calculated from the R values of the
individual random samples using the range method. The range

is composed of the actualscatter of the machine and a share given by
the steepness of the trend lines, caused for instance by toolwear.
Consequently, too great a standard deviation sg is obtained with
too great a trend by the range'method. Since the trend cannot
always be attributed to the machine, account must be taken of
the operational scatter when making the evaluation.

The operational scatter can be corrected in two different ways.

6.56.2.1 Graphical Correction of the Operational

Scatter 4
The individual values of the random sample are plotted graphical-
ly in the order of machining, Fig. 16.

10
I X x X
R
Measured
\ N S
0
x <
3 R
.g 10+
Q O A} Measured IR
x Xr Corrected
~20 1 1
7 2 3 4 5 6
Waorkpiece No.

Fig. 16. Graphical determination of the effect of trend on the
range R

An averaged line, the trend line, is drawn through the measured
values. Two lines are drawn parallel to these trend lines, running
through the measured values which are furthest apart from the
trend lines. The corrected range R ooy is now obtained from the
ordinate as the distance between the two lines. From thisis obtain-
ed the corrected operational scatter

R
d

n

corr

AS=6SR= 6

Similarly when evaluating several random samples
R, 1

corr -_—

A,=6 a 5

n

ZR

corr m 1 corr

6.5.2.2 Correction of Operational Scatter 4 ; by (
Calculation "

Using as an example the same measured values as are plotted in

Fig. 16, the calculation method is demonstrated.

Even when using the calculation method, the trend Ty is deter-

mined graphically against the number of machined workpieces

for eachrandom sample. From this the trend for each workpiece

is calculated as follows:

T
N
Ts = 71 (where N = n =5 in the example)

The individual measured values include a share of the trend as
shown in the following tabulation:

Workpiece number | 1 2 3 /]

ShamoftrendxiT (1—1)TS 2-DTg 3-1Tg v (n-DTg

The trend share of the individual workpiece

Xp=G-1)Tg

can be used to correct each measured value x,

1 meas’
*icorr = *imeas ~ ¥iT
The corrected range becomes
Rcorr = lxi corr max ~ *i corr minI
Example of the calculation: values in um
from figure 16 Ty = — 19 um
and TS = ~19/4 = — 4,75 um
Workpiece |1 2 3 4 5
number
X{ meas +1 -2 — 14 -13
XiT 0 —-4,75 |- 9,5 — 14,25~ 19
*i corr 0 +575 [+ 7,5 + 0,25{+ 6

The uncorrected range results in
R=%) meas — ¥4 meas =15 # M
On the other hand the comrected range results in

Rconj =X*3corr ~ 7.5 um

Using the corrected range R, . the standard deviation sg rp
and from it the corrected operational scatter A, = 6 sp can be
determined in accordance with section 6.2.2.

Similarly when evaluating several random samples

corr
Ag=6

d

n

7 List of Symbols Used

A Operational scatter

d, Factor dependent on the number of measured

values of each random sample

Factor for calculating the scatter limits of s
(In the translation these have been rendered (/
D,, and Do)
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Relative operational scatter
Summated class frequency
Frequency total

Index; ordinate number of the individual
values in a random sample

Index; ordinate number of the random samples

Factor

Number of classes

Length of travel

Max. travel path

Reference point within the area of travel
Distance between test axis and machine axis
Number of the random sample or measuring
position

Total number of measured values
Number of parts per random sample or
positioning procedure for each measured
position

Class frequency of the jth class

Positional uncertainty

Positional deviation

Positional scatter

Mean positional scatter

Positional scatter at point x;

Max. positional scatter

Range

Mean range

Range R in the random sample j or at point x j

Mean range at pointx;

Mean corrected range (Note: in the trans-
lation this has been rendered as R
Standard deviation

Mean standard deviation
Standard deviation of the individual values

in the random sample j

Standard deviation in accordance with the
range method

Mean standard deviation in accordance with
the range method

Standard deviation modified for the influence
of trend

Standard deviation of the measured values
Mean standard deviation of the individual
values at point x jin accordance with the
range method

COl'l')

Standard deviation of the measuring un-
certainty (Vote: in the translation this has
been rendered as sg oqyipt.)

Machining tolerance

Trend

Positional tolerance

Trend for each individual value
Reversal error

VDI/DGQ 3441 —91_

Mean reversal error
Reversal error at point x;

S & g

max Maximum reversal error
imax Max. reversal error at point x;

Trend share within the individual value
Mean value of the individual values
Total mean value of the individual values
Random sampling position
Mean value of the individual values in the
random sample j or at point x;
System deviation from the desired value at
point x;
Xy Individual value { in the random sample j or
at point x;
Measured value (Note: in the translation this
has been rendered as x; ¢ )
Corrected measured value (Note: in the trans-
lation this has been rendered as x
Class interval

Theoretical mean value (n — )

KRR R o
oo

jall
g

i

COH‘)

Theoretical standard deviation (n— o)
Positive direction of travel

« > a ® ¥

Negative direction of travel
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