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Preface

Technical developments leading to better performance, higher efficiency, fewer
errors and greater reliability, along with the constraints imposed by the need for
economy, rationalization and greater cooperation between licensees and sub-
contractors, have necessitated the use of completely toleranced drawings suit-
able to the function for manufacturing and inspection. “Completely” toleranced
means that the geometries (form, size, orientation and location) of geometrical
elements of the workpiece are completely defined and toleranced, with nothing
left to the individual judgement of the manufacturer or inspector. It is only with
this approach that proper functioning can be verified and the possibilities avail-
able for economization and rationalization in manufacturing and inspection can
be fully utilized, and reliable quality assurance can be achieved.

This book presents the state of the art in geometrical dimensioning and tol-
erancing. It describes the international standardization in this field, which is laid
down in ISO standards. It also indicates the deviations between ISO and the US
standard ASME Y14.5. Crucial manufacturing issues within geometrical
dimensioning and tolerancing are thoroughly explained. Principles for the
inspection of geometrical deviations are given, together with a basis for toler-
ancing suitable for inspection. Also, examples of tolerancing appropriate to var-
ious functional requirements are presented, providing a guide for geometrical
tolerancing.

In the past, *tolerancing was used for nonsizes (centre distances, steps, radii
and dimensions for contours). These tolerances have large ambiguities and the
drawings often permitted parts that were nonfunctional. However, good quality
was achieved by optimization of the manufacturing process by the cooperation
of the concerned parties.

Today, outsourcing and globalization require complete and correct toleran-
cing. This can be achieved by using TEDs (e.g., CAD models), profile toleran-
cing for integral features (solid surfaces) and position tolerancing for derived
features (median lines, median surfaces), related to a general datum system
locking all degrees of freedom of the part. The general datum features are to
be toleranced either by surface profile tolerances for integral datum features
or by position tolerances for derived features, the latter together with size tol-
erances (ftolerances) with ®, ® or ©. The primary datum feature is to be tol-
eranced using a form tolerance (without relation to a datum), the secondary
datum feature by a tolerance related to the primary datum, and the tertiary
datum feature by a tolerance related to the primary and secondary datums.

xiii



xiv Preface

For surfaces without tolerance indication (tolerance for the integral feature,
the derived feature, and size), a general profile surface tolerance is to be indi-
cated. With that, the part is completely toleranced. If necessary for functional
reasons, other tolerances related to the general datum system (profile surface
tolerances for integral features or position tolerances for derived features, the
latter together with size tolerances (+tolerances) with ®, @ or ©) may be indi-
cated. They overrule the general tolerance.

If necessary for functional reasons, other additional tolerances (profile, posi-
tion, run-out) may be indicated as further constraints. They are to be indicated
together with a tolerance related to the general datum system (profile surface
tolerance for the integral feature or position tolerance for the derived feature,
the latter together with a size tolerance (+tolerance) with ®, @ or ©). This
tolerance may be equal to the general tolerance (but is to be indicated because
the general tolerance applies only to surfaces without tolerance indication).

The symbols for special tolerances (straightness, roundness, flatness, cylin-
dricity, coaxiality/concentricity, symmetry) are then superfluous and can be
avoided. However, they are explained in this book in order to enable the reading
of older drawings.

Some tolerancings can only be expressed by using profile or position toler-
ances, e.g., tolerancing of the form of a torus or orientation tolerancing partly
related to a datum system (with the symbol ><).

This book follows this concept and facilitates complete and correct
tolerancing.

The GPS standards are rule based. They are voluminous and somewhat
difficult to read. This book, however, explains the application of the ISO and
ASME standards concisely and in plain language.

This book can serve as an introduction to geometrical dimensioning and tol-
erancing for students, and it is also useful to practitioners in the fields of design,
manufacturing and inspection. The author has relied on his experience gathered
during the elaboration of the ISO standards and during his lectures and discus-
sions on geometrical dimensioning and tolerancing in industry and education.
However, proposals for improvements are appreciated and should be directed to
the publisher.

The book represents the author’s understanding of the various standards and
is written for educational purposes. In cases of dispute, the original standards
should be considered. The functional cases of geometrical requirements vary
over a wide range. Therefore, before application in practice, the reader should
carefully determine whether the presentation in the book fits the particular
purpose.

All dimensions and tolerances in this book are in millimetres (mm).
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reading, measured value

mean size

diameter, hole

actual size

length

number

mating size or content or statistical probability or pitch
calculated value from readings
size tolerance

expanded measurement uncertainty
zone

angle

angle

angle

difference

deviation

cut-off, wavelength

distance or safety factor with statistical tolerancing
diameter, shaft

deviation at a certain location
height

correction factor

number

coordinate

coordinate

radius

clearance

geometrical tolerance
measurement uncertainty
coordinate

coordinate

coordinate
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xvi Notation

Subscripts

¢ section

g  geometrical

i individual

m form

0  orientation

p  projected tolerance or number of points or peak
r run-out

S situation, location
th theoretically exact
v valley



Abbreviations

AVG
BASIC
CMM
DIA
D&T
DOF
FIM
FIR
FRTZF
GD&T
GPS

IB

LD
LMB
LMC
LMR
LMS
LMVC
LMYVS
LSC
MCC
MD
MIC
MMB
MMC
MMR
MMS
MMVC
MMYVS
MPE
MZC
OB

PD
PLTZF

average
theoretical exact dimension

coordinate measuring machine

diameter

dimensioning and tolerancing

degree of freedom

full indicator movement

full indicator reading

feature-relating tolerance zone framework
geometrical dimensioning and tolerancing
geometrical product specification

inner boundary

least minimum diameter

least material boundary

least material condition

least material requirement

least material size

least material virtual condition

least material virtual size

least-squares circle

minimum circumscribed circle

major diameter

maximum inscribed circle

maximum material boundary

maximum material condition

maximum material requirement
maximum material size

maximum material virtual condition
maximum material virtual size

maximum permissible error (of a measuring device)
minimum zone circle

outer boundary

pitch diameter

pattern-locating tolerance zone framework
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xviii Abbreviations

PUMA procedure for uncertainty management

RFS regardless of feature size

SEP REQT separate requirement

SIM simultaneous requirement

TED theoretically exact dimension

TEF theoretically exact feature

TIR total indicator reading

TP true position, theoretically exact position or location

VD&T vectorial dimensioning and tolerancing



ISO Drawing Rules

The ISO drawing rules are laid down in ISO 128 and ISO 129. As previously
noted in Chapter 1, ISO drawings use a comma instead of the decimal point.
Therefore in the drawings of this book the comma is used.
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Text Equivalents

An ISO Standard (ISO 14 995-1) for text equivalents was planned, but not
finalized. The following text equivalents (to be used in text, not in drawings)
were planned:

~  Line profile BEL

- Straightness STR
O Roundness RON
~  Surface profile PFS
7  Flatness FLT

A¥  Cylindricity CYL
<  Angularity ANG
2 Parallelism PAR
1 Perpendicularity PER
@ Position POS
©® Coaxiality CAX
=  Symmetry SYM
#  Circular run-out CRO
¢ Total run-out TRO

XX



Chapter 1

General

1.1 Properties of the surface

The suitability of a workpiece for its purpose depends on the inner properties
(material properties, inner discontinuities such as shrink holes or inner imper-
fections such as segregations) and on its surface condition.

The surface condition comprises the properties of the surface border zone.
These are chemical, mechanical and geometrical properties, as shown in Fig. 1.1.

Surface condition
|

T 1
Material properties of boundary layer Geometrical properties

1 1
| l . }
Chemical Physical — Size dev. !
—| Geometrical dev.
Hardness —— Roughness, waviness
Chemical . — Edge dev.
o Residual stress
composition | Surface discontinuities
Inhomogeneities Grain (cracks, pores, laps, etc)
| Process specific dev.
(welding, casting, etc.)
Material tests Operational tests Shape inspections

FIG. 1.1 Properties of surfaces and their tests and inspections

The chemical and mechanical properties comprise chemical composition,
grain, hardness, strength and inhomogeneities. The properties of the surface
border zone may be different from those in the core zone.

The geometrical properties of the workpiece are defined by the geometrical
dimensioning and tolerancing (GD&T) of the drawing or model. In this book the
term drawing is used for all documentation of GD&T (including the model).

The geometrical properties are defined as deviations from geometrical ideal
elements (features) of the workpiece. Geometrical ideal elements (features)
are parts of the entire workpiece surface, which have geometrical, unique

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
https://doi.org/10.1016/B978-0-12-824061-8.00008-6
© 2021 Elsevier Ltd. All rights reserved. 1
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and nominal form as, e.g. planes, cylinders, spheres, tori, cones and wedges.
They can also be derived as, e.g. median lines (axes) or median surfaces. They
can also be edges. See Fig. 1.2.

Axis - Sphere

Cylinder
generatrix ——
circumference line

=—— Cylinder

Torus
Plane
Cone
generatrix Cone

circumference line

Plane

FIG. 1.2 Examples of geometrical elements

Geometrical deviations are

Size deviations Waviness

Form deviations Roughness
Orientation deviations — Surface discontinuities
Location deviations Edge deviations

Size deviation is the difference between actual size and nominal size. It
must be distinguished between

— deviation of the actual local size from the nominal linear size or from the
nominal angular size;

— deviation of the actual global size from the nominal global size;

— deviation of the actual statistical size from the nominal statistical size (see 4).

The linear sizes are defined in ISO 14 405-1. The angular sizes are defined in
ISO 14 405-3 (see 4).

Size deviations are assessed over the entire geometrical element. They orig-
inate mainly from imprecise adjustment of the machine tool and from variations
during the manufacturing process, e.g. due to tool wear.

The two-point size, according to ISO 14 405-1, is the default (£ tolerance
without a modifier) and is used in this book (in contrast to ASME Y 14.5 rule #1,
where size together with the envelope requirement is the default). See 4.

Form deviation is the deviation of a feature (geometrical element, surface
or line) from its nominal form, shown in Fig. 1.3. If not otherwise specified,
form deviations are assessed over (or along) the entire feature. Form deviations
result, e.g. from the looseness or error in guidances and bearings of the machine
tool, deflections of the machine tool or the workpiece, error in the fixture of the



General Chapter |1 3

Locational Orientational Form
deviation deviation deviation
. b
e S~ 1
L]
Datum

FIG. 1.3 Form deviation, orientation deviation, location deviation

workpiece, hardness distortion and wear. The ratio between width and depth of
local form deviations is generally more than 1000:1 (VDI/VDE 2601).

Orientation deviation is the deviation of a feature (geometrical element,
surface or line) from its nominal form and orientation. The orientation is related
to one or more (other) datum feature(s). The orientation deviation includes the
form deviation (Fig. 1.3). If not otherwise specified, orientation deviations are
assessed over the entire feature. The causes of orientation deviations are similar
to those of form deviations. They can also result, for example, from erroneous
fixture of the workpiece after re-mounting on the machine tool.

Location deviation is the deviation of a feature (geometrical element,
surface or line) from its nominal location. The location is related to one or more
(other) datum feature(s). The location deviation also includes the form devia-
tion and the orientation deviation (of the surface, median line or median
surface), as shown in Fig. 1.3. If not otherwise specified, location deviations
are assessed over the entire feature. The causes of location deviations are similar
to those of size, form and orientation deviations.

Waviness refers to the more-or-less periodic irregularities of a workpiece
surface with spacings greater than the spacings of its roughness (DIN 4774).
The ratio between spacing and depth of the waviness is generally between
1000:1 and 100:1. In general, more than one wave can be recognized (VDI/
VDE 2601). Waviness is assessed from one or more representative parts of
the surface, as seen in Fig. 1.4. It is caused by eccentric fixtures during the
manufacturing process or by form deviations of the cutter or vibrations of
the machine tool and/or the cutting tool and/or the workpiece (DIN 4760).
Waviness is not dealt with in the following.

Roughness refers to periodic or non-periodic irregularities of a workpiece
surface with small spacings inherent to the forming process. The ratio between
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spacing and depth of the roughness is generally between 150:1 and 5:1 (VDI/
VDE 2601). Roughness is assessed from one or more representative parts of the
surface, as seen in Fig. 1.4.

Roughness or waviness profile

— Roughness or waviness
measurement length

FIG. 1.4 Assessment of roughness or waviness

Roughness is caused by the direct effect of the cutting edges (VDI/VDE
2601), i.e. by imprinting the cutting edges on the surface. Due to the cutting
process (tear chip, shear chip) the print is modified. Other origins are deforma-
tions from blasting, gemmation with galvanizing, crystallization or chemical
effects (such as from mordants or corrosion). Roughness ranges down to the
crystal structure (DIN 4760). Roughness is not dealt with in the following.

A surface discontinuity is an isolated imperfection of the surface, such as a
crack, pore or lap. In general, it is not taken into account when assessing devi-
ations of size, form, orientation, location, waviness and roughness. The defini-
tions, sizes and permissibilities of surface discontinuities have to be dealt with
separately.

At this time, there are very few standards on this subject available, e.g. for
fasteners in ISO 6157 and for hot milled steel products in ISO 9443. Surface
discontinuities are not dealt with in the following.

Edge deviations are deviations of the workpiece edge zone from the geo-
metrical ideal shape, such as burrs or abraded edges instead of sharp edges.
ISO 13 715 defines tolerances for edges and gives the drawing indications.
These deviations are dealt with in clause 9.1 of this book.

Transitions of defined shape are edges of special forms. They are discussed
in clause 9.2 of this book.

The classification of surface irregularities as described here is useful for
the following reasons:

a) The different types of surface irregularities have different origins in the
manufacturing process. In order to control the manufacturing process, they
must be assessed separately.
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b) The different types of surface irregularities often have different effects on
the suitability of the surface for its purpose. For example, on raceways of
ball bearings, waviness has a strong influence on lifetime and noise, while
roughness has little influence. In order to specify the permissible devia-
tions as related to function, the different types must be specified
separately.

¢) The depths of the irregularities vary over large ranges, between about 0,1 pm
(and sometimes smaller) with roughness and about 100 pm (and sometimes
more) with form deviations. The ratio between spacing and depth of the
irregularities also varies greatly. The smallest ratio between spacing and
depth occurs with cracks and is generally smaller than 5:1, whereas the ratio
between spacing and depth with form deviations is generally greater than
1000:1. Because of these wide ranges, the requirements for measuring
devices and for diagrams are quite different. For the assessment of different
kinds of irregularities (deviations), different types of measuring instruments
are used, having different magnifications, profile diagrams and ratios of
horizontal to vertical magnification.

The definitions of the different types of irregularities (deviations) are somewhat
uncertain, with no distinct borderlines. Therefore it was discussed within ISO
whether to define borderlines in terms of defined spacing of irregularities,
defined ratios between spacing and depths of irregularities, or defined ratios
between spacing of irregularities and feature lengths. However, it was decided
to retain the definitions according to the causes of the irregularities (ISO 4287,
ANSI B46.1, BS 1134, DIN 4760).

There is another distinction between micro and macro deviations. Macro
deviations are those for which the usual measuring devices can be used for the
assessment of size, form, orientation and location (e.g. dial indicator). Micro
deviations, on the other hand, are assessed with roughness or waviness measur-
ing instruments. Macro deviations are assessed over the entire feature length;
micro deviations are assessed from a representative part of the surface. Also,
there is no distinct boundary, because sometimes parts of the waviness can
contribute to the result of the measured macro deviations, and sometimes parts
of the form deviations can contribute to the result of the measured micro
deviations (waviness).

Figure 1.5 gives an idea of the combination (superposition) of the types of
surface irregularities (deviations) on a surface.

1.2 Principles for tolerancing

It is impossible to manufacture workpieces with no deviations from the nominal
shape. Workpieces always have deviations of size, form, orientation and
location.

When these deviations are too large, the usability of the workpiece for its
purpose will be impaired. However, if the deviations are kept as small as
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Geometrical deviation Description
Profile diagram Examples of origin
1st order: Form Errors in guidance of machine tool

Deflections of machine tool or workpiece,
error in fixture of workpiece
Warping, wear

2nd order: Waviness Eccentric fixture,
form deviation of tool,
3rd order: Roughness Grooves,

form of tool cutting edge,
horizontal and vertical feed

4th order: Roughness Cutting process (tear chip, shear
chip),

deformation form blasting,
gemmation with galvanizing

5th order: Roughness Crystallization process,
mordant, corrosion
not presentable

6th order: Roughness Crystal structure

not presentable

Superposition Actual surface

FIG. 1.5 Superposition of surface deviations (DIN 4760)

possible during manufacturing in order to avoid any impairment of usability, the
production costs will generally be too expensive.

In general competition forces to use all possibilities that yield more econom-
ical production costs, including possibilities which occur with current develop-
ments. Therefore it is necessary that the drawing tolerances define the
workpiece completely: i.e. each property (size, form, orientation, location) must
be toleranced. Only then is the manufacturer able to choose the most econom-
ical production method, depending on the number of pieces to be produced and
on the production methods available.

Incompletely toleranced drawings result in:
— questions for the production-planning engineer
— questions for the manufacturing engineer
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— questions for the inspection engineer
— reworking
— defects and damages

Only completely toleranced drawings enable the production of workpieces to be
as precise as necessary and as economical as possible, which is necessary for
competition. However, when all tolerances necessary to define the workpiece
completely are indicated individually, the drawing becomes overloaded with
indications and is hard to read. Therefore general tolerances should be applied.

General tolerances must be equal to or larger than the customary workshop
accuracy, which is equal to those tolerances the workshop does not exceed with
normal effort using normal workshop machinery. Larger tolerances bring no
gain in manufacturing economy. The normal workshop accuracy depends on
the workshop machinery that produces the largest deviations (disregarding
exceptions that must be dealt with in certain unusual cases). The customary
workshop accuracy is, in general, the same within one field of industry.

The general tolerances should be applied by an indication in or near the title
block of the drawing. Tolerances, which must be smaller, have to be indicated
individually; see 3 to 11. If not otherwise specified (see Fig. 3.8), the tolerances
apply over the entire lengths of the features.

(Note: ISO drawings use a comma instead of the decimal point, so the
drawings in this book use the comma. In the text, however, the UK/US style
of decimal point is used.)
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Chapter 2

ISO Geometrical Product
Specifications (GPS), New
Approach

2.1 ISO GPS standards, overview, GPS matrix
2.1.1 1SO GPS standards overview

General principles 1SO 8015

Operations general: SO 17450-1, -2
Operations specific: 1SO 14406 Extractions 1SO 16610-1 ff Filterings ... in preparation

Definitions of features: 1SO 17450-3 1SO 22432
Definitions of characteristics 1ISO 17450-4 ISO 25378
Sizes Geometrical tolerancings Surface textures Edges
ISO 14405-1 I1SO 1101 1SQ 1660 1SO 14405-2 SO 1302 ISO 8785 1ISO 13175
1SO 286 ISO 5459 IS0 3040 SO 20170 ISO 4287 1SO 21204
ISO 14405-3 1SO 2692 IS0 2538 1SO 22081 1ISO 4288

ISO 5458 IS0 10579 ISO 25178-1 ff

Measuring instruments and calibrations

Simple length measuring instruments CMMs Roughness measuring instruments
1ISO 14978 1SO 9493  ISO 13225 ISO 10360-1 ff I1SO 3274 1SO 25178-6 ff
1SO 7863 1ISO 13102 SO 13385 I1SO 5436-1 ff

Gauges: ISO 1938

Measurement uncertainty: SO 14253-1 ff (general) 1ISO 15530-1 ff (CMMs)

2.1.2 GPS matrix

Each GPS standard contains at the end the GPS matrix, with the indication of the
concerned contents.

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
https://doi.org/10.1016/B978-0-12-824061-8.00006-2
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Chain Links
A B C D E F G
Symbols Feature Feature Conformance Measure- Measure- Calibra-
and indi- require- proper- and non- ment ment tions
cations ments ties conformance equip-
ment
Size
Distance
Form
Orientation
Location
Run-out
Profile surface
texture
Areal surface
texture
Surface

imperfections

In the past, the matrix contained global and complementary GPS standards.
They are now to be marked (as appropriate) in the new matrix.

2.2 Terms and definitions

ISO aims to give mathematically exact definitions of the constituents of the geo-
metrical specifications in order to provide a sound foundation for

— unambiguous drawing specifications
— programming of measurement instruments
— estimation of measurement uncertainties.

All geometrical specifications deal with features.
According to ISO TS 17 450-1 and ISO 22 432-1:

(Single) (geometrical) feature: a geometric entity which is a single point, a
single line, or a single surface, e.g. a cylinder.

Compound feature: a geometric entity which is a collection of features, e.g.
two parallel opposite planes connected by a size dimension (plane pair).

According to ASME Y14.5:
Feature: physical portion of a part, such as a surface, pin, tab or slot.

Practically, there is no difference in the meaning of a drawing indication due to
the different definitions of a feature.
ISO 17 450-1 defines the following:

— nominal feature (ideal geometry according to the drawing)
— real feature (non-ideal geometry as existing on the workpiece)
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— extracted feature (non-ideal geometry as detected from the workpiece)
— associated feature (ideal geometry and fitted to the extracted feature
according to an objective function (fitting rule, e.g. Chebyshev)).

See Fig. 2.1.

Nominal Real Extracted
feature feature feature

Associated
feature

L =

! % 1,1 %

| b i H

i F) i

! {

I :g{ ; é:

1 b 1

| X

1 b 11!. §

1 jg'% ] K

| s
Nominal Extracted Associated
derived derived derived
feature feature feature

FIG. 2.1 Features

ISO 22 432 describes various types of features:

— actual feature: extracted feature

— ideal feature (nominal feature according to the drawing outline or
CAD model)

— non-ideal feature (with deviations from the ideal feature)

— integral feature (ideal or non-ideal, surface or line on a feature)

— derived feature (ideal or non-ideal, centre point, median line or median sur-
face derived from one or more integral features)

— feature of linear size (cylindrical hole or shaft (single feature), tab or slot,
plane pair =two opposite parallel planes connected by a size (compound
feature), circle, pair of opposite straight lines connected by a size)

— feature of angular size (cone, wedge)

— extracted integral feature: approximated representation of the real (inte-
gral) feature, obtained by extracting a finite number of points from the real
(integral) feature; this extraction is performed in accordance with specified
conventions (several such representations may exist for each (integral) fea-
ture) (also: actual surface, actual surface line)
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— extracted derived feature: centre point, median line or median surface
derived from one or more extracted integral features (extracted axis,
extracted median surface) (also: actual centre point, actual axis, actual
median surface)

— associated integral feature: integral feature of perfect form associated to
the extracted integral feature in accordance with specified conventions
(also: substitute element, least-squares element, minimum zone
element, contacting element, maximum inscribed element, minimum
circumscribed element, element = feature)

— associated derived feature: centre point, median straight line or median
plane derived from one or more associated integral features

— specification feature (non-ideal, defined by the specification operator)

— verification feature (non-ideal, defined by the verification operator)

— filtered feature (e.g. feature after filtering; e.g. according to Gauss)

— candidate features (set of ideal features which satisfies geometrical con-
straints like outside the material used to model the function of a fit)

— substitute feature (unique ideal feature associated with a non-ideal feature,
e.g. as used in CMM techniques)

— limited feature (portion of an ideal feature, e.g. restricted area)

— enabling feature (ideal feature, identified from an ideal feature and used
solely to build other features, e.g. section plane)

— reference feature (ISO 25 378, ideal feature used as reference for the deter-
mination of deviations or characteristics)

— situation feature (ideal feature (point, straight line, plane) to define the ori-
entation or location of a feature)

— criterion for situation features: definition of the situation feature from the
non-ideal extracted feature

Chebyshev: minimax requirement, minimum zone requirement, dis-
tance to the ideal feature (reference feature) is minimized, ISO default
Gauss (least squares): the sum of the squares of the distances to the ideal
feature (reference feature) is minimized

Maximum inscribed: with sizes of cylinders and plane pairs
Minimum circumscribed: with sizes of cylinders and plane pairs

ISO 17 450-1 defines the duality principle by defining the non-ideal surface
model of the workpiece (skin model, imagination of the designer, design intent)
and the verification model (defined by the verification process executed by the
inspector on the manufactured workpiece). The difference between the two
models leads to the measurement uncertainty. See Fig. 2.2.
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Design Verification
Specification procedure Measurement procedure

Non-ideal

surface model Real surface

Infinite set of points Finite set of points

v v

= Feature Feature

e operations - operations

© L

Q ©

& | - Partition Q| - Partition

S| — Extraction 2| - Extraction

b — Filtration S| ~—Filtration

£ | — Association 8| —Association

§_ — Collection £ | - Collection

%) — Construction < — Construction
v 1

| Evaluation | | Evaluation |
T T
| Specified characteristic | | Measurement result |

L‘ Measurement uncertainty ’J

FIG. 2.2 Duality principle

The models incorporate the following operations according to ISO 17

450-1:

partition (application part, area)

extraction (assessment of points of the workpiece)

filtration (e.g. probing by a sphere, using a Gaussian filter)

association (fitting an ideal feature to the non-ideal extracted and filtered
feature by using a particular method (objective function), e.g. Gauss or Che-
byshev or maximum inscribed feature or minimum circumscribed feature)
collection (taking together, e.g. two coaxial cylinders as a common datum)
construction (e.g. building a straight line as a datum (situation feature) by
the intersection of two associated planes in the case of a wedge)
evaluation (determining the value of the characteristic (e.g. diameter) or the
deviation).

Extraction is not yet standardized. In specification, the entire feature is

completely assessed. In verification, a finite number of points are assessed.
The difference goes into the measurement uncertainty. For the tip radius, see
Fig. 3.1.

The operation is a tool required to obtain a feature or the value of a character-
istic. Each operation that may influence the result (feature or value of a char-
acteristic) should be specified by an indicated specification or by the use of
an ISO default.
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For example, the measurement result of a diameter of a shaft measured by a
coordinate measuring machine depends on the following operations:

— number of points probed (extraction)

— stylus tip radius (extraction, filtration)

— filter, if any (filtration)

— adjustment of the workpiece to the reference, e.g. minimum circumscribed
cylinder (association)

— algorithm used for calculation, e.g. circumference divided by = (evaluation).

Leading are the specification operators. When the verification operators deviate
from the specification operators (and they always deviate), the difference goes
into the measurement uncertainty. For more information on measurement
uncertainty, see 13.11.

Figures 2.3 to 2.6 show examples of partitioning, filtering, collection and
construction.

(2] 01
Edges:
External: [-0,3

—
Tol. or datum
Internal: +0,3 region
¥ +0,3

-03

FIG. 2.3 Example of partitioning

There is an ISO standard in preparation to define the borders of the features
on a mathematical basis. Until the issuing of this standard, common sense
is needed.

Total profile

— T~

Form

VANANNAANAAAAAN]

Roughness
FIG. 2.4 Example of filtering
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+
eg. A-B *

FIG. 2.5 Example of collection

|
|
|
eg: |(A-B)[SL] -
S

FIG. 2.6 Example of construction

Defaults are specifications of operators to be used when no specification is
indicated (applies if not otherwise specified).

When GPS symbols are used and no reference to other standards (e.g. to a
national standard) is indicated on the drawing, the ISO GPS standards apply,
according to the World Trade Organization (WTO) rules. Then the ISO defaults
apply, if any. An example of an ISO default is the Chebyshev requirement
(minimax) for tolerances according to ISO 1101. Defaults defined by company
standards or national standards must be referred to on the drawing, and they then
overrule the pertinent ISO defaults.

The (non-ideal surface) specification model refers to an infinite number of
extracted points.

The verification model refers to a finite number of points.

The operator defines a part of the specification.

The specification operator is an ordered set of (mathematically formu-
lated) operations, i.e. a theoretical concept to identify a requirement of a feature
(feature attributes), using the feature operations as shown in Fig. 2.2.

The verification operator is an ordered set of operations implemented
physically in a measurement and/or measurement apparatus of the correspond-
ing specification operator.

The perfect verification operator is based on a full set of perfect verifica-
tion operations performed in the prescribed order (see Fig. 2.2). The only mea-
surement uncertainty contributions from a perfect verification operator (perfect
measuring instrument) are from physical deviations in the implementation of
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the operator. The purpose of calibration is generally to reduce or eliminate these
measurement uncertainty contributors.

A simplified verification operator includes one or more simplified veri-
fication operations and/or deviations from the prescribed order of operations.
It causes additional measurement uncertainty contributions, the magnitude of
which is dependent on the geometrical characteristics (geometrical deviations)
of the actual workpiece. For example, the procedure for measurement of
roundness deviations using a V-block and dial gauge is a simplified verifica-
tion operator. When the workpiece has lobed form deviations, this contributes
to the measurement uncertainty and the measurement uncertainty is relatively
large.

ISO 17 450-2 defines the following types of uncertainty and ambiguity
(uncertainty is quantifiable, whereas ambiguity is only qualifiable):

Specification ambiguity due to a specification which is not correctly
defined (inherent uncertainty by incomplete and/or mathematically incor-
rectly defined operations); e.g. step dimension with + tolerance.
Correlation ambiguity arising from the difference between the specifica-
tion (operator) and the (real) functional requirement.

Method uncertainty arising from the difference between the (actual) spec-
ification operator and the (actual) verification operator, disregarding the
physical deviations of the actual verification operator.

Implementation uncertainty arising from the physical deviations of the
verification operator.

Measurement uncertainty arising from the difference between the speci-
fication operator and the verification operator (including those contributions
caused by physical deviations in the implementation of the operator). It is
equal to the sum of the method uncertainty and the implementation uncer-
tainty. According to GUM, it is a parameter, associated with the result of a
measurement, that characterizes the dispersion of the values that could rea-
sonably be attributed to the measurand (reasonable range for the real
(exact) value).

ISO 17 450-2 refers to GUM and VIM. Accordingly, the measurement uncer-
tainty is expressed statistically. According to ISO 14 253-1, the expanded
uncertainty U (of a measurement) with a coverage factor 2 of the standard devi-
ation u, if not otherwise indicated, is £U ==+ 2u.

How to deal with the measurement uncertainty is given by the conformance
rules in ISO 14 253-1; see 2.6.

Drawing specification (tolerance) gives the limits which are to be
respected.

Manufacturing tolerance gives the limits for measurements (readings) for
manufacturing. This is the drawing specification diminished by the
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measurement uncertainty U for one-sided tolerances and 2U for two-sided tol-
erances; see 13.11.2. This is to verify that the drawing tolerance is respected.

2.3 Filters

Filters are used to assess particular components of the surface; e.g. when round-
ness (circularity) deviations are to be assessed, the roughness shall be elimi-
nated by filtering. Otherwise, the measurement result may be significantly
falsified by the roughness, i.e. a perfectly turned circular cylinder would show
a roundness deviation of the amount of the roughness depth (see Fig. 2.7).

Rreal
roundness
profile

Simulated

roundness
profile by too small
tip radius

tip radius

Too small tip radius
Sufficient n
|

FIG. 2.7 Roughness falsifies form deviation

There are various filter types available; see ISO 16 610-1 ff and Table 3.11.
The filter symbols in Table 3.11 are intended for drawing indications.

No default filter has been standardized for GD&T. When not otherwise indi-
cated, morphological filters (sphere filtering) are mainly used, with no other fil-
tration. When using dial gauges, the usual sphere diameter is 3mm. For very
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rough surfaces, a larger sphere diameter may be necessary. For smaller holes
and slots, smaller sphere diameters or auxiliary devices (like gauge blocks or
mandrels) may be used.

The nesting index defines the filter size. It is similar to the grid size of a
mesh sieve. For morphological filters, the nesting index is given by the sphere
radius, and for Gaussian and spline filters, by the cut-off (e.g. in the case of
surface roughness). A discrete surface model consists of a finite number of
points. When the nesting index is low, the number of required points of the
model is high. When the nesting index tends to zero, the discrete surface
model tends towards the skin model of an infinite number of points without
filtering.

Morphological filters (other names are sphere filters or ball filters) probe
the surface by using a sphere. They retain the high points of the surface and
eliminate narrow valleys into which the sphere cannot penetrate; see
Fig. 2.8. These filters may be used for datums and fits.

AR

L¥4 1”4

Deviation &

FIG. 2.8 Morphological filter: roughness filtered out and form deviations
retained; waviness may be only partially filtered out

Gaussian filters and spline filters separate high- and low-frequency com-
ponents (short and long wavelength components) of the surface. Figure 2.4
shows the components of the surface separated by different filter sizes. (In
the case of a roller bearing, the deviations of median wavelength are more det-
rimental than in the others and should be toleranced separately and very
tightly.)

Gaussian and spline filters may eliminate the high points of the surface
(see Fig. 2.10) and are therefore not suitable for datums and fits. Spline fil-
ters work similarly to Gaussian filters, but do not have some of the disadvan-
tages of Gaussian filters (end effects, sometimes is the mean line out of the
material; see ISO 16 610-1). Spline filters have similar properties as Gauss
filters but they seem to be better than the Gaussian filters.
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ISO 1101

0Lz

10mm=_5_;m
ETH - Zurich

10mm=_5_um
ETH - Zurich

A) 081 B) 08l

10mm=_5_um
ETH — Zurich

C)

08l

FIG. 2.9 Roundness deviation (same trace) a) without, b) to d) with different
filters (Source: Wirtz ETH Zuric)

Robust filters do not create distortions at outliers. RC filters and non-robust
Gaussian and spline filters do and can thus falsify the measurement result.

Spline wavelet filters allow detection of outliers.

An overview of the advantages and disadvantages of the various filters is
given in ISO 16 610-1.

Figure 2.9 shows filtering of the same workpiece feature with a Gaussian
filter G by different nesting indexes. Figure 2.10 shows the filter effect of a
Gaussian filter for a narrow form deviation.
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4 =20 pum ball filter r = 1,5 mm
§ =3 um Gauss filter r = 15 UPR

\

FIG. 2.10 Gaussian and spline filters do not assess the full height of narrow
form deviations

Filters for datums: The minimum rock requirement is a filter that elimi-
nates voids on the surface.

ISO 5459:2011 specifies that the filtration shall retain the highest (material
outward) points in the integral feature (shall eliminate voids). The minimum
rock requirement does this.

For the next edition of ISO 5459, it is planned to specify for flat and convex
datum features to use the convex hull. This can be explained as a rubber sheet
spanned over the surface.

For concave features, a hull filtering is planned: that is, filtering by a sphere.
The radius of the sphere shall be half of the smallest radius of the nominal datum
feature, or one-fourth of the diameter of a hole.

2.4 Datums

For the definition of datums, ISO 17 450-1 and ISO 5459 refer to the invariance
classes of ideal features (geometrical elements). All ideal features belong to one
of the following seven invariance classes. Each feature has six degrees of free-
dom (translations along the axes X, y, z and rotations around the axes X, y, z).
The invariance class corresponds to the degrees of freedom (which are remain-
ing and not locked). It describes the displacement of the feature (translation,
rotation) for which the feature is kept identical in space.
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Invariance Invariance degrees (remaining degrees of
class freedom)

Complex None

Prismatic 1 Translation

Revolute 1 Rotation

Helical Combined translation and rotation
Cylindrical 1 Translation and 1 rotation

Planar 1 Rotation and 2 translations

Spherical 3 Rotations

The situation feature is a point, straight line, plane or helix, which defines
the location and/or orientation of an ideal feature (datum). Examples follow.

Invariance Situation Invariance degrees
class Example feature (degrees of freedom)
Complex Saddle Plane straight ~ None
line point
Prismatic Prism Plane straight ~ Translation along axis
wedge line
Revolute Cone torus ~ Straight line Rotation around axis
point
Helical Helix Helix Translation and rotation
around axis
Cylindrical Cylinder Straight line Translation, rotation
around axis
Planar Plane Plane 1 Rotation L to plane 2
translations in plane
Spherical Sphere Point 3 Rotations around centre

Screw threads are considered as belonging to the invariance class cylindrical
(because the pitch, i.e. the movement along the axis, is of no interest for
the datum).

The datum specification refers to a situation feature, derived from an ideal
feature associated with the extracted feature. If not otherwise specified, the
objective function for the association is minimax (Chebyshev) and the con-
straint is tangent (external) to the material. For filtration, see the following par-
agraphs. See ISO 5459.

Figure 2.12 shows the history of the development of the definitions for
datums. The minimum rock requirement according to ISO 5459:1981 and
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ISO TR 5460 is explained in Fig. 3.81. It is an easily understandable and, in the
most functional cases, a near and sufficient approximation to the correct and
standardized definition of the datum.

According to ISO 5459:2011 cl. A.2.1, the minimax criterion (Chebyshev)
between the filtered datum feature and the associated (ideal) situation feature
applies. The filter method should remove the voids in the datum feature surface.
The minimum rock requirement does this; see Fig. 3.81. The differences
between these two standards are in most cases negligible. In this book, the sim-
pler minimum rock method is used. In cases of dispute, the correct method
according to the valid standard ISO 5459 should be used.

Using the minimum rock requirement, it is usual to disregard the small
border portions of the datum feature when they would cause an obviously
unreasonable orientation of the datum; see Fig. 2.11. For programming coor-
dinate measuring systems, a mathematical solution for this correction is
necessary.

Datum (ideal, disregarding the left part)

Sr— e

Datum éﬁebyshev
Disregarded
Datum according to the minimum rock requirement
when the (small) border part is included
FIG. 2.11 Minimum rock requirement, disregarding short portions of the
datum feature that would result in an unreasonable datum (manual correction)

It is planned for the next issue of ISO 5459 to supersede the minimax cri-
terion for datums by the criterion of least squares external (outside) material.
The result is considered to be closer to the minimum rock requirement disre-
garding portions of the datum feature which would result in unreasonable
datums (Fig. 2.12).

When the drawing indication for the datum in the tolerance indicator con-
tains the datum letter only, all situation features are applied. When only one
situation feature is to be applied, e.g. the apex of the cone and not the axis,
then the applied situation feature is to be indicated in square brackets, e.g.
[PT] for the apex of the cone and not the straight line of the cone (see
Fig. 3.94).
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Datum: (ideal) situation feature (point, straight line, plane)
derived from contacting (ideal) association feature

Location of datum:
Plane: Outer contacting point of datum plane
Feature of size: Centre of the outer contacting

max. inscribed or min. circumscribed
ideal feature

Orientation of datum:

Up to 2011-08: Min.-rock.-requirement

Since 2011-08: Minimax of contacting ideal feature with
filtered datum feature

Fiiltering of datum feature:
Up to 2011-08: Min.-rock.-requirement

Since 2011-08: Filtering with removing voids
of the datum feature (not precise defined)
(e.g. by min.-rock-requirement)
FIG. 2.12 History of the development of the definition of datums; [5] gives a
description of the development of the definition of datums

2.5 Principle of independency and @ or ©

With the new approach, a rigorous application of the principle of independency
is planned (for the future).

In order to keep the rule “what is indicated applies”, it shall always be indi-
cated, with multiple features and position tolerances with @ or ©, whether SZ
or CZ applies.

® or © without SZ or CZ is former practice with the meaning of CZ. When
there is a datum system that locks all degrees of freedom, the indication of CZ
may be omitted.

In the case shown in Fig. 2.13, separate gauging may be appropriate to a
function where a lever with two shafts turns around a centre hole and must
fit with the other shaft into each of the other holes separately.
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FIG. 2.13 Pattern of holes related to a datum hole with &, SZ indicated, (left)
indication for the holes, (right) assembling with lever

Figure 2.14 shows an example where the gauge with seven shafts must fit
into the holes.

6x28+0,1
1% |e0MCZ [A W]

o
&

610 £0,1®

FIG. 2.14 Pattern of holes related to a datum hole with ®, CZ indicated

Figures 2.15 and 2.16 show examples with both possibilities: a) simulta-
neous gauging and b) separate gauging.
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FIG. 2.15 Pattern of holes related to a datum hole with &, a) simultaneous
gauging, b) separate gauging

A similar situation appears when multiple features are toleranced with @
but without datum. Figure 2.17 shows an example. With SZ, separate gaug-
ing is allowed so that the open end wrench fits but the box wrench does not.

The examples in Figs 2.13 to 2.15 concern only the relationship of the fea-
tures to each other and to a single datum. It is to be observed that the features
additionally are to be toleranced in a complete datum system, locking all
degrees of freedom; see, e.g. Fig. 5.6.
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2x@100+0,1 ;
Function:

—¢[e0@® CZ[A®| coaxial bearings

Simultaneous (coaxial) gauging

A
2x0r190:2 0,1 Function:
—{ 4|20 ® SZ[A® | caps on each side

Separate gauging

FIG. 2.16 Coaxial shafts related to a datum shaft with @, a) simultaneous
gauging, b) separate gauging

3 X Extremes with max. mat. sizes

|

] Open end wrench
- / \ and
\ / box end wrench
A e do fit
3 x Extremes with max. mat. sizes

Open end wrench
does fit

>

Box end wrench
does not fit

|-

FIG. 2.17 Hexagon, widths across flats with @, CZ simultaneous gauging,
SZ separate gauging
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In the past, multiple features were position toleranced with @ or © without
CZ or SZ. In these cases, CZ applied; see Figs 2.18 and 2.19. In order to avoid
misunderstandings in these cases, the manufacturer should always work accord-
ing to CZ, if not otherwise agreed to with the purchaser. This is in conformance
with the new definition of @ and © in ISO 2692.

Past New

6xe8+0,1 6xe8+0,1

4loo@cz|A®]

FIG. 2.18 Pattern of holes related to a datum hole with @, former practice

Past New

0
381_00s®

0
381 _pos

3x652 _g2s
[¢]o@cz[Ar@

3x652 _ g5
[¢|lo® J|A®@

FIG. 2.19 Indication of tolerancing of splines, past and new

2.6 Conformance rule

ISO 14 253-1 provides conformance rules: that is, how to decide whether a
workpiece conforms to the specification or not. According to this standard,
the default is that the measurement uncertainty goes to the debit of the measur-
ing party; see Fig. 2.20." That is, if the indication is within the uncertainty range,

DIntermediates (merchants) shall not inspect; they shall use the manufacturer’s inspection
documentation.



28 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

for an outgoing inspection the workpiece shall not be delivered and for an ingoing
inspection the workpiece shall not be rejected; see Fig. 2.20 and 13.118. This
means the tolerance may in reality be exceeded, but the workpiece cannot be
rejected. This may be acceptable in many cases, but in some cases it is not accept-
able. Then another rule must be agreed upon, such as the following:

In cases of the envelope requirement ®, the maximum material requirement
@ and the least material requirement ©, the drawing specifies the absolute
functional limit. For the contract, a contractual tolerance is to be applied,
e.g. that the tolerance at this limit is to be diminished by 10%. Then an inspec-
tion is to be applied, in which the maximum measurement uncertainty is 10% of
the tolerance.

Uncertainty Manufacturing Uncertainty

Non-con- ~ range tolerance range  Non-con-
formance _,. formance
zone zone

U|U Drawing tolerance U|U

Py

U expanded measurement uncertainty

FIG. 2.20 Measurement uncertainty and decision rule

The smaller the measurement uncertainty, the more remains as the tolerance
for the manufacturer. See also 13.11.

2.7 New approach principles and rules

The following principles and rules apply with the new approach:
Invocation principle

If not otherwise indicated, the ISO standards for GD&T apply.
Independency principle, ISO 8015

Each requirement must be indicated and each requirement must be respected
(no hidden rule, such as the envelope requirement must be respected for each
feature of size without respective indication). The requirements are to be
respected separately, if not other-wise indicated, e.g. by CZ or SIM.

If not otherwise indicated, each requirement is to be respected separately.
If any indication shall be disregarded, a disclaimer is to be indicated: for
example, OZ when a theoretically exact dimension (TED) of a cylinder diam-
eter is indicated, but the profile surface tolerance shall be applied disregarding
this TED.
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Drawing definitive principle, ISO 8015

What is not specified is not required. The specification may be directly indi-
cated or be given by the reference to a default (ISO standard default, national
standard default or company standard default). However, the ISO standard
defaults apply without indication.

Operator principle, ISO 17 450-1&2
Definition of specifications by an ordered set of operations; see Fig. 2.2.
Duality principle, ISO 17 450-1&2

From the specification operator the theoretical verification operator is derived;
see Fig. 2.2. The practical specification operator may deviate and increases the
measurement uncertainty.

Uncertainty principle, ISO 17 450-2

From the difference between the specification operator and the verification oper-
ator, the measurement uncertainty is derived. The specification operator may
(should not) have a specification ambiguity and a correlation ambiguity; see 2.2.

Conformance rules, ISO 14 253-1

Measurement uncertainty goes to the debit of the measuring party, if not oth-
erwise specified.

Decimal rule, ISO 8015

After the last indicated digits of dimensions and tolerances, zero applies.
Reference temperature, 1ISO 1

20°C applies.
Rigid workpiece principle, ISO 8015

By default, a workpiece shall be considered as having infinite stiffness.
Responsibility principle, ISO 8015

Ambiguities of the drawing indications are the designer’s responsibility.

2.8 Application of the new approach
The new approach with its sophisticated terms and definitions is relevant for

— programming of measuring instruments (like coordinate measuring
machines)

— definition of very small tolerances

— precise evaluation of the measurement uncertainty.
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For normal designer use (geometrical tolerances larger than 20 pm), it is con-
sidered as sufficient (and easier to understand) to use what is described in
3.2 as ISO defaults. When very small tolerances are required, the precise def-
inition of the operators (filter, etc.) according to the new approach may be nec-
essary, such as for the piston of the injection pump of a diesel engine, where
tolerances of 1 pm or less are required for roughness, waviness, form and size.

In the existing ISO standards, there is no default (= if not otherwise stated)
for filtration (type and nesting index of the filter, e.g. morphological filter with
value of tip radius or Gaussian filter with cut-off value).

If necessary, the conditions are to be specified. ISO 1101 gives the rules for
the indication. See 2.3 and 3.2.1.

For datums, the association default is Chebyshev external. For filtering, see
2.4. However, for a designer’s normal use, the concept of the minimum rock
requirement is still sufficient.

For multiple features with @ without datum or related to a datum with @,
the rules given in 2.5 shall be followed in order to avoid misunderstandings in
the future.

In general, it can be assumed that the new approach provides the possibility
for more precise specifications, but for the rest there is no dramatic change to the
former ISO standards (ISO 1101, ISO 5459, ISO 5458, ISO 1660, ISO 8015).
However, according to ISO 14 253-1, if not otherwise specified, the measure-
ment uncertainty is to be subtracted from the tolerance when the supplier mea-
sures and added to the tolerance when the purchaser measures. In the latter case,
the tolerance may be actually exceeded by the amount of the measurement
uncertainty. If that, for functional reasons, is not acceptable, special procedures
are to be agreed upon between the parties. See 2.6.



Chapter 3

Basics of Geometrical Tolerancing

3.1 Symbols

The symbols for the drawing indicators of geometrical tolerances according to ISO
1101, ISO 5459, ISO/TS 8062-2 and ISO 10 579 are shown in Tables 3.1 to 3.10.

TABLE 3.1 Symbols for geometrical tolerancing, general, ISO 1101, ISO 5459

Number (3) of toleranced features when
J_ more than 1
3 x — Additional indications (e.g. 12 + 0,1)
[2] 80,02CZ[A||— Datum letter(s)

I LE —Restrictions (e.g. NC, LE, ACS)
Symbol for combined zones
Tolerance value
Symbol for cyl. or circular tolerance zone
S o : spherical tolerance zone

Symbol for toleranced characteristic
Additional indications (e.g. MD)

Arrow line to the toleranced feature
Arrow with letter to the toleranced feature

Datum indicator
(datum triangle and datum box)

Axis or median surface
As toleranced feature or as datum

Section line, generatrix or surface
As toleranced feature or as datum

Theoretically exact dimension

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
https://doi.org/10.1016/B978-0-12-824061-8.00007-4
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TABLE 3.2 Symbols for geometrical characteristics, ISO 1101

1) 2)
Line ~ &

Straightness with | —

Form Roundness szt |l g

(without datum) | Surface a 4
Flatness with | ~
Cylindricity sZ¥ |

Orientation Inclination N a 4 | <

(with datum(s)) Parallelism T s
Perpendicularity 1

Location Location/position N a 4

(with datum(s)) Coaxiality ©
Symmetry =

Run-out Circular run-out «

(aitiicta ()] Total run-out y.r

1 For integral features (intersection lines, surfaces)

2 Fir derived features (axes, median surfaces)
3} With SZ only when more than 1 feature

The symbols for toleranced characteristics shown in Table 3.2, columns D

and ?, are sufficient for all kinds of geometrical tolerancing. The symbols of the
last column are superfluous but still frequently used, so they are explained. It is
recommended, and in this book applied, to use profile and circular run-out tol-
erancing for integral features (surfaces) and to use position tolerancing for
derived features (median lines, median surfaces).

Some tolerancings can only be expressed by using profile or position toler-
ancing, e.g. tolerancing of the form of a torus or orientation tolerancing with a
datum system where some datums are still valid for location; see Fig. 3.34.

It is further recommended to use a surface profile tolerance as a general toler-
ance. Then the entire workpiece is completely toleranced. Further necessary addi-
tional or alternative tolerances can be chosen as profile or circular run-out tolerances
for integral features or as position tolerances for derived features; see 6 and Fig. 6.14.

Table 3.11 shows symbols for filtering methods. There is no standardized
default for filtering of toleranced features. The usual filtering is the “closed
ball” filtering (filtering by a tracing sphere) with the nesting index (tip radius)
of 1,5mm (drawing indication: CB 1,5). This corresponds to a measurement
with a dial gauge with 1,5mm tip radius.
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TABLE 3.3 Symbols for datums, ISO 5459

Datum integral feature (surface, section line)

: Datum derived feature (axis, median surface)

A-B Common datum of A and B

A-A Commeon datum of multiple features A

[PT] Situation feature: point

[SL] Situation feature: straight line

[PL] Situation feature: plane

>< No translation (orientation only (rotation))

[-] Datum only for definition of sec., tert. datum 1)
[Rx]. [Ry], [Rz] Locked rotation around x-, y-, z-axis 1)
[Tx], [Ty], [Tz] Locked translation along x-, y-, z-axis 1)

A1,2 .3 Datum defined by three datum targets

Fixed datum target
A Movable datum target
~\5B2/

[CF] Contacting feature
[DV] Dimension (between datums) variable
[DF] Dimension (between datums) fixed

1) ISO/DIS 5459:2017



34 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

TABLE 3.4 Further symbols for geometrical tolerancing

Symbol Description ISO
LE Line elements toleranced 1101
ACS Any cross section (tolerance and datum) 1101
SCS Specific cross section 1101
ALS Any longitudinal section 1101
== Between 1101

— Increasing zone (substituted by =—)

Ccz Combined zones simultaneous gauging 1101
SZ Separate zone, separate gauging 1101
CT Common tolerance 14 405-1
UF United feature 1101
uz Unequally disposed tolerance zone 1101
oz Offset zone 1660
NC Not convex 1101
® Derived feature (axis, median feature) 1101
® Projected tolerance zone 1101
® Flexible feature in free state 10579
LD (Least) minor cylinder of thread, spline or gear | 1101
PD Pitch cylinder of thread, spline or gear 1101
MD Major cylinder of thread, spline or gear 1101
® Envelope requirement 14 405-1
™ Maximum material requirement 2692
© Least material requirement 2692
® Reciprocity requirement 2692
SIM Simultaneous requirement 1101
Altered (non-ISO) default 8015
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TABLE 3.5 Symbols for datum targets, ISO 5459

Datum target point
(contacting feature:
sphere Sa 5)

Datum target area
(contacting feature:
flat area @ 4)

Datum target line
(front view)
(contacting feature:
cylinder @ 5)

Datum target line
(side view)
(contacting feature:
Cyinder @ 5)

TABLE 3.6 Symbols for additional indicators (additional to the tolerance
indicators), ISO 1101

{.. Intersection plane indicator

<]:|:[> Orientation plane indicator

d _J ] Allaround collection plane indicator

<ED Measurement direction indicator



TABLE 3.7 Additional symbols for tolerancing of castings, ISO/TR 8062-2

—@— Parting surface

—G— Parting surface If\:lxc;\.;iable
IL Taper, variable nominal shape
‘ Taper, variable tolerance
@ Moulded condition
@ Intermediate (pre)machined
W)} Final machined

Provided by supplier

TABLE 3.8 Symbols for toleranced parameters (characteristics), ISO 1101

Symbol Parameter (characteristic)
T Peak to valley (total) = default
\% Reference to valley
E Reference to peak
Q Root mean square (RMS)
z P V T Reference
! v/ [z2 (x) dx
W Q = —
N4 . |
- |

TABLE 3.9 Symbols for associated toleranced features, ISO 1101
Toleranced features:

Minimax (Chebyshev) feature "

Gauss feature

Tangent feature?

Maximum inscribed feature

Minimum circumscribed feature

Projected tolerance zone

0RO

Derived feature (axis, median surface)

"lndication of (C) may be omitted, because default
2) Gauss with constraint outside material



TABLE 3.10 Symbols for associated reference features (ISO 1101) and for
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datums (ISO/DIS 5459:2017)

(Ideal) associated feature Filtered feature

Objective function

Symbol Name | Description
C Chebyshev (= Log -norm) | ( +di max + (I-dil max)) minimized
G Gauss (= L2-norm) | | dil2 minimized
K min. volume (= L1-norm)
X max. inscribed
N min. circumscribed
ER:Rea (Lp-NoH T1dilP minimized
p different 1, 2,.c0

Material constraint Example:
Symbol | Description —1 4| 20,1 | A[GM]|
E External (outside) material
| Internal (inside) material
M Without mat, constraint o ) e
+ Shifted tangent outside mat.
= Shifted tangent inside mat.
XX % Material ratio percentage

ISO default: for toleranced features: C, for datums : CE
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TABLE 3.11 Symbols for filterings, ISO 1101

Designt.Symbol Name Standard Nesting index
FALG |G |Gaussian ISO 16 610-61| Cutoff length )
FALS S Spline ISO 16 610-62 | Cutoff length”
FALW |W | SplineWavelet ISO 16 610-69 | Cutoff length )
FAMCB | CB | Closing ball ISO 16 610-81 | Ball radius
FAMCH | CH | Closing horizontal Segment ISO 16 610-81| Segment length
FAMOB | OB | Opening ball ISO 16 610-81| Ball radius
FAMOH | OH | Opening horizontal Segment ISO 16 610-81 | Segment length
FAMAB | AB | Alternating ball ISO 16 610-89 | Ball radius
FAMAH | AH | Alternating horizontal Segment | ISO 16 610-89 | Segment length
FARG |RG |Robust gaussian ISO 16 610-71 | Cutoff length?
FARS |RS |Robust spline ISO 16 610-72 | Cutoff length"
FPLG |G |Gaussian ISO 16 610-21 | Cutoff length )
FPLS |[S |Spline ISO 16 610-22 | Cutoff length”
FPLW |W | Spline wavelet ISO 16 610-29 | Cutoff length”
FPMCD | CD | Closing disk ISO 16 610-41 | Disk radius
FPMCH | CH | Closing horizontal segment ISO 16 610-41 | Segment length
FPMOD | OD | Opening disk ISO 16 610-41 | Disk radius
FPMOH | OH | Opening horizontal segment ISO 16 610-41| Segment length
FPMAD | AD | Alternating disk ISO 16 610-49| Ball radius
FPMAH | AH | Alternating horizontal segment | ISO 16 610-49 | Segment length
FPRG |RG | Robust gaussian ISO 16 610-31 | Cutoff length?
FPRS |RS |Robust spline ISO 16 610-32 | Cutoff length”
F2RC |2RC|2RC ISO 3274 Cutoff length ")

Dfor circumferences: cutoff UPR

F, filter;

A, arial,

P, profile;

P, linear;

M, morphological; R robust

Figure 3.1 shows the filtering effect of the closing ball filter CB1,5 (dial

gauge).

FIG. 3.1

Filtering effect of the closing ball filter (dial gauge)

r=1,5mm

r=15mm \</

Form deviation &
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Figure 3.2 shows the arrangement of tolerance indications, ISO 1101.

Belonging to all tolerances

Belonging to single tolerance
P e e |

L. |
[ K] I>l_ ]

L.

Belonging to all tolerances

Examples:

3x3220+0,1®

4| 03 Als|cll~lcp
4| 02 AlB|lcKl~|B

J—-q} 201MCZ|[A[B><]|SIM1
K- |

[~] 01CcZ JA>< |B|<|//|B|j
FIG. 3.2 Arrangement of tolerance indications
Figure 3.3 shows further possibilities according to ISO 1101 and ISO 5459
for the indication of the derived feature. Decisive for the datum is that the
datum indicator and the diameter indication are located at the same leader line.

This indicator for datum features is only possible for cylinders. It is recom-
mended to prefer the indication, as shown in Table 3.1.

Toleranced axis: Datum axis:
| [001@®] %
A

FIG. 3.3 Tolerance for the derived feature, application for datums not
recommended

Figure 3.4 shows further indications according to ISO 1101, which are not
recommended to use, because they deviate from the general rule to use profile
tolerances for integral features and position tolerances for derived features.
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Exceptions acc. to ISO 1101 (not to recommend):

4 for planes

)

~ for straight and non-straight median lines

220+01

FIG. 3.4 Possibilities for tolerancing planes with position tolerances and
derived linear features (lines) with profile tolerances, not recommended

Figure 3.5 shows the rule for screw threads according to ISO 1101. As
default, the pitch diameter applies.

If not otherwise specified, tolerance and datum
references specified for screw threads apply to the
axis of the thread derived from the pitch cylinder

When they shall apply to other features, e.g. to the
major diameter, this has to be indicated

FIG. 3.5 Screw threads, MD (major diameter) applies

The possible modifiers for threads, gears and splines are shown in
Table 3.12.

TABLE 3.12 Modifiers for threads, gears and splines, ISO 1101

MD Major diameter
PD Pitch diameter

LD Least diameter
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For gears and splines, the specific feature to which the tolerance or the
datum applies must always be indicated. (There is no default.)

Figure 3.6 shows the indication of the length or area of a specified
location.

No restriction L

EE] N ———
<3-
Restricted length or area of specified location

@ [

FIG. 3.6 Indication of the length or area of a specified location, ISO 1101,
ISO 5459

Figure 3.7 shows the indication of a (straightness) tolerance of a restricted
length located anywhere.

le 0,5/50 K1//|A| 50

I <0,5
FIG. 3.7 Tolerance for a restricted length located anywhere, ISO 1101

Figure 3.8 shows the application of the between symbol. It applies to the
surfaces which include the arrow.
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A=>=D
=02 [E[F|G]

B=—=C
al|l01CZ |E
&
B
C
R 15

‘/&T {

FIG. 3.8 Between symbol, ISO 1101

Figure 3.9 shows the application of the symbols all around and all over.
With all over, the tolerance applies to all surfaces (the entire workpiece is
toleranced).

Symbol for all around
(surfaces of indicated closed line)

(not total workpiece,
r not faces) 1_ All over
¢—1 =] 06 [A]B] @1e] 06cCz |

) N

FIG. 3.9 Symbols all around and all over, ISO 1101

Figure 3.10 shows the application of the symbol CZ combined zones.
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2xA
(=] 01 ]
A A
0,1 0,1
:1: |
2xA
= [0,1CZ
A A
0,1

B pu—

FIG. 3.10 Combined zones CZ, ISO 1101

Figure 3.11 shows no longer allowed indications on centre lines. It is
unclear to which feature the indication belongs (when the centre line belongs
to more than one feature).

Wrong Correct

g

o0 —>{A]

FIG. 3.11 No longer allowed indication on centre line, ISO 1101, ISO 5459

Figure 3.12 shows the application of letters for the identification of toler-
anced features. A distinction must be made between toleranced features and
datum features. They have different definitions and have different indication
symbols (arrow and triangle).
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[T _IA]

] ——
‘ . &

Toleranced feature Toleranced feature

Datum

FIG. 3.12 Letters for identification of features, ISO 1101, ISO 5459

Figure 3.13 shows an example for a simplified drawing indication. The
complete symbol is to be explained near the drawing title block.

(2]

[
2 20 ~| s e =
Y

[a]a] =[a]01Uz003&G0,8-8&G[A[T]]

FIG. 3.13 Simplified drawing indication, ISO 1101

Figure 3.14 shows examples of indications on visible and hidden surfaces.

o[ 01 [a]o1]
& 1.+ . e
Visible surface Hidden surface
FIG. 3.14 Indications on visible and hidden surfaces, ISO 1101, ISO 5459

—o
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Equally spaced on a circle needs no angle indicated. The number of fea-
tures is given by the tolerance indication. See Fig. 5.26.

The form of the tolerance zone depends on the reference (ideal) feature or
is established by two parallel planes oriented relative to the datum; see
Fig. 3.15 above.

- - Fe ] t [alB[cK[~[cD

ot

FIG. 3.15 Forms of tolerance zones, ISO 1101

The reference feature is defined by TEDs or, in the case of a straight line or
plane, by the drawing outline.

The tolerance zone can be interpreted as the envelope of spheres of diameter
equal to the tolerance value, the centres of which are located at the reference
feature. See Figs 3.25 and 3.34.

In the case of a straight reference feature and the tolerance without the sym-
bol @ preceding the tolerance value, the tolerance zone is established by two
parallel planes oriented relative to the datum; see Fig. 3.15 centre.

For other forms of tolerance zones, e.g. OZ, UZ for free forms, see 3.2 and 6.1.
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Figure 3.16 shows the tolerance zone plane orientation indicator. In the
past the arrow line indicated the orientation; see Fig. 3.17. According to the new
ISO 1101, the indicator shall always be used.

Figures 3.18 and 3.19 show the section plane indicator. In Fig. 3.18 only
the toleranced features are section lines. In Fig. 3.19, with any cross section
(ACS), the datum features are also section lines.

Figure 3.20 shows the width (measurement direction) of the tolerance
zone. With the exception of roundness tolerances, the width is in the orientation
perpendicular to the tangent on the ideal surface in the measurement point. In
Fig. 3.20 top, the orientation changes along the feature, which requires changes
during the measurement. In Fig. 3.20 bottom the measurement orientation
is fixed.

L LT KEL D

Tolerance zone orientation indicator —*

4| 01 |[A|B|CK|~|B
4| 02 |A|[B|CK|~]|C

Datum C Datum B

FIG. 3.16 Tolerance zone plane orientation indicator, ISO 1101
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Past:
— 402 [A]B[C]
4 01 [A[B]
- ‘
. - -
g A
5] [l
Present
4| 01 |A|B B
4| 0,2 [AlB|CcK]~|C

A

FIG. 3.17 Tolerance zone different in two orientations, past and present,
ISO 1101

~Jo,1]B><K][~[c]
l'--{r-\|c},:-;|a><|<|//| A |

t

FIG. 3.18 Section plane indicator, ISO 1101
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ACS
~Jo1]B>< K[ ~[c] ;=03

ACS

rEee[E==1A]

Datumline B ~~ A Datum line B ~~ C

FIG. 3.19 Section plane indicator together with ACS, datum features are also
section lines, ISO 1101

Width (measuring direction) of the tolerance zone:

tolerance zone of axes or median faces

1 to the axis or median face

tolerance zone of surfaces or surface lines

1 to the (tangent on the) surface

Exception: tolerance zone for roundness L to the axis

- 17_ o

Sl vz AR A

#[01]A]-{<]60°A]

Arrow should be indicated in the direction of measurement
FIG. 3.20 Orientation of the width of the tolerance zone, ISO 1101
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With roundness tolerances (symbol Q) the tolerance zone width is perpen-
dicular to the feature axis. Fig. 3.21 shows a possibility for the width perpen-
dicular to the surface.

~] o010z KL]Al

A

Measurement direction 1 to A Measurement direction L to theoretical cone

FIG. 3.21 Tolerancing of roundness with the tolerance width perpendicular to
the feature axis and perpendicular to the ideal surface, ISO 1101
Figure 3.22 shows a linearly varying tolerance zone.

—1=]o1-02]

0,1 = -—f—- 0.2

FIG. 3.22 Linearly varying tolerance zone, ISO 1101

Figure 3.23 shows the possibilities and the sequence of indications of
toleranced features, ISO 1101.

Tolerance zone Toleranced feature Characteristic
Width, extend |Validation | Filter |Association|Derivation | Association |Parameter
0,2 cZz CB1,5 © @ ® C,CE,Cl | P
0,2/75 sZ G0,8 ® ® ® G,GE,Gl |V
0,2/75x75| UZ X T
0,2/ @75 oz @ N Q
- 0,2-0,1 UF
S T ! W
o [
Tolerance zone + data treatment + combinations i
L.
1—| | : [ 4| 4 }
20 £0,1 Characteristic Condition | State Datums  SIM1
A=B o 2 i) @ ® ACS
ACS ALS
ALS = ©
MD 4 ® = ®
E’g £ 21
A Separation by spaces

FIG. 3.23 Indication and sequence of toleranced features
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The condition symbols @, ©, ® are to be indicated after the tolerance
zone width.

Figure 3.24 shows the possibilities and the sequence of indication of
datums, ISO 5459.

Association
Datum type | Filter |Type |Algorithm [Location* |Location** m

A [CB1,5] | [CF] [G] [E] [DV] } 4
A-B G0,8] [ACS] [C] [ [DF]
A-A [ALS] X1 [M] A MD
IN] [+] A®|PD
| T :
! j i
1 + . I T T Y
Zone and feature section Degrees of freedom Derivation | Material condition
Characteristic PT] >< [Tx] ® ®
P [ [y ®
[SL] [Tz]
[Rx]
*Location relative to material [Ry]
**Location relative to datums [Rz]

Separation by spacings

FIG. 3.24 Indication and sequence of datums

For separating, spaces are to be used. Symbols (letters) in circles, do not
need spacing.

In this book @, ©, ® and ® are located after the tolerance value, because
they modify the tolerance value.

3.2 Definitions of geometrical tolerances
3.2.1 General

See ISO 1101 for geometrical tolerances
ISO 5459 for datums
ISO 5458 for group tolerancing

In order to specify geometrical tolerances, the workpiece is considered to be
composed of features (geometrical elements), such as planes, cylinders, cones,
spheres, tori, etc. (Fig. 1.2).

As a general rule: What is indicated, applies (is to be regarded). When some-
thing shall be disregarded, a disclaimer is to be indicated, e.g. when a TED for
size shall not be regarded, the disclaimer OZ, VA for size variable is to be indi-
cated. However, there is one exception. When between datums of different
order there is a linear TED, this TED is to be disregarded. See Fig. 3.91. (When
it is to be regarded, the claimer [DF] for distance fix shall be indicated).
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According to ASME Y 14.5, this TED is to be regarded (ASME default). When
this TED shall be disregarded, according to ASME Y 14.5 the symbol [> is to be
indicated after the datum letter in the tolerance indicator. The ISO symbol is
[DV]. In order to keep the rule “what is indicated, applies” it is recommended
to always indicate [DV] for distance variable, or [DF].

The ISO defaults, as described in 3.2.3.1.1, apply when there is no modifier
indicated, such as @ for Gauss toleranced feature.

However, the ISO defaults use filtered toleranced features. But the type of
filtering of the toleranced feature is not defined (still open). It can be defined by
a drawing default, indicated in or near the drawing title block. These drawing
defaults can be identified, e.g. by:

“ISO TF: CB 1,5mm”, when the filtering of the toleranced feature for all
specifications is performed by a ball of radius 1.5mm;

“ISO TFF: CB 1,5mm”, when the filtering of the toleranced feature for form
specifications is performed by a ball of radius 1.5mm;

“ISO TFO: CB 1,5mm”, when the filtering of the toleranced feature for ori-
entation specifications is performed by a ball of radius 1.5 mm;

“ISO TFL: CB 1,5mm”, when the filtering of the toleranced feature for loca-
tion specifications is performed by a ball of radius 1.5mm.

Figure 3.1 shows ISO TF: CB 1,5 mm. What the tip of the measuring instrument
touches establishes the filtered feature (roughness is filtered out). This filter cor-
responds to a dial gauge. It is often used when no other filtering is specified.

The types of filters are shown in Table 3.11.

The ISO default of filtering datum features is described in 2.4.

The geometrical tolerances are, in the cases of ISO defaults, tolerance zones
in which all points of the toleranced filtered feature shall be contained. The tol-
erance zones are the envelope of spheres of diameters equal to the tolerance
value, the centres of which are located on the reference feature. In the case
of an integral line, the tolerance zones are the envelope of circles of diameters
equal to the tolerance value, the centres of which are located on the reference
feature. See Figs 3.25 and 3.34.

The reference feature (nominal surface, theoretically exact feature (TEF),
ideal feature) is defined by TEDs or, in cases of a plane or a cylinder, by the
drawing outlines. The orientation and the location of the reference feature
are, in cases of the ISO defaults, defined by the Chebyshev association with
form tolerances (without datums) and by the datums with tolerances of orien-
tation and location.

3.2.2 General types of geometrical tolerances, I1SO defaults

Location tolerance is twice (doubled) the permitted maximum value of the loca-
tion deviation (see 3.2.3.1 and 3.2.3.6). According to ISO 1101, there are defined
location tolerance zones within which all points of the filtered toleranced feature
must be contained. The location tolerance zone is in the geometrically ideal
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orientation and location with respect to the datum(s). The tolerance value defines
the width or diameter of this zone, see Figs. 3.25 and 3.79.

Location tolerances (+ for integral lines, £ for integral surfaces, {19— for
derived features, in combination with datum letter(s) in the tolerance indicator)
limit the deviations of a feature from its geometrically ideal location with
respect to the datum(s). Special symbols for coaxiality (when toleranced feature
and datum feature are cylindrical) and symmetry (when at least one of the fea-
tures concerned is prismatic), where the nominal distance between the axis or
median plane of the toleranced feature and the axis or median plane of the datum
feature is zero (Table 3.2), are no longer needed.

The location tolerance also limits the orientation deviation and the form
deviation of the toleranced feature (integral feature or derived feature), but
not the form deviation of the datum feature(s). Form, orientation and location
of the datum feature, as appropriate, must be specified separately.

Orientation tolerance is the permitted maximum value of the orientation
deviation (see 3.2.3.2 and 3.2.3.7). According to ISO 1101, there are defined
orientation tolerance zones within which all points of the filtered toleranced fea-
ture must be contained. The orientation tolerance zone is in the geometrically
ideal orientation with respect to the datum(s). The tolerance value defines the
width of this zone; see Fig. 3.20.

Orientation tolerances (« for integral lines, & for integral surfaces, 49— for
derived features, in combination with > < after the datum letter in the tolerance
indicator) limit the deviations of a filtered feature from its geometrically ideal
orientation with respect to the datum(s). The special symbols for parallelism,
perpendicularity and angularity (Table 3.2), are no longer needed.

The orientation tolerance also limits the form deviation of the toleranced
feature, but not of the datum feature(s). Form, orientation and location of the
datum feature, as appropriate, must be specified separately.

Form tolerance is the permitted maximum value of the form deviation (see
3.2.3.3,3.2.3.4 and 3.2.3.8). According to ISO 1101, there are defined form tol-
erance zones within which all points of the filtered toleranced feature must be
contained. Within this zone, the feature may have any form, if not otherwise
specified. The tolerance value defines the width or diameter of this zone, see
Figs. 3.45ff, 3.57f and 3.79.

Form tolerances (symbol »~ for integral lines, & for integral surfaces, 4}
for derived features) limit the deviations of a feature from its geometrically
ideal line or surface form. The special symbols for straightness and roundness
(circularity) and for flatness (planarity) and cylindricity (Table 3.2) are no lon-
ger needed.

Run-out tolerances (symbols o and ##') are partly tolerances of form,
orientation and location.

Radial circular tolerances can be substituted by line profile tolerances; see
Fig. 3.65.

Total run-out tolerances can be substituted by surface profile tolerances (&)
and are no longer needed; see Figs 3.65, 3.67 and 3.69.
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Circular run-out tolerances as shown in Figs 3.67 and 3.69 are the only run-
out tolerances that may be used.
Location and orientation of the tolerance zones are defined

— with form tolerances by the Chebyshev criterion
— with location, orientation and run-out tolerances by the datums.

ISO defaults, as described in following paragraphs, are sufficient for the most
functional cases. In very few functional cases are ISO non-defaults necessary.
They are also described, but are separated in order to facilitate reading.

3.2.3 Geometric tolerances

3.2.3.1 Location tolerances of integral surfaces
3.2.3.1.1 ISO defaults

Figures 3.25 and 3.26 show tolerance zones for the location of integral surfaces.

Figure 3.27 also shows the indications for the locations of planar integral
features. The use of the position symbol is allowed according to ISO 1101,
but only for planar features. This is not recommended. The position symbol
should be used only for derived features.

Figure 3.28 shows location tolerances for cylindrical features of variable
size (OZ). The tolerance zone is coaxial to Datum A. The possible diameters
are shown in Fig. 3.29.

=l 01 [a]e]c]
I

(1) Form see CAD 12345

Reference feature
FIG. 3.25 Profile surface tolerance for location of an integral surface
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FIG. 3.26 Profile surface tolerances for the location of integral surfaces

o
=07 [A] @

Y A

(@)= (b)

FIG. 3.27 Location tolerancing of a plane, identical meanings
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ol 0,3 A .
A A
=] 010z [A [=] o010z
[ Y
A
—+4-—-——- = - @ 20 ~——— —4—--—-—- - |220+£0,3
0,3: reference @ fix + 0,3: two-point sizes
0,1 OZ: reference @ variable 0,1 OZ: reference @ variable
(Chebyshev coaxial to A) (Chebyshev coaxial to A)

FIG. 3.28 Profile surface tolerances for location for cylindrical surfaces

o 0,3 A
5 0,10Z |A
B ST s =] ooz Ja]
y A
S S - |l & 20 —_e———— ———— - |@20+£0,3
. 0.1 —_ 0,1
\
A
_———— e ] .- 2203 I R @ 20,4
— 01 - 203 2203 01

FIG. 3.29 Difference between TED @ and variable @

3.2.3.1.2 ISO non-defaults (specials)
In the following, further tolerancing possibilities (with modifiers) are
explained, for special functional cases of location tolerancing and deviating

from the ISO defaults.
According to Table 3.10 tolerancing of associated features.

© tolerance of the associated Chebyshev (minimax) feature
© tolerance of the associated Gauss (least squares) feature

® tolerance of the associated maximum inscribed feature

@® tolerance of the associated minimum circumscribed feature
@ tolerance of the associated tangent feature

Figure 3.30 shows the Chebyshev and Gauss associated toleranced feature.

Figure 3.31 shows the location deviation for the associated tangent feature.
This feature is contacting (from outside material) the filtered feature and is ori-
ented according to Gauss outside material (GE).
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I | W—
Location !l P,_‘—— Filtered surface
deviation EAc-AfA
© 7 / Associated feature
Chebyshev
(toleranced feature)
)
Datum A 1

=] 010 [A]

Y N
'aocﬁtti?" © \ [ | Filtered surface
eviation ="
- ™ Associated feature
Gauss
Y

(toleranced feature)

Datum A — ]
FIG. 3.30 Orientation tolerances of the Chebyshev and Gauss association
features
J_{ al 01® [A]
E =
1—. '@'
Deviation Toleranced feature™ Filtered profile
N /;
JA N2
\AY |
*Gauss
contacting v |:|
from outside material

Datum A

FIG. 3.31 Orientation tolerance with @

Figure 3.32 shows the location deviation for the associated tangent feature.
This feature is contacting (from outside material) the HO filtered feature (con-
vex hull) and is oriented according to Gauss external (GE) to the convex hull.
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l_{a|o,1Ho®|A|
8]
1_. &

Toleranced feature* Filterd profile convex hull

i /|
Deviation S
N O™
*Associated \/
acc. to Gauss \,/ |:|
to convex hull Datum A
contacting y

from ouside material
FIG. 3.32 Orientation tolerance with HO @

The convex hull filter can be described as a rubber sheet spanned over the
feature.

Figure 3.33 shows the location deviation for the associated tangent feature.
This feature is contacting (from outside material) the filtered feature and ori-
ented according to Chebyshev association. A special symbol for this case does
not exist.

14 =01 ® [AI(D)
. @ (T Toleranced feature
= @ A associated acc, to

Chebyshev

Tolerancedc feature™ Filtered profile

h--‘——'"J\
e
—_—

——
R N N
*Associated acc. to

Chebyshev l:l

contacting Datum A
from outside material

Deviation

Y

FIG. 3.33 Orientation tolerance with @ and minimax association
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The possible tolerancings of associated features are shown in Table 3.13.

TABLE 3.13 Possible tolerancings of associated features

Type of feature CRICHOIISIO;
Straight line e | o |

Plane e | o | e

Circle e | o o | o
Sphere o | o o | o
Cylinder o | o o o
Torus e | o e | o
Cone o | o

Wedge ° (o

Plane pair size e | o A

For filtering, see Table 3.11.

3.2.3.2 Orientation tolerances of integral features
3.2.3.2.1 1SO defaults

In addition to the location tolerances, smaller orientation tolerances can be
added.

The tolerance zones are shown in Fig. 3.34.

The reference feature is oriented (not located) relative to the datum(s). When
there is a linear distance between datum and toleranced feature, the datum has
the symbol >< following the datum letter in the tolerance indicator; see
Fig. 3.34.

Figure 3.34 shows examples in which the location relative to the datums B
and C is fixed. The location (not the orientation) relative to datum A is free. The
tolerance zone is parallel to A.

With the symbol e~ it is possible to combine requirements of orientation and
location in the tolerance; see Fig. 3.34 tolerance 0,1.

Figure 3.35 shows orientation tolerances for planar features. In the case
above, the symbol >< is needed to disregard the distance (45). In the cases
centre and below, the symbol >< is not needed, because only orientation
(not location) relative to the datum is possible.



06 [A BfC
0,1 |[A><|B|C

D|D

e
2=

(1) Form see CAD 12345

| | =— 50,6

o 0,1

I
I
FIG. 3.34 Profile surface tolerance for location and additional for orientation;
the orientation tolerance zone is 0,05 apart from the reference feature, but may
vary in height within the 0,6 zone parallel to A; the distances to B and C
are fixed

FIG. 3.35 Orientation tolerances for planar surfaces
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Figure 3.36 shows orientation tolerances for cylindrical features of variable
size (OZ). The tolerance zone is parallel to A (not necessarily coaxial).

o 0,3 A
Al [a] 010z |[As< l—{al 0,10z [A><]

re e —————— —_———— = @ 20 e —_———— - |220+0,3
0,3: reference o fix + 0,3: two-point sizes
0,1 OZ: reference @ variable 0,1 OZ: reference @ variable
(Chebyshev parallel to A) (Chebyshev parallel to A)

FIG. 3.36 Orientation tolerances for cylindrical features

Figure 3.37 shows the difference between profile tolerance and size toler-
ance with additional cylindricity tolerance (0.1 OZ).

Figure 3.38 shows drawing indications with identical meanings.

It is recommended to use the symbol .

al 03 A —
- 0,10Z | A><
E‘ 2| 010Z |A=< =
Y
A
1T N — |le20 o - — |220£0,3
0,1 0,1
'''''''''''''''''' " 20,3 SRR R R © 20,4
A
— 0,1 N 2203 203 0,1

FIG. 3.37 Difference between TED @ and variable @
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[<[o1]a]B]

alo1a><]  —5

@ |

\\_‘/ /_/_
‘\'\/’/

FIG. 3.38 Drawing indications with identical meanings

3.2.3.2.2  ISO non-defaults (specials)

In the following, further tolerancing possibilities (with modifiers) are
explained, for special functional cases of orientation tolerancing and deviating
from the ISO defaults.

According to Table 3.10, tolerancing of associated features

© tolerance of the associated Chebyshev (minimax) feature
© tolerance of the associated Gauss (least squares) feature

® tolerance of the associated maximum inscribed feature

@® tolerance of the associated minimum circumscribed feature
@ tolerance of the associated tangent feature

Figure 3.39 shows the Chebyshev and Gauss associated toleranced features.

Figure 3.40 shows the tolerance zone for the associated tangent feature. This
feature is contacting (from outside material) the filtered feature and is oriented
according to Gauss outside material (GE).
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[2]01©[A><]

L _— Filtered surface
Orientation R T a—
deviation © ¥ / \|J \ / Associated feature

Chebyshev
(toleranced feature)

Datum A

[=2]01@ [A><]

Filtered surface

I‘

Orientation

deviation
@ X Associated feature

Gauss
(toleranced feature)

Datum A

FIG. 3.39 Orientation tolerances of the Chebyshev and Gauss association
features

Fawo,@uﬂ
q &

Deviation Toleranced feature* Profile
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FIG. 3.40 Orientation tolerance with @
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Figure 3.41 shows the tolerance zone for the associated tangent feature. This
feature is contacting (from outside material) the HO filtered feature (convex
hull) and is oriented according to Gauss external (GE) to the convex hull.
The convex hull filter can be described as a rubber sheet spanned over the
feature.

Fa|0,1Ho®|A><|
_. )

Toleranced feature® Profile  Convex hull

Deviat _I_ | / |
eviation

*Gauss
to convex hull

contacting Datum A
from outside material

FIG. 3.41 Orientation tolerance with HO @

Figure 3.42 shows the tolerance zone for the associated tangent feature. This
feature is contacting (from outside material) the filtered feature and oriented

l—(al 01 @ [A><](1)
: @ (™ Toleranced feature
| '@' 1 associated

acc. to Chebyshev

Toleranced feature* Filtered profile
P L
Deviation ’ TR
Pay TN -
*Associated
acc. to Chebyshev
kontacting Datum A

from outside

FIG. 3.42 Orientation tolerance with @ and minimax association
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according to minimax (Chebyshev) criterion. A special symbol for this case
does not exist.

The possible tolerancings of associated features are shown in Tables 3.9
and 3.13.

For filtering, see Table 3.11.

3.2.3.2.3 Angular size tolerances

Angular size tolerances according to ISO 14 405-3 are specified in angular
grades or minutes following the nominal angular size (e.g. 45°+30). Angular
size tolerances define ranges of angles (e.g. 44°30' to 45°30') for the direction of
contacting straight lines in section planes.

The direction of the contacting straight lines are derived from the actual sur-
face. The maximum distance of the actual line from the contacting line is min-
imized, i.e. the contacting line (e.g. leg of the angle measuring instrument,
protractor) contacts the actual surface on the highest point(s) in an average
direction (Fig. 3.43). Therefore the angular size tolerance does not limit the
form deviations of the lines or surfaces constituting the angle. The theoretical
definitions of the angles are given in 4.8.

Local angular size
Contacting straight Iinex 2

min._  °

45° + 2°

min.  Contacting straight line

FIG. 3.43 Angular dimension tolerance, actual angular size

Profile (inclination) tolerances, specified as shown in Fig. 3.44, define
tolerance zones within which all points of the toleranced surface or line must
be contained. Therefore the geometrical tolerance also limits the form devi-
ations of the toleranced feature. This in contrast to angular size tolerances.
See also 4.8, Angular sizes. (As the drawing is to be completely toleranced,
the datum feature is toleranced and therefore also these form deviations are
limited.)
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Parallel planes

(®) 0.1

(a)| =]0,1 |A|—\

45°

N ;

(a)=(b)

Contacting plane

FIG. 3.44 Angularity (inclination) tolerance, tolerance zone

3.2.3.3 Form tolerances of integral surfaces
3.2.3.3.1 ISO defaults

In addition to the location and orientation tolerances, smaller form tolerances
can be added. The tolerance zones are shown in Fig. 3.45.
In the case of a cylinder, there are two different possibilities:

— Figure 3.46, upper diagram, the TED of the cylinder diameter defines the
total tolerance zone limiting the diameter deviations; the unrelated offset
zone from the TED cylinder (zone of variable @ defined by the Chebyshev
association) limits the form deviations (cylindricity).

— Figure 3.46, lower diagram, the + tolerance limits the two-point sizes of the
diameter; the unrelated (offset) zone (zone of variable @ defined by the Che-
byshev association) limits the form deviations (cylindricity).

FIG. 3.45 Form tolerances of surfaces: drawing indications, tolerance zones
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Datum A Reference @ 20

al oz |a
al o010z

T {rm

0,3: reference @ 20 fix coaxial to A
0,1 OZ: reference & variable (Chebyshev (minimax))

4\; ——————— — ‘9201:0,3

Reference ¢ free —

+ 0,3: two-point sizes

0,1 OZ: reference @ variable (Chebyshev (minimax))
FIG. 3.46 Form tolerance of a cylinder, upper diagram with the diameter fix,
lower with the diameter variable, location 0.1 zone defined by Chebyshev

The difference between these two possibilities is shown in Fig. 3.47. The diam-
eters of the maximum material enveloping cylinders are different.

Figure 3.48 shows tolerance indications with identical meanings.

It is recommended to use only the symbol £; see Fig. 3.48.

Figure 3.49 shows the differences between OZ (offset zone) and VA (var-
iable angle) in the case of cones and wedges. With OZ, the TED angle remains

al 03
! E_O,1 (o4
l al o010z
el —n e s ik s | 820+0,3
-———— — e 20
— 20,3
0,1 0,1
| --— "7 T = | 2203 L --— "7 [T =< | 2204
0,1 0,1

FIG. 3.47 Difference between form tolerances with fixed and with variable
diameter
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FIG. 3.49 Difference between OZ and VA in the case of a cone (or wedge)
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for the offset zone (0,1). With VA, the angle is variable within the total tolerance
zone (0,4) and defined by the minimax (Chebyshev) criterion.

Figure 3.50 shows the development regarding OZ for a cylinder (or sphere or
torus) and VA for a cone or wedge.

Until 2017:

When at a feature of size,

linear: circle, sphere, cylinder, torus

angular: cone, wedge

a variable size (with £ tolerance) was indicated,
with profile tolerances, usually

the Chebyshev association (minimax) was applied.
The TED of the CAD model was disregarded

After 2017:

The Chebyshev association applies only when it is indicated:
OZ for linear features of size and VA for angular features of size.
Without OZ or VA the TED of the CAD model applies

30°+0,2°

CAD model: 12345 CAD model: 12346
FIG. 3.50 Development regarding OZ (offset zone) and VA (variable angle)

3.2.3.3.2 ISO non-defaults (specials)
Regarding the association methods C, CI, CE, G, GI, GE, X, N, see Table 3.10;
regarding filtering, see Table 3.11; and regarding toleranced parameters, see
Table 3.8.

Figure 3.51 shows a form tolerance with a Gauss reference feature (instead
of Chebyshev reference feature). This corresponds to the usual form deviation
measured with CMMs in the past.

|2 0056 |

Form tolerance with Gauss reference feature
(formerly, form tolerance usually measured by CMMs)

FIG. 3.51 Form tolerance with Gauss reference feature
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Figure 3.52 shows a form tolerance by a toleranced parameter (characteris-
tic) P (reference to peak) from a filtered cylindrical feature. The reference fea-
ture is Gauss. See Tables 3.8 and 3.11.

= | 0,0550,25-x150- G P
@ 20

Form tolerance parameter (characteristic) P (reference to peak)
with Gauss reference feature G and
spline long wave pass filter cutoff 0,25 in axial direction
and 150 UPR in circumferential direction

FIG. 3.52 Form tolerance P

Figure 3.53 shows a form tolerance using a toleranced parameter (character-
istic) V (reference to valley) from a filtered cylindrical feature. The reference
feature is Chebyshev (ISO default). See Tables 3.8.

(=] 005 v |

Form tolerance parameter (characteristic) V (reference to valley)
with Chebyshev reference feature (ISO default)

FIG. 3.53 Form tolerance V, reference feature C

Figure 3.54 shows the difference of the tolerance zones between Chebyshev
and Gaussian reference feature.

Figure 3.55 shows the reference feature of the smallest envelope.

Figure 3.56 shows the association methods according to Table 3.8. (The
deviations are exaggerated in order to show the differences.)

C, CI, CE designate the Chebyshev association and all three have the same
result.

G, GI, GE designate the Gaussian association and are not shown in Fig. 3.56.

X and N can have the same zones as C (see Fig. 3.56 right upper and centre
lower) or different zones (see Fig. 3.56 centre upper and right lower).
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FIG. 3.54 Difference between Chebyshev and Gaussian reference feature
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FIG. 3.55 Reference feature minimum envelope

FIG. 3.56 Form tolerances, associations C, CI, CE, X, N
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3.2.3.4 Tolerances of integral lines
3.2.3.4.1 Form tolerances of integral lines, ISO defaults
In addition to the location tolerances and the orientation tolerances and the form
tolerances of integral surfaces, form tolerances of integral lines can be added.
The tolerance zones are shown in Fig. 3.57.
It was former practice not to use the section plane indicator, but to define the
section plane as parallel to the plane of projection in which the indication is

shown.

K- L
o | 03
\ ~| 010z K[~[A]
%
7 L
1o
G $50,3
respectively
= I Nl 0,1
Soe 0,3 equidistant to
reference feature
o | 0,3
m

r 0,1 0Z

N N Y e 53 A

8 0,1 respectively. @ 0,2

FIG. 3.57 Form tolerances of integral lines (in section planes)

In the case of a cylinder, there are two different possibilities:

— Figure 3.58 upper, the TED of the cylinder diameter defines the total toler-
ance zone limiting the diameter deviations; the unrelated offset zone from
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Datum A Reference @ 20

>|(D
B

0,3: reference @ 20 fix coaxial to A
0,1 OZ: reference @ variable (Chebyshev (minimax))

l—{ﬁ|0,1oz|<|.J_|A|

l._._ _______ - | 220%0,3
|

+ 0,3: two-point sizes
0,1 OZ: reference @ variable (Chebyshev (minimax))

Reference @ free —

For feature of linear size circle,
when no @ TED exist or does not apply, OZ to be indicated
FIG. 3.58 Form tolerances of integral lines of a cylinder, upper, with the
diameter fixed, lower, with the diameter variable, location zone 0,1 defined
by Chebyshev

the TED circle (zone of variable @ defined by the Chebyshev association
within the section plane) limits the form deviations (roundness).

— Figure 3.58 lower, the + tolerance limits the two-point sizes of the diameter;
the unrelated (offset) zone (zone of variable @ defined by the Chebyshev
association within the section plane) limits the form deviations (roundness).

The difference between the two possibilities is shown in Fig. 3.59. The diam-
eters of the maximum inscribed circles are different.
Figure 3.60 shows the development regarding OZ for profile line tolerances.
Figure 3.61 shows tolerance indications with identical meanings.
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All two-point sizes 19,7 —

FIG. 3.59 Difference between form tolerances with fixed and variable diameter

Until 2017:

When at a feature of size,

linear: circle,

angular: angle,

a variable size (with t tolerance) was indicated,
with profile tolerances, usually

the Chebyshev association (minimax) was applied.
The TED of the CAD model was disregarded

After 2017:

The Chebyshev association applies only when it is indicated:
OZ for linear features of size and VA for angular features of size.
Without OZ or VA the TED of the CAD model applies

. Fp. - Ys2z:01 .
¥

30°+0,2°

CAD model: 12345 CAD model: 12346
FIG. 3.60 Development regarding OZ (offset zone) and VA (variable angle)

It is recommended to use the symbol /~ only; see Fig. 3.38.
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FIG. 3.61 Drawing indications with identical meanings
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3.2.3.4.2 ISO non-defaults (specials)

In the following text, further tolerancing possibilities (with modifiers) are
explained, for special functional cases of tolerancing of the form of lines, which
are not ISO defaults.

Figure 3.62 shows the association methods of the reference features,
defining the orientation and location of the tolerance zone for form tolerances.
The Chebyshev (minimax) association minimizes the maximum distance and is
the default. The modifier C is usually omitted (because it is the ISO default).

The Gaussian (least squares, LS) association minimizes the sum of the
squares of the distances. Figure 3.62 shows the differences between Chebyshev
and Gauss.

The possible association methods are listed in Table 3.8.

Figure 3.63 shows the principles of the association methods according to
Table 3.8. (The deviations are exaggerated, in order to show the differences.)

C, CI, CE refer to the minimum zone (minimax, Chebyshev) reference fea-
tures. Regardless of which is the reference feature (e.g. centre circle, material
external circle, material internal circle), the three zones are identical.
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[~]o1c Kl~]a]

Filtered
surface

Form deviation C
default
(distance minimized)

C in tolerance indicator Associated feature Chebyshev
may be omitted = reference feature

[~ o1 Kl~]Al

Filtered Form deviation G

surface

Associated feature Gauss
= reference feature

FIG. 3.62 Association methods C and G for form tolerances

~Jo1c Ki]s]

Pnlonx K[L]8] ~[01N N

FIG. 3.63 Principles of association methods C, CE, CI, X, N
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G, GI, GE (see Table 3.8) refer to the least-squares (Gaussian) reference fea-
tures (not shown in Fig. 3.63). As the minimized sums of the squares of the devi-
ations are different, these three possibilities lead to different tolerance zones.

X (reference feature = maximum inscribed) and N (reference feature = minimum
circumscribed) can have the same zone as C (see Fig. 3.63 upper right and lower cen-
tre) or different zones (see Fig. 3.63 upper centre and lower right), depending on the
shape of the feature.

Figure 3.64 shows a roundness tolerance, filtered with a long pass Gaussian
filter 50 UPR (shorter waves than 50 UPR are partially or totally filtered out).

~ [ 01650-K|~[A]

FIG. 3.64 Roundness tolerance with long pass filter G50 UPR

3.2.3.4.3 Orientation and location tolerances of integral lines

For these tolerances, symbol /™, the same rules apply as for integral surfaces,
with the addition that the section plane indicator is to be indicated.

3.2.3.5 Run-out tolerances
3.2.3.5.1 Radial run-out tolerances

Circular radial run-out (Fig. 3.65 top). In each plane perpendicular to the
common datum axis A—B, the line profile (circumference) shall be contained
between two circles concentric with the datum axis A—B and with a radial dis-
tance of 0.1.

Total radial run-out tolerance (Fig. 3.65 bottom). The surface shall be
contained between two cylinders, coaxial with the datum axis A-B and with
a radial distance of 0.1.

During checking of the circular radial run-out deviation, the positions of the
dial indicator are independent of each other. However, during checking of the
total radial run-out deviation, the positions of the dial indicator are along a guid-
ing (straight) line parallel to the datum axis A-B (see clause 13.7.2).

Therefore the straightness deviations and the parallelism deviations of the
generator lines of the toleranced cylindrical surface are limited by the total
radial run-out tolerance, but not by the circular radial run-out tolerance
(Figs 3.65 upper and 3.66).
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o1 ]A-B

Identical with [= [ 0,10Z |A-B|

FIG. 3.65 Circular radial run-out tolerance, total radial run-out tolerance

i Circular run-out deviation =0
Total run-out deviation =0,

2

FIG. 3.66 Workpiece with total radial run-out deviation, but without circular
radial run-out deviation

Radial run-out tolerances can be substituted by profile tolerances; see
Fig. 3.65.

3.2.3.5.2 Axial run-out tolerances

Circular axial run-out (Fig. 3.67 upper). In each cylindrical section coaxial to
the datum D the section line shall be contained between two circles 0,1 apart and
perpendicular to the datum D.

Total axial run-out tolerance (Fig. 3.67 lower). The surface shall be
contained between two parallel planes 0.1 apart and perpendicular to the datum
axis D.

During checking of the circular axial run-out deviation, the positions of the
dial indicator are independent of each other. However, during checking of the
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Intersection cylinder

Identical with {1)

{ 1) Profile line tolerance in intersection cylinders
coaxial to A

Identical with

FIG. 3.67 Circular axial run-out tolerance, total axial run-out tolerance:
drawing indications, tolerance zones

Circular run-out deviation =0
Total run-out deviation =0,2

FIG. 3.68 Workpiece with total axial run-out deviation, but without circular
axial run-out deviation

total axial run-out deviation, the positions of the dial indicator are along a guid-
ing (straight) line perpendicular to the datum axis D (see clause 13.7.10.2.2).

Therefore the flatness deviations of the toleranced surface are limited by the
total axial run-out tolerance, but not by the circular axial run-out tolerance
(Figs 3.67 upper and 3.68).
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Axial total run-out tolerances can be substituted by profile tolerances; see
Fig. 3.67.

3.2.3.5.3 Run-out tolerances in any direction

Circular run-out tolerance in any direction (Fig. 3.69 upper). In each conical
section (measuring cone) coaxial with the datum axis A and perpendicular to the
nominal toleranced surface, the section line shall be contained between two cir-
cles 0,1 apart.

L to nominal form

Intersection cone )‘
0,1
\ A

Identical with D

{1 » Profile line tolerance in intersection cones
coaxial to A and each _L to nominal profile

alo10z|AllA] /\‘01

)

P
Diameter free

FIG. 3.69 Circular total run-out tolerance in any direction, profile tolerance

Total run-out tolerance in any direction. There is no definition in ISO
1101. It is recommended to use surface profile tolerancing instead; see
Fig. 3.69 lower.

During checking of the circular run-out deviation in any direction, the posi-
tions of the dial indicator are independent from each other.

Therefore the deviations of the generator line of the toleranced feature are
limited by the profile tolerance, but not by the circular run-out tolerance in any
direction (Figs 3.69 upper and 3.70).
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0,2 f

Circular run-out deviation =0
Profile deviation of the cone = 0,2

FIG. 3.70 Part with profile deviations, but without circular run-out deviations

Run-out tolerances in any direction can be substituted by profile tolerances;
see Fig. 3.69.

3.2.3.6 Location tolerances of derived features
3.2.3.6.1 ISO defaults

The tolerance zones are shown in Figs 3.71 and 3.72.

FIG. 3.71 Cylindrical position tolerances for location of derived features;
TEDs between A and toleranced feature to be disregarded
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— 4| 01[A]B]C] S80,1

|
e

Reference feature

FIG. 3.72 Position tolerances for location, established by parallel planes, for
derived features

The location tolerances of derived features are to be used together with sizes
and size tolerances. They allow smaller size tolerances than profile tolerances;
see 5.4. They can be used with the maximum or least material requirement; see
4.4 and 4.6.

In Figs. 3.71 and 3.72 are the sizes and the size tolerances to be added.

Figure 3.73 shows drawing indications with identical meanings.

It is recommended to use the symbol 4}—

Concentricity (symbol 4} or @) applies to section planes and needs the
indication ACS above the tolerance indicator. The datum is the centre point
in the section plane.

Position tolerances are used together with size tolerances. See, e.g.
Figs 2.15 and 3.73.

3.2.3.6.2 ISO non-defaults (specials)

Regarding the association methods G, GI, GE, X, N, see Table 3.10. Regarding
filtering, see Table 3.11. Regarding the derived features of associated features
©, ®, ®, see Table 3.9.

Figure 3.74 shows tolerancing a cylindrical shaft by a position tolerance @
0.1 for the minimum circumscribed cylinder ® at the defined location. Size and
form of the shaft are toleranced by the profile tolerance 0.2.

Figure 3.75 shows tolerancing of a cylindrical hole by a position tolerance @&
0.1 for the maximum inscribed cylinder ® at the defined location. Size and
form of the hole are toleranced by the profile tolerance 0.2.
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210+ 0,2
()

210+ 0,2

@

() = (b)
10+ 0,2
=lo1[a]l ®

10102

(@)

FIG. 3.73 Drawing indications with identical meanings

[#[e01® [c[A[E—
= oz |
|

|
T 1

Profile tolerance: 0,2 (= tolerance zone 20 + 0,2)
Position tolerance for minimum circumscribed cylinder ® @ 0,1

Y

@23 I

FIG. 3.74 Form and location tolerance, minimum circumscribed cylinder ®
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|4 001 ® [C][A][B}F—
=T oz |

| [

] T !

|
T
8 20

Profile tolerance: 0,2 (= tolerance zone 20 £ 0,2)
Position tolerance for maximum inscribed cylinder @: @ 0,1

FIG. 3.75 Form and location tolerance, maximum inscribed cylinder ®
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N
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3.2.3.7 Orientation tolerances for derived features, ISO defaults

In addition to the location tolerances of derived features, smaller orientation tol-
erances of derived features can be added. The tolerance zones are shown in
Figs 3.76 and 3.77.

4l001]A><|B|

CAD 12345

w—=4|001|A><[B|

3

CAD 12345

{#[001]A><[B><|

CAD 12345 "Rt
FIG. 3.76 Cylindrical position tolerances for orientation
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The reference feature is oriented (not located) relative to the datum(s). When
there is a linear distance between datum and toleranced feature, the datum has
the symbol >< following the datum letter in the tolerance indicator; see
Fig. 3.76.

Figure 3.77 shows the position tolerance for orientation of a median surface.

B A

—J 4 Joos[A[B]C>< | se01+

7
Al L
x

Reference feature
FIG. 3.77 Position tolerance for orientation established by two parallel planes

Figure 3.78 shows drawing indications with identical meanings.

«~J<fe01][A [B]

4|o01][A><[B]

.
|
i
CAD 12345
<~{L]e01]A [B]
~—=1#[o01[A><[B]

a
0=
] i CAD 12345

«~7le01]A [B |

——{#[e01]A><[B><]
—<

__:__7}/_ '''''' |

FIG. 3.78 Drawing indications with identical meanings; the TEDs between A
and the toleranced features are to be disregarded

B

\-
CAD 12345

.\‘/,
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3.2.3.8 Form tolerances of derived features, 1ISO defaults

In addition to the location tolerances and the orientation tolerances of derived
features, smaller form tolerances of derived features can be added. The toler-
ance zones are shown in Fig. 3.79.

Figure 3.80 shows indications of identical meanings.

L4 [ 2005 |

=[S

Se 0,05

FIG. 3.79 Form tolerances of derived features

(a) (a)
[-To005] ) (b)

Y
A

(a) identical (b)

FIG. 3.80 Drawing indications with identical meanings

3.3 Datums
3.3.1 General

A datum feature is a real (non-ideal) integral feature (surface) used for establish-
ing a single datum. A datum (situation feature) is an associated (ideal) feature
(point, straight line, plane) derived from one or more datum features. The asso-
ciation operation fits the ideal feature (situation feature) to the non-ideal filtered
datum feature.
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The history of the definition of the datum was described in 2; see Fig. 2.12.

When the orientation of the situation feature is not stable, the minimum rock
requirement according to ISO 5459:1981 and ISO TR 5460 may be used as a
near approximation. It defines a median orientation. See Fig. 3.81.

Extreme locations  patum

| Tl
Extreme orientations Datum

inspection mandrel of max. @

FIG. 3.81 Minimum rock requirement for the datum

The minimum rock requirement minimizes the maximum angle between the
extreme locations of the possible associated features. See Fig. 3.81. The asso-
ciated features are planes for planar datum features. Plane pairs for plain pair
datum features, cylinders for cylindrical datum features.

The problems with the minimum rock requirement, and how to solve them,
are described in 2.4.

For datum features of variable linear size (+ size tolerance, cylinder, sphere,
parallel opposite planes (plane pairs)), the contacting ideal feature (establishing
the situation feature point, straight line or plane) is the maximum inscribed for
holes and the minimum circumscribed for shafts with or without constraints.
There are no constraints for primary datums; there are orientation and some-
times location constraints for secondary and tertiary datums; see, e.g.
Figs 3.87 and 3.91.

For datum features of fixed linear size (TED for size), the associated ideal
feature is the TED feature with the maximum distance to the filtered feature
minimized (Chebyshev).

For primary datum features of angular size (cone, wedge), the contacting
ideal feature (situation feature) is the TED feature inscribed for inner features,
circumscribed for outer features and the maximum distance to the filtered fea-
ture minimized (Chebyshev).
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There are single datums, common datums and datum systems. See
Fig. 3.82.

Single datum

Common datum B-C

[DE]
D[F-G[H]

Datum system

FIG. 3.82 Datums

Common datums are established by more than one datum feature (mostly
two) and are to be handled as single datums.
Figure 3.83 shows a new (simplified) option for indicating common datums.

Al3x

FIG. 3.83 Simplified indication of common datums

A datum system is an ordered set of datums. The primary datum is not influ-
enced by other datums. When not stable in orientation, the minimum rock
requirement may be applied; see Fig. 3.81. The secondary datum is perpendic-
ular to the primary datum. When not stable in orientation, the minimum rock
requirement may be applied. The tertiary datum is perpendicular to the primary
and to the secondary datum. See Fig. 3.84.
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[#[o02[B]c]D]

e _|.._

o]

Secondary

datum plane C
1 to prim.d.p. B
min. rock requirem

lto prim.d.p.B
; lto sec.d.p.C

FIG. 3.84 Datum system

Tertiary
datum plane D

Primary
datum plane B
min. rock requirem.

In the past there was a possibility of specifying datum systems with unde-
fined order by indicating the datum letters in the tolerance indicator without
separating them, e.g., AB. A can be primary or secondary. This is now explained
in ISO 1101 Annex, Former practice, in order to read old drawings. It shall no
longer be used, because of the differences in the meaning; see Fig. 3.85.

AB

: [a]e]
B4

m4

my # ms

5]

ma

FIG. 3.85 Former practice, undefined order of datums, permissible

possibilities

When the datum applies to the orientation only and there is a linear distance
involved, the symbol > < is to be indicated after the datum letter in the tolerance

indicator.
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Within a Cartesian coordinate system, a part has six degrees of freedom
(DOFs), three translations along the axes Ty, Ty, T,; and three rotations around
these axes Ry, Ry, R,. When these six DOFs are locked, the part keeps the loca-
tion and orientation; see Fig. 3.86.

z

Three angular degrees of freedom

% Three linear degrees of freedom

\___ L
i
i

E Y Six degrees of freedom

FIG. 3.86 Degrees of freedom

Each complete datum system establishes three datum planes perpendicular
to each other; see Figs 3.84 and 3.87. It depends on the order of the datum as to
which datum defines the datum planes. Datums can only lock degrees of free-
dom which are not yet locked by preceding datums; see Figs 3.87 to 3.91.

A complete datum system is established by three datum planes
perpendicular to each other,
locking all six degrees of freedom (DOFs)

Datums can only lock DOFs
that are not yet locked by preceding datums

Datum plane A Datum plane B
L

‘ }!
T~ —

if

— ¢ [o01 [AlB[C] Datum axis A Datum plane C

Datum plane A: Location defined by datum axis A
Crientation defined by datum C

Datum plane B: Location defined by datum B
Orientation defined by datum axis A

Datum plane C Location defined by datum axis A
Orientation defined by datum C

FIG. 3.87 Datum system established by three mutually perpendicular planes
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In Fig. 3.87, the datum A is the straight median line of the minimum circum-
scribed cylinder. Datum plane A contains this median line. Datum plane B is
perpendicular to datum A and to datum C. Datum C is parallel to the median
plane of the smallest plane pair where the median plane contains the axis A.

In Figs 3.88 to 3.90, the datum plane B contains the straight median line of
the minimum circumscribed cylinder perpendicular to the datum plane A. In
Fig. 3.88 the datum plane C is defined by the median plane of the largest plane
pair containing datum B. Datum planes B and C are perpendicular to each other.

In Fig. 3.89 the datum plane C is defined by the median plane of the smallest
median plane pair containing datum B. Datum planes B and C are perpendicular
to each other.

5 LT‘_' D H}lﬂ 02 |A | 5 | = | Datum plane C I?atum plane B
i l
_4A |$ e
_____ _i_. —_ . | &
i y—
i [c]
_ . Datum axis B

Max. contacting feature
related to A, B

FIG. 3.88 Datum system: tertiary datum defines orientation

Datum plane C Datum plane B
[B][A] —spdefo02 [alB]c] !
|
_4 _33,_
!
...... |._._._._-
|
| C
_ Datum axis B

Min. contacting feature
related to A, B

FIG. 3.89 Datum system: tertiary datum defines orientation

In Fig. 3.90, datum plane C is defined by the median plane of the largest
plane pair five apart from datum B. Datum planes B and C are perpendicular
to each other.

When within the datum system there is a linear TED between datums of
different order, this TED is to be disregarded, unless there is a claimer [DF]
indicated. That the TED is to be disregarded can also be indicated by the
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El ol e I’a"lﬂ 0.2 ]A IBIC | Datum plane C - Datum plane B

T
A4l
|
H
|
|

c Datum axis B

Max. contacting feature
related to A, B

FIG. 3.90 Datum system: secondary datum defines location, and tertiary
datum defines orientation

2x @15+ 0,1©® — [ [a[s[cloFl]@
|

C
| [alB|c[pv]|ib)

8]
‘ |
'*J"‘@" e

B

[aATB]c[DF]](a)
AlB[cDVv]| ()

Max. Max.
inscribed cylinder inscribed cylinder

Without medifier [DF] or [DV] . (a) = Default ASME, (b) = Default ISO

FIG. 3.91 Datum system with a linear TED between datums of different
order, variable size

disclaimer [DV] (dimension variable). See Fig. 3.91. In order to follow the gen-
eral rule “What is indicated, applies” (without exceptions), it is recommended to
always indicate whether [DF] or [DV] applies.

Figure 3.92 shows an example with a TED for the size of the tertiary datum
feature. In this case, it comes to the same result in orientation for both [DF] and
[DV], so these modifiers may be omitted. Figure 3.93 shows an example of a
planar datum feature, where a similar situation applies.

Situation features (point, straight line, plane) derived from the datum fea-
tures are explained in 2.2 and 2.4.
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. | _F Tk
LI lalslerovije)
e —

[A[B[C[DF]| (@)
[A[B[c[oV]] (b)

FIG. 3.92 Datum system with a linear TED between datums of different
order, TED for size (diameter fix)
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o 2 o« (L TAlelclole
I [a[B[c[DV|(b)

_*@ ________ n Y

L4 Jy

F Toe] Minimax

|~ 1alB[cloF]] @)
_________ Wl 1alelelovll @)

Associated
cyl. 815

<— Minimax
| [Dv]

FIG. 3.93 Datum system with a linear TED between datums of different
order, planar datum feature
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When the drawing indication for the datum in the tolerance indicator con-
tains the datum letter only, all situation features are applied. When only one sit-
uation feature is to be applied, e.g. the apex of the cone and not the axis, then the
applied situation feature is to be indicated in square brackets, e.g. [PT] for the
apex of the cone; see Fig. 3.94.

A

[
{ ] -

lor [APT]

Datum is the point (PT) of the cone axis
perpendicularity to the cone axis not covered

FIG. 3.94 Selected situation feature point

Drawing indications for selected situation features are:

Point Drawing indication: [PT]
Straight line Drawing indication: [SL]
Plane Drawing indication: [PL]

When a right-handed Cartesian coordinate system X, Y, Z is indicated,
selected degrees of freedom, DOFs, (for translation Ty, Ty, T, and for rotation
R., Ry, R,) can be locked by a datum feature. Notice that the indicated DOFs are
locked, while the others are free. See, e.g. Fig. 6.3 tolerances p, q, 1.

Figure 3.95 shows a datum established by restricted areas.

Form deviations of datum features are not limited by the indication of a
datum. A form or orientation or location tolerance for the datum feature is to be
indicated.

With features of size, there are three types of datums; see Fig. 3.96. Without
modifier, the ideal feature with mating size and with Chebyshev orientation
applies. With & the datum feature is movable within the gauge. With © the
datum feature may move around the cut-out contour.
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21240,
{4 [e01]A-AlB][C]

4x
4x [o30]

Primary datum A - A established by four restricted areas
commonly constrained to minimax (Chebyshev)

FIG. 3.95 Datum from restricted areas (instead of datum targets)
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Mating size (no clearance) Max. mat. size Least mat. size
FIG. 3.96 Types of datums
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3.3.2 Datum targets

Datum systems can be established from integral features and from restricted
areas of integral features; see previous, or from datum targets, see, e.g.,
Fig. 3.97.
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Datum targets are points (contacting spheres), small areas (contacting
planes), or straight lines (contacting cylinders) contacting the part in fixed loca-
tions relative to each other or movable in a specified direction. They define an
ideal support device for the part. The symbols for datum targets are shown in
Table 3.5.

For rigid parts there are two types of datum target systems:

a) The 3-2-1 method. The primary datum has three datum targets, the second-
ary two and the tertiary one. See Fig. 3.97. The part does not rock when it
rests in the supporting device. The supporting device is shown in Fig. 3.98.

b) Method of stable primary datum. The primary datum has the minimum
number of datum targets in order to lock all its degrees of freedom: in
the case of a cylinder, four datum targets. See Fig. 3.102. Six datum targets
are used in total. The part does not rock when it rests in the supporting
device.

When the contacting features define a datum that is different from the datum
feature (e.g. a plane instead a cylinder) the symbol [CF] (meaning contacting
feature) shall be indicated; see Figs. 3.102 and 3.106.

The total number of datum targets for rigid parts is always six, in accordance
with the six degrees of freedom in a coordinate system (three translations along
X, Y, z and three rotations around x, y, z). Each datum target removes one of the
degrees of freedom. See Fig. 3.100.

Figure 3.98 shows the supporting device according to Fig. 3.97.

_'I '@_' 210 20,1
! B1,2 __'l‘ _____ T Heleo®@[a[s[c]

c H | L_

——— .
] Call== —

1 4.-‘—-—-‘-1—-7 ]

(55) 5 1 T ol

ST %

|

- P Al A1,2,3

fo o] 4%
Datum targets (areas) A1, A2; A3 establish  Primary datum A
Datum targets (lines) B1, B2 establish Secondary datum B
Datum target (point) C1 establishes Tertiary datum C

FIG. 3.97 Example of datum targets according to the 3-2-1 method



96 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Datum A

FIG. 3.98 Supporting device according to datum targets of Fig. 3.97

Figure 3.99 shows how the datum planes are located relative to the contact-
ing features.

This on the drawing

S@b5
B C1

L]

Means this

l«——— Datum plane

L]

Datum plane

FIG. 3.99 Datum planes located relative to the contacting features
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Fig. 3.100 shows the 6 degrees of freedom for a workpiece.

Z A

"0 [o.
-0 /

» X

o

Six degrees of freedom - Six datum targets
FIG. 3.100 Datum targets, 3-2-1 method; each datum target locks one DOF

Figure 3.101 shows the rules for locating datum targets, in order for each to
lock a DOF. E.g. three datum target points for a primary datum must not lie on a
straight line. The two secondary datum targets must not lie on a line normal to
the primary datum, etc.

Datum targets:

X PT point (support on a sphere)
‘N

PL small flat surface in a (common) plane

b SEEEES X SL straight line (support on a cylinder)

Datum targets are supports located in such a way that the workpiece
does not rock

E.g.
Prim. datum: 3 PT forming a triangle or
3 PL in a plane forming a triangle or
2 PT + 1 SL apart from each other or
2 PL in a plane + 1 SL apart from each other

Sec. datum: 2 PT - to prim. datum or
2SL L toprim. datum or
1PT + 1 SL L to prim. datum and apart from each other

Tert. datum: 1PT or
1 8L or
1PL

FIG. 3.101 Rules for locating datum targets
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When the 3-2-1 method is used for a cylindrical datum feature, the primary
datum with three datum targets is not yet stable (it becomes stable together with
the two datum targets of the secondary datum feature).

Figure 3.102 shows the datum targets to be used (four) for the cylindrical
primary datum feature, in order to make it stable.

Z \

o

I
Primary datum plane

» X

Six degrees of freedom —# Sixdatum targets

FIG. 3.102 Primary datum targets on a cylindrical feature to make the datum
stable

Figure 3.103 shows the nominal dependency of datum target points or
straight lines and the cylinder centre line.

H1 H2 H3

R2= (81/2)2+ H12

H1=\/(RZ - (81/2)2)

o /2 = arctan S
2 H1
H1 =R cos (0./2)
S1=2Rsin(a/2)
H2 = (R +r)cos (0./2) h=rcos (0 /2)
S2=2(R+r)sin(0/2) s=rsin (0 /2)

H3=(R+r)cos (0./2)-r

FIG. 3.103 Nominal dependency of datum target points or straight lines and
the cylinder centre line.
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When on a cylindrical datum feature three or four spherical datum targets
are used, the datum plane (start of dimensions) may be defined by the centres
or highest or lowest points of the spheres or by the points of nominal contact.

In order to centre the part in the fixture, movable datum targets can be
used. Figure 3.104 shows the symbol for the drawing indication.

Datum target number

Moving direction

Datum target
FIG. 3.104 Symbol for a movable datum target

When three-jaw chucks (movable datum targets) are used to establish a point
or part of the axis, the total number of datum targets may be different from 6
datum targets (Fig. 3.105).
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FIG. 3.105 Datum target system using a three-jaw chuck

Figures 3.106 to 3.108 show the use of movable datum targets with and with-
out [DV].
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Constraint:

set of movable datum targets in theor. exact orientation and
location relative to other datums of the datum system, i.e.

centre C1, C2 on median plane B1, B2
moving direction perpendicular to median plane B1, B2
distance 200 fixed

FIG. 3.106 Movable datum targets, linear TED with [DF]
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Constraint:

set of movable datum target planes in theor. exact orientation
and location relative to other datums of the datum system, i.e.

centre C1, C2 on median plane B1, B2
moving direction perpendicular to median plane B1, B2
(distance 190 variable)

FIG. 3.107 Movable datum target, linear TED with [DV]
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Constraint:

set of movable datum targets in theor. exact orientation
relative to each other, i.e.

centre C1, C2 on median plane B1, B2
moving direction parallel to median plane B1, B2
distance between B and C targets equal but variable

FIG. 3.108 Movable datum target, linear TED with [DV]

3.3.3 Change of the datum system

Sometimes, e.g. for manufacturing reasons, the datum system is changed. In this
case, in order to meet the original tolerances, the tolerances related to the new
datum system are to be decreased.

The inclination or the height offset of the new primary datum relative to the
original primary datum requires a reduction of the new tolerances; see
Fig. 3.109.

A V e P )

J T
inclination or height offset

between datums A and R
require reduction of new tolerances
corresponding to Ta

N

s 1
|

FIG. 3.109 Change of the primary datum, resulting decrease of the tolerances
of the new datum system
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The offset of the secondary datum relative to the original secondary datum
requires an additional reduction of the new tolerance; see Figs 3.110 and 3.111.

Because of the tolerance decrease, changing of the datum system should be
avoided. If this is not possible, the tolerances of the new datum features relative
to the original datums should be as small as possible.
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Wechsel des Bezugssystems
erfordert Verringerung der neuen Toleranzen
entsprechend tb
FIG. 3.110 Change of the secondary datum, resulting decrease of the toler-

ances of the new datum system
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FIG. 3.111 Change of the datum system, resulting decrease of the tolerances
of the new datum system
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3.3.4 Interchanging of toleranced feature and datum

Figure 3.112 shows the same workpiece with different datums. The effect is
quite different. Therefore toleranced feature and datum must not be inter-
changed. A change of the drawing is needed.

- L=

"""""""" =

FIG. 3.112 Effect of interchanging toleranced feature and datum

3.3.5 Inspection appropriate tolerancing

What cannot be measured cannot be manufactured intentionally. Such drawings
are useless and wrong. When the inspection is not possible with sufficient accu-
racy (i.e. when the measuring uncertainty becomes too large), it is not inspec-
tion appropriate. For example, tolerancing in Fig. 3.113 left is not inspection
appropriate, because the datum feature is too short.

Wrong Correct

FIG. 3.113 Tolerancing: inspection appropriate (right) and not inspection
appropriate (left)

If necessary, a further datum is to be indicated (e.g. the flange surface) in
order to stabilize the orientation of the workpiece (Fig. 3.114).

Figure 3.115 shows tolerancing that is not inspection appropriate. The mea-
surement uncertainty of the location of the axis derived from a part of a cylinder
smaller than half of the cylinder is very large (often larger than the tolerance).

Figure 3.116 shows tolerancing that is inspection appropriate. The deviation
of the surface from the theoretically exact form at the specified location can be
measured with a smaller measurement uncertainty.

Figure 3.117 left shows a wrong datum indication. The datum indicator is
allocated to the centre line that stands for several median lines (three median
lines of three cylinders, one median surface of the slot, one median surface
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FIG. 3.114 Short datum and further datum in order to stabilize the orientation
of the workpiece
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FIG. 3.115 Not inspection appropriate tolerancing
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FIG. 3.116 Inspection appropriate tolerancing
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FIG. 3.117 Indication of datums
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of the two holes). Each of them yields different measuring results. Therefore,
the datum indicator shall always be indicated to the particular feature; see
Fig. 3.117 right.

3.4 Flexible parts

According to the “rigid workpiece principle” in ISO 8015, the ISO default is to
consider the workpiece as rigid. When the workpiece is flexible (possibly
takes a different form when assembled), the reference “ISO 10 579-NR”
(NR =non-rigid) shall be placed in the drawing in or near the title block.

The tolerances without the symbol ® apply to the restrained condition of the
workpiece. When the restrained condition is not defined by the datum system, it
is to be defined near the drawing title box. The restrained condition should
correspond to the assembly.

For flexible parts (e.g. for a part of thin sheet metal), more than six datum
targets are possible. All datum targets must contact the (flexible) part, so the
flexible part must be able to deform accordingly. This can be assured by spec-
ifying the maximum force necessary to bring the part to contact or by toleran-
cing the shape of the part in the free state using the symbol ®; see Fig. 3.118.

Figure 3.118 shows an example of tolerancing a flexible part.
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. A1,2,3,4

ISO 10 579 — NR
Restrained condition: A1 to A4 in full contact
FIG. 3.118 Tolerancing of a flexible part
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3.5 Decomposition of measurement results

When a location tolerance (profile surface or position) is exceeded, it is not evi-
dent whether the exceeding is caused by deviations of form or of orientation or
of location; see Fig. 3.119. Furthermore, it is not evident in which direction the
deviation requires adjustment of the machine tool, i.e. in which direction the
manufacturing process is to be adjusted. Therefore decomposition of
the inspection results is necessary (ISO 20 170).

— Tolerance

Total indicator reading

VAN N\ —~ TR
7—\ e/ \—
) P SO, F . WA A L,
I:I From dev. Orientational dev. Locational dev.

@ Feature location point
Datum

FIG. 3.119 Exceeding a location tolerance

Decomposition according to ISO 20 170 yields the required information. It
uses an imaginary geometrically ideal feature (e.g. a plane or a cylinder) asso-
ciated to the real feature (real surface). This associated feature is called a sub-
stitute feature; see Fig. 3.120. Decomposition requires a Cartesian coordinate
system.

The association follows an objective function. The objective function
can be:

© Minimum zone (Chebyshev, minimax)
© Least squares (Gauss)

&® Maximum inscribed

® Minimum circumscribed

Probed point Actual surface

’’’’’’’ Substitute plane

FIG. 3.120 Substitute feature
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These association methods may yield different results, although they use the
same extracted feature (same sensed points). Only the Gaussian association
© always leads to a unique result.

The orientation of the substitute feature is defined by the orientation of vec-
tor V. This is the unit vector (with the value 1) perpendicular to the substitute
plane (situation plane) and parallel to the axis of the substitute cylinder (situa-
tion straight line). The positive direction of the orientation vector is out of mate-
rial in the case of a substitute plane and away from the coordinate system origin
in the case of a substitute cylinder. See Figs 3.121 and 3.122.

The location of the substitute feature is defined by the location vector V.
This is the vector to the point (location point) of the substitute plane (situation
plane) or of the axis of the substitute cylinder (situation straight line) which is
nearest to the coordinate system origin. See Figs 3.121 and 3.122. The location
point may be outside the part.

The orientation vector Vg and the location vector Vi are substituted by their
vector triples (components) in the directions of the coordinate axes.

Vector triples are designated according to ISO 20 170 as:

Orientation vector Vg

7 Orientation vector triple Ry, Ry, R;

Associated feature
e.g. Chebyshev

Tx
Aocation vector V
Location vector triple Ty, Ty, Tz

FIG. 3.121 Orientation and location vectors of a plane

The following further indices designate:

Theoretically exact (nominal)
Actual (real)

Angular (in angular units)
Deviation (real minus nominal)

>~ > -
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QOrientation vector Vg
Orientation vector triple Ry, Ry, R

Associated feature
/ e.g. Chebyshev

Tx

Location vector V| X
Location vector triple Ty, Ty, T;

FIG. 3.122 Orientation and location vectors of a cylinder

According to ISO 20 170, the following symbols are standardized for global
characteristics (global means: expressed by one single value) in length units:

A Actual (real) value of a specified GPS characteristic (global result of
deviation of size, form, orientation or location)

GF  (Global) form characteristic (result of form measurement)

GS  Global size characteristic (result of size measurement)

GO (Global) orientation characteristic corresponding to Ry, Ry, Rz of the
substitute feature (result of orientation measurement)

GL  (Global) location characteristic corresponding to Ty, Ty, Tz of the
substitute feature (result of location measurement)

Figure 3.123 shows the orientation vector projected onto the datum planes.
The orientation vector may be the nominal Vg or the real Vga. The difference
(Vao — Vo) results in the deviation VAq. The same applies to the components
Rx, Ry, Rz. This allows the expression in angular grades.

Figure 3.124 shows an example of a set of GPS characteristics. Figure 3.125
shows the corresponding measurement report.

As for specification No 2 the nominal orientation vector for Rz is 0; Rx and
Rya provide all necessary information for manufacturing control and Rz, is
not needed.

When a datum system is applied for manufacturing, different from the draw-
ing specification, the tolerances have to be decreased by the effect of the
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Y

QOrientation vector Vg

X

FIG. 3.123 Orientation vector components projected into the coordinate
planes

% 10 £0,1 (1)
- ~—{4¢[s01 [A]B[C]| @

FIG. 3.124 Example of a set of GPS specifications

deviations of the manufacturing datum system from the (original) drawing
datum system, This is in order to meet the original tolerances. See 3.3.3.
Figure 3.126 shows a position tolerance for a hole and the procedure for an
automated manufacturing process control.
The nominal matrix shows the nominal values for the location and orienta-
tion vector triples. Dgx means the diameter of the maximum inscribed cylinder.
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Characteristic

GPS specification

No. 1 No. 2 No. 3 No. 4
A
(global result) +0,02; —0,03 0,08 0,022 0,068
U
‘ 0,003
(uncertainty of A)
Gsa 0,05
(size deviation result) ’
Cra 0,03 0,022 0,04
(form result)
Goa 0,022 0,028
(orientation result)
Rxa, Rya, Rza +0,03°; -0,06° 0°| 0° 0% 0° | +0,02° 0°; +0,01°

GLa
(location result)

0,014

Txa, Tya, Tza

+0,01; +0,01; 0°

FIG. 3.125 Measurement report for Fig. 3.124

Identification of the surface: 12345

210 £0,1

Drawing tolerance for hole: [¢| 02 @ |A [ BI C|

1 Normal surface matrix

TXT TYT TZT RXT RYT RZT DGXT
50 60 0 0 0 0 @10

2 Real surface matrix

TXA TYA TZA RXA RYA RZA DGXA
50,01 5999 O +0,06° -0,04° 0° @ 10,05
3 Deviation matrix (2 -1)

TXA TYL‘. T?J RX«_\ RYA RZ& DGXA
+0,01 =001 O +0,06° -0,04° 0° + 20,05
4 Correction matrix (3 with reversed signs)

TXC TYC TZC RXC RYC RZC DGXC
-0,1 +0,01 0 -0,06° +0,04° 0° -1 0,05

FIG. 3.126 Geometrical tolerancing, automated manufacturing process

control

The real surface matrix shows the real (measured) values of the inscribed max-
imum material cylinders related to datum A. The deviation matrix shows the
difference between the real surface matrix and the nominal surface matrix.
Reversing the signs in the deviation matrix results in the correction matrix
for the manufacturing process control.
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It is possible to transform the components (tolerances and deviations) into
the axes of the machine tool, in order to achieve an automated manufacturing
process control.

3.6 Vectorial dimensioning and tolerancing VD&T

It is possible, but not yet introduced into industrial practice, to define the vectors
and their tolerances for each surface, as shown in Fig. 3.126. The list is to be
extended, as appropriate, by form, additional profile or position, ®, @, ©,
®, roughness, waviness. Then an automated manufacturing process control
is possible, as described in Fig. 3.126.

In 3D CAD systems and in coordinate measuring systems (CMSs), these
vectors often already exist.



This page intentionally left blank



Chapter 4

Size Tolerancing

4.1 Linear sizes

Features of linear size are circle, two opposite parallel straight lines, sphere,
cylinder, two opposite parallel planes (plane pair) and torus.
Linear size is the characteristic dimension of a feature of linear size (diameter,
width).
Size is the characteristic dimension of a feature of size (diameter, width).
ISO 14 405-1 defines the following sizes:
Local sizes (varying within the feature of the workpiece, depending on the
location of the size):

Two-point measurements
Ball (cram sphere) size

Global sizes (constant over the feature length):

Max. inscribed size

Min. circumscribed size
Least squares size (Gauss)
Minimax size (Chebyshev)

Calculated size (calculated from):

Circumference o size
Area @ size
Volume o size

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
https://doi.org/10.1016/B978-0-12-824061-8.00018-9
© 2021 Elsevier Ltd. All rights reserved. 113
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For local sizes, the following statistical characteristics (statistical sizes,
rank order sizes) may be toleranced:

Max. size

Min. size

Average size

Median size

D Mid-range size

R) Range of sizes

sQ) Standard deviation of sizes

slelelelelele

Global sizes may be applied to cross sections lying anywhere within the feature;
see Fig. 4.1 for an example. They then become local sizes.

10£0,1(GX) /0

FIG. 4.1 Global size applied to cross sections

Global sizes may be applied to restricted lengths lying anywhere within the
feature: for example, when a washer shall fit to a longer cylinder (see Fig. 4.2).

10 £0,1 /5
FIG. 4.2 Global size applied to a restricted length lying anywhere

Figures 4.3 to 4.5 show examples of linear size.

—210401@WD/0 o 100,1GN —210£0,1@GX/0 o 100,1GX
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Y P L | g
A 7 [ S L
s e . - # / § ‘y W

FIG. 4.3 Linear sizes, global minimum circumscribed, global maximum
inscribed, in cross sections and over the entire length
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—o 10+0,1(G3 /0 ‘—z1010,1
Y

—21020,1 (G /0 1—91010,1

FIG. 4.4 Linear sizes, global Gauss in cross sections and over the entire length

10 £0,1 (TS
rl2510:l:0,1 Fa ’

Ii}i ‘: I j:/
V7

FIG. 4.5 Linear sizes, sphere sizes

Mating size: size of the smallest circumscribed (with outer features) or larg-

est inscribed (with inner features) cylinder or plane pair of the real feature
of size.
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Maximum material size: maximum size (with outer features) or minimum
size (with inner features).

When features are regarded as a united feature, e.g. as one cylinder in
Fig. 4.6, UF is to be indicated.

IS J N
-| 820 UF £ 0,1 G5 %20 UF + 0,1 G8)
NEEZ%2R 1 i

FIG. 4.6 Unified feature (UF)

When a tolerance applies simultaneously to more than one feature, CT
(common tolerance) is to be indicated; see Fig. 4.7.

2x 20 +0,1 (@S  (a) (b)
2x 220 0.1 (%) CT (c)

FIG. 4.7 Common tolerance (CT)

Feature of size: Cylinder or two opposite parallel planes (plane pair).

Figure 4.8 shows the definition of a two-point size for a cylindrical feature.
First a Gaussian element is associated. With cylinders, intersections perpendic-
ular to the Gaussian element are then determined. In each intersection, the
Gaussian circle is associated. The two-point sizes are the distances in these
Gaussian circles which meet the centre points of the Gaussian circles. With
plane pairs, the two-point sizes are the distances perpendicular to the median
plane of the two independent Gaussian associated planes; see Fig. 4.9.

Figure 4.9 shows the definition of a two-point size for a plane pair.
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— Gauss associated cylinder

Actual axis
(extracted derived
feature)

Axis of Gauss associated cylinder

Gauss associated circle

/ (of section line)

Actual local sizes
(extracted sizes)

Section line

Actual axis L -
(extracted derived S T
feature)

Gauss associated cylinder

FIG. 4.8 Two-point size of a cylindrical feature

Actual median surface (centres of actual local sizes)
Independent Gauss associated planes

Actual local sizes (extracted sizes)
(perpendicular to the median plane)

Median plane of the two Gauss associated planes
FIG. 4.9 Two-point sizes of a plane pair

117
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4.2 Equal thickness

Some functions (e.g. of thin discs of multiple-disc clutches) require small limits
on the variation of the actual local sizes (e.g. of thickness) within the same
feature of a single workpiece. The size deviations of different workpieces, how-
ever, may vary over a larger range. The parallelism tolerance is not appropriate
for this purpose, since a workpiece may have a considerable parallelism devi-
ation but almost no variation in its actual local sizes (Fig. 4.10).

— 2£0,1 003 [=]o02]A><]
'
7 7 I 7/ 7

Permissible: 2,06 2,07
\2,05

Y

e ' |

) L 7
— Parallelity dev.: 0,2 Datum
Not permissible: 02 —
|
% A 17 Z

Former practice:

2 +0,1 max. difference of actual local sizes 0,03

FIG. 4.10 Workpiece with considerable parallelism deviation but almost no
variation in its actual local size

4.3 Envelope requirement
4.3.1 Definition, history

The history of the envelope requirement is described in Fig. 4.11.
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ISO 8015:1985 specified:
“Envelope requirement: ... The requirement means that the envelope of perfect
form at maximum material size of the feature shall not be violated.”

Further was specified:

8150 W7 (_S 0, ) ®| ++———————-

“This means:
— each actual local diameter of the shaft shall remain within the size tolerance
of 0,04 and, therefore, may vary between @150 and @149,96
— the entire shaft shall remain within the boundary of the envelope cylinder of
perfect form and of @150.”

1ISO 14405-1:2010 specified:

“3.12 envelope requirement

simultaneous use of the combination of the two-point size (...) as the specification
operator applied for the least material limit of size (...) and either the minimum
circumscribed size (...) or the maximum inscribed size (...) as the specification
operator applied to the maximum material limit of size.”

FIG. 4.11 History of the envelope requirement

Consequently both standards require that
— the limits of size must be respected by two-point sizes
— the feature of size has to fit into an ideal gauge of maximum material size.

The wording is different, but the result is the same.

When more than one feature is to fit simultaneously into the gauge, in the
past CZ was indicated after ®. According to ISO 14 405-1, now CT (common
tolerance) is to be indicated after ®; see Fig. 4.12.

C- 5 ()

2x 220 x01® (a), (b)
2x 220 +0,1® CT (¢)

2x 220 +0,1® CZ (d)

((CZ = former practice))

FIG. 4.12 Envelope requirement, simultaneous requirement

The envelope requirement cannot be applied to features for which a form
tolerance is specified that is larger than the size tolerance. According to ASME
Y14.5, the envelope requirement also does not apply to features for which a
straightness tolerance of the axis (even if smaller than the size tolerance) is
specified.
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4.3.2 Application of the envelope requirement

The envelope requirement is applicable to features of size (cylindrical surfaces
or features established by two parallel opposite planar surfaces, plane pairs).

The envelope requirement may be applied to features of size that are to be
mated with a clearance fit and the location of the feature is of no interest.
(When the location is involved, the maximum material requirement ® is to
be applied.)

Figure 4.13 shows the application of the envelope requirement for a cylin-
drical feature. The size tolerance requires that the actual local sizes be within the
limits of size. In addition, the envelope requirement is specified.

[

0
220 _, ®|+-—-—————A —
Y

Envelope of perfect form (gauge contour) at max. mat. size

@ 20 11 12

19,8 =2 11..14 £ 20

FIG. 4.13 Envelope requirement

When simple measuring devices, like calliper gauges or micrometer screws,
are used to measure actual local sizes (two-point sizes), the cross sections may
have lobed forms and go beyond the circles of maximum material size; see
Fig. 4.14. Then the envelope requirement is violated. Even when size tolerances
and line profile tolerances are indicated, this may happen; see Fig. 4.14. Even
when size tolerances and surface profile tolerances are indicated, the envelope
requirement may be violated; see Fig. 4.15.
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lflf“lo,1 KlL]A]

2 20 [ |
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20

_ ¥

0,2

[

FIG. 4.14 Violation of the envelope requirement even though size and profile
line tolerance are respected

R e - - > 20

220
FIG. 4.15 Violation of the envelope requirement even though size and profile
surface tolerance are respected

When a gap gauge is used, the gap gauge cannot detect lobed forms. The
width of the gage may be shorter than the feature length. Gap gauges cannot
verify the envelope requirement. Therefore in order to verify the envelope
requirement, full form gauging or its simulation, such as by a coordinate mea-
suring machine, must be executed (see 13.7.11).
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Figure 4.16 shows inspection of the envelope requirement using a gap
gauge. The gauge cannot detect whether the feature has a lobed form and vio-
lates the envelope requirement. Furthermore, in many cases the gauge is smaller
than the feature is long. Thus the envelope requirement may be violated, and the
gap gauge cannot verify the envelope requirement.

3
0 ] |
620_0,2
Y
Y ! !
0,2 -.______L__:___;__J’__" 1
Iy
~
i 1 |se20

\‘“‘--..____V ___"‘J 3

| | Acceptance
19,9 19,9 19,9 by gap gauge

FIG. 4.16 Inspection by gap gauge

Figure 4.17 shows an example where the envelope requirement applies over
a length of 10 but throughout the whole cylinder: that is, when a ring of 10 width
is moved along the cylinder. The width of the gauge is 10.

— ©&20+0,02€/ 10

I 1

A\

FIG. 4.17 Envelope requirement over a restricted length lying anywhere

The envelope requirement may also be indicated by a position tolerance
with 0 @ applied. Then it can be related to a datum with or without @. See
Fig. 4.18. This is not possible with ®.
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A
620201@® | -J——— -
Y
A
*) (a) = (b)
220201 | = f}—-—-—-=-— =
1
(B)
A
2620201 | L. _|.
Y
—[%]20® [A@]
20£01 | - —— . —I 2300,1®
Y

FIG. 4.18 Drawing indications for the envelope requirement

® cannot be applied to a related feature; instead, 0 ® is to be used.

The envelope requirement should not be used for threads. Instead, gauging
according to ISO 1502 applies. In addition, position tolerancing with @ for the
axis may be applied; see Table 5.1 and ISO 4759-1:2000 par. 3.2.2.2.

In manufacturing, to respect the envelope requirement, the size tolerance
should be reduced at the maximum material side corresponding to the profile
deviation d that is expected in the manufacturing process, i.e. by 2d.

4.3.3 Tolerancing principle

There are two tolerancing principles. In the first one, the independency principle
applies and the symbol ® is to be used, when the envelope requirement applies.
This is the ISO default. The second tolerancing principle applies when the enve-
lope requirement applies to all features of size without any individual indica-
tion. Then it is “ISO 14 405 ®”, to be indicated in or near the drawing title
box. However, this principle is not recommended, because special effort is
required in manufacturing and inspection, although this is not necessary in most
functional cases.
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4.4 Maximum material requirement
4.4.1 Definitions

The maximum material requirement can only be applied to linear features of
size, such as cylinders and plane pairs.

Actual local size (two-point size): Any individual distance at any cross sec-
tion of a feature, i.e. any size measured between any two opposite points (two-
point measurement) (ISO 286, ISO 2692), ISO 17 450-3. See Figs 4.8 and 4.9.
Each feature of an individual workpiece theoretically has an infinite number of
actual local sizes.

When sizes are measured with simple measuring instruments, see 4.3.2.

In the past, the definition of actual local size was not unambiguously stan-
dardized. The problems were the definitions of “opposite” and of the directions
of the cross sections. The new standard ISO 17 450-3 provides a unique defi-
nition of two-point size (see Fig. 4.8). ISO 14 405-1 defines various other sizes.
The two-point size is the default (i.e. if not otherwise specified).

Maximum material condition (MMC): The state of the considered feature
in which the feature is everywhere at that limit of size where the material of the
feature is at its maximum, e.g. minimum hole diameter and maximum shaft
diameter (ISO 2692). MMC is of perfect form.

Mating size for an external feature: The dimension of the smallest perfect
feature (e.g. cylinder or plane pair) that can be circumscribed about the feature
so that it just contacts the surface at the highest points (Fig. 4.19).

2 150 h7 (- 8.05) Max. mat. size @ 150

Mating size
Max. mat. condition

Max. mat. virt. condition

Actual min. size

Actual max. size

Actual axis

Theoretical axis

Related mating size

Max. mat. virt. size @ 150,0!
(theoretical gauge size)

FIG. 4.19 Maximum material requirement, sizes and conditions

Mating size for an internal feature: The dimension of the largest perfect
feature (e.g. cylinder or plane pair) that can be inscribed within the feature so
that it just contacts the surface at the highest points (ISO 2692).
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Maximum material size (MMS): The dimension defining the maximum
material condition of a feature (Fig. 4.19) (ISO 2692), i.e. the limit of size where
the material is at the maximum, such as maximum limit of size of a shaft or
minimum limit of size of a hole.

Maximum material virtual size (MMYVS): Size generated by the collective
effect (concerning mating) of the maximum material size (MMS) and the geo-
metrical tolerance followed by the symbol @:

for shafts, MMVS =MMS + geometrical tolerance
for holes, MMVS = MMS — geometrical tolerance

The MMVS represents the design dimension of the functional gauge (ISO
2692).

Maximum material virtual condition (MMVC): This comprises the fea-
tures limiting boundary of perfect (geometrical ideal) form and of maximum
material virtual size (MMVS) (Fig. 4.19). When more than one feature or
one or more datum features are applied to the geometrical tolerance, the
MMVC:s (of the toleranced features and the datum features) are in the theoret-
ically exact locations and orientations relative to each other (ISO 2692). They
represent the ideal gauge.

4.4.2 Description of the maximum material requirement

Maximum material requirement (MMR): Requirement, indicated on draw-
ings by the symbol @, placed after the geometrical tolerance of the toleranced
feature or after the datum letter in the tolerance indicator, that specifies the
following:

— when applied to the toleranced feature, the maximum material virtual
condition (MMVC) of the toleranced feature shall not be violated (see
Fig. 4.19). That is, the toleranced feature must fit into an ideal gauge (gauge
contour), the size of the gauge is equal to the maximum material size of the
toleranced feature, + with shafts, — with holes or slots, the geometrical tol-
erance indicated in the tolerance indicator and followed by @.

— when applied to the datum, the related maximum material virtual condition
(MMVC) of the datum feature shall not be violated. That is, the datum fea-
ture must fit into an ideal gauge, where the size of the gauge is:

e cqual to the maximum material size of the datum feature, when there is no
geometrical tolerance with @ at the datum feature; see Fig. 4.20. In this
case, the datum triangle is to be indicated as an extension of the dimension;
see Fig. 4.20.
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e cqual to the maximum material size of the datum feature, + with shafts,
— with holes or slots, the geometrical tolerance indicated in the tolerance
indicator and followed by @, at the datum feature; see Fig. 4.21. In this case,
the datum triangle is to be indicated at the tolerance indicator of the datum
feature; see Fig. 4.21.

However, only those geometrical tolerances with & come into consideration
that are unrelated or related to datums of the considered datum indicator. Geo-
metrical tolerances of the datum feature followed by ® that are related to other
datums do not come into consideration; see Fig. 4.22.

, 91078,1@)
l—l ~ [002K[=]B]

[

4xe7,7£0,1

4le02@cz[A[B®]  Max mat vir. size B:
@ 10 (= max. mat. size)

FIG. 4.20 Maximum material virtual size of datum B; form tolerance
(straightness) to be disregarded for B @

‘ 910—8,1

A
- [8]

4xe7,7+0,1 Max. mat. virt. size B:
[¢|c02®@|A[B@| o1002

(= max. mat. size + form tol.)

FIG. 4.21 Maximum material virtual size of datum B; form tolerance
(straightness) to be regarded for B @
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. H¢[ 001 ®[0®]
@ 4x077£01
I$|QO,Z®CZ|A|B@| Max. mat. virt. size B:
10,02

(= max. mat. size + geom. tol.)

FIG. 4.22 Maximum material virtual size of datum B; perpendicularity toler-
ance to be regarded, symmetry tolerance 0,1 to be disregarded for B @

The gauge contours of the toleranced feature(s) and of the datum feature(s)
are in the theoretically exact position relative to each other.

The maximum material requirement can be explained as a (functional)
gauging requirement. The maximum material virtual conditions at the
toleranced feature and at the datum(s) describe together the (functional) gauge
contour. The workpiece must fit into this gauge. The gauge also represents the
most unfavourable counterpart. When the workpiece fits into the gauge, it also
fits into all counterparts.

With @&, the meaning of the tolerance indicator changes. Without &, the
derived feature(s) are toleranced and the relation(s) to the datum(s) are fixed.
With @, the toleranced feature(s) and the datum feature(s) must fit into a gauge.

4.4.3 Application of the maximum material requirement
4.4.3.1 General

The maximum material requirement can be applied only to those features with
an axis or a median plane (cylindrical features or plane pair features). It cannot
be applied to a planar surface.

The maximum material requirement can be applied when there is a func-
tional relationship between size and form, orientation and/or location, i.e. when
the geometrical deviation may be larger if the size deviation is smaller. This
applies normally to clearance fits. For transition fits and interference fits and
for kinematic linkages (e.g. distances of axes of gears) the maximum material
requirement is normally not appropriate. This is because enlarging the geomet-
rical tolerance (when the size tolerance is not fully used) is detrimental to the
function of the part.

4.4.3.2 Maximum material requirement for the toleranced feature

The maximum material requirement for the toleranced feature allows an
increase in the geometrical tolerance when the feature deviates from its



128 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

maximum material condition (in the direction of the least material condition),
provided that the maximum material virtual condition (gauge contour) is not
violated (Fig. 4.23 ff). That is, the maximum material requirement specifies that
the indicated geometrical tolerance applies when the feature is in its maximum
material condition (largest shaft, smallest hole). When the feature deviates from
the maximum material condition (thinner shaft, larger hole), the geometrical
deviation may be larger without endangering the mating capability.

The maximum material virtual condition represents the theoretically func-
tional gauge at the toleranced feature. The maximum material virtual size rep-
resents the theoretical size of the functional gauge.

The maximum material requirement has two effects. It assures the function
of a clearance fit, and it is an enlargement of the tolerance. See Fig. 4.23, which
shows the application of @. The workpiece must fit into a gauge ¢ 40/9 20.
When the diameters of the workpiece are at the least material sizes
(39,7/19,9), the actual position tolerance increases from 0,1 to 0,4.

-01
240 _ 03

~— 4 [001T®][A®]

Y

A
Y

0
Alo20_g, ®

Max. mat. virt. size (gauge) @ 40

L.
L Min. mat. size @ 39,7

I
- L}- Eccentricity to gauge center 0,15

g: Coax.tol. 22 x(0,15+0,05) =2 0,4 "

Hee Eccentricity to gauge center 0,05
-~ Min. mat.size @ 19,9

———— Gauge centre '=Ztol

-

2 effects: Enabling fit
Enlarging tolerance

FIG. 4.23 Maximum material requirement, maximum possible coaxiality
deviation

Figure 4.24 shows another example of using &. The gauge of ¢ 9,9 — ¢
0,28 =¢ 9,62 at the theoretically exact location must fit into the hole.
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FIG. 4.24 Maximum material requirement at a fixed location

4.4.3.3 Maximum material requirement 0 @

When the functional tolerance is not distributed on size and position, but is pro-
vided for both (size and position) for random distribution, this is to be indicated
on the drawing by 0 @. See Fig. 4.25; the gauge and the area ¢ 10,4 are at the
fixed location. The hole must be in the area. That determines the diameter and
the location of the hole.

Figure 4.25 shows the differences between ¢ 0 @ and ¢ 0,3 . In both cases
the MMYVS (gauge size) is the same (¢ 9,6). However, with ¢ 0 @ the maximum
size of the hole is larger. This may be detrimental for holes for fasteners,
because of the larger pressure under the nut or screw head.

Sometimes on drawings the indication on the right of Fig. 4.26 appears. This
has the same meaning as using the symbol ® according to ISO 14 405-1 and
shown on the left of Fig. 4.26. In both cases the envelope requirement applies,
i.e. the boundary of geometrically ideal form and maximum material size must
not be violated. The symbol ® has been standardized because the drawing indi-
cation is simpler than with 0 @.

610£0,1
4|c03@|A|B]C]|

l——
Max. mating cyl @ 9,6 (fix at ABC)
Max. hole @ = 10,1

210+ 04
#[o0 ®[A[8[c]

T , 10,4

r-—

Max. mating cyl @ 9,6 (fix at ABC)
Max. hole @ =104

FIG. 4.25 Maximum material requirement 0 &
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@ 8 hé

— 286 ®

Y

FIG. 4.26 Envelope requirement

4.4.3.4 Comparison of 0.1 @ and 0 @

Figure 4.27 shows a plug and socket that fit. The same maximum material vir-
tual conditions (gauge contours) apply to both, in cases a) as well as in cases b).
The difference between cases a) and b) is the size tolerance and therefore the
possible clearance between bolt and hole. In case a) the clearance may be 0
(hole @ 4 and bolt @ 4). In case b) the clearance is at least 0,2 but may be utilized
by the straightness deviations of the axes (bent hole and bent bolt) (Fig. 4.27).
In case b), the manufacturer obtains a recommendation for the distribution of
the in-total provided tolerance (0,2) on the size (0,1) and on the distance
(0,1) (see also 4.4.3.6). However, workpieces with diameters <@ 4.1 left and
>@ 3.9 right, which fit into the gauges and also into the counterparts, are
not allowed. In the case of 0 @, these workpieces are allowed. Therefore 0
® reflects the functional requirement and should be used by the designer.
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o4 " 8‘2 @4 _8‘2
@ (a)
: - 0,1
24 :gﬁ 24 g2
(b) (b)
'
1 B B Y

Max. mat. virt. condition (gauge)

1= ___'_'_} N
FIG. 4.27 Comparison of 0,1 @ and 0 @ with the same maximum material
virtual conditions (gauge contours)

4.4.3.5 Maximum material requirement for the datum

The maximum material requirement for the datum permits floating of the datum
axis or datum median plane relative to the toleranced features pattern when the
datum feature deviates from its maximum material condition (in the direction of
the least material condition). A prerequisite is that the datum feature does not
violate its maximum material virtual condition, which is geometrically ideally
positioned in relation to the geometrical ideal position of the toleranced fea-
tures. Within this boundary, the datum feature may take the position where
the requirements at the toleranced features are fulfilled.

The requirement is that the datum feature must fit into the gauge contour
which is in the theoretically exact location. See Figs 5.9 and 5.10.

The deviation of the datum feature from its maximum material virtual size
does not increase the tolerance of the toleranced features relative to each other.
It only permits a displacement of the pattern of tolerance zones (maximum
material virtual conditions of the toleranced features) relative to the actual axis
or actual median surface of the datum feature (Fig. 4.24). However, when only
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two features are related, as in Fig. 4.23, the floating (displacement) has the
effect of enlarging the tolerance of the toleranced feature.

The functional gauge embodies the maximum material virtual condition of
the datum. The maximum material virtual size represents the theoretical size of
the gauge. In other words, the maximum material requirement describes a gauge
contour (at the toleranced feature(s) and at the datum feature(s)), located and
oriented theoretically exactly in relation to each other, in which the actual fea-
tures must be contained (the workpiece must fit into the gauge). See also 4.4.2.

It should be noted that the indication of the maximum material requirement
@ at the datum has a meaning different from ISO 5459. With @ at the datum,
the datum cylinder may float within the maximum material virtual condition
(gauge). Without @, the datum cylinder is fixed. Figure 4.28 shows an example
with fixed datum. Compare with Fig. 4.21, where the datum may float within the
gauge contour.

4x @7,7 £0,1
4[e02@cz[A[B]

FIG. 4.28 Datum fix (without @)

4.4.3.6 Reciprocity requirement together with the maximum
material requirement

Figure 4.29 shows three fits (a), (b) and (c). In all cases the same maximum
material virtual conditions (gauge contours) apply for part and counterpart.
The differences between cases a) and b) are as described in 4.4.3.4. In case
b) the coaxiality tolerance will be enlarged by the size tolerance not utilized,
but not vice versa. The size tolerance cannot be enlarged by the non-utilized
coaxiality tolerance, although the function (clearance fit) would allow this.
To allow this on the drawing, the reciprocity requirement with the symbol
® after the symbol @ after the geometrical tolerance can be applied.
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FIG.4.29 Maximum material requirement (& after the geometrical tolerance
and after the datum letter) and reciprocity requirement ® after @ (after the
geometrical tolerance)

A > 40,1 [AT

220 q @ 20

Reciprocity requirement associated with the maximum material
requirement RR: This requirement, indicated on drawings by the symbol ®
placed after the symbol @ after the geometrical tolerance in the tolerance indi-
cator, specifies that the maximum material virtual condition (MMVC) of the
toleranced feature shall not be violated. Deviations of size, form, orientation
and location may take full advantage of the total tolerance (sum of tolerances).

The reciprocity requirement associated with the maximum material require-
ment has the same effect as 0 @, i.e. the total tolerance may be utilized for devi-
ations of size, form, orientation or location in an arbitrary way. However, in
contrast to 0 @, the drawing indication with the reciprocity requirement ®
gives a recommendation to the manufacturer for the distribution of the total tol-
erance on size and geometrical characteristics. Thus the reciprocity requirement
provides communication between production planning and the workshop. The
design requirement (function related tolerance) is “0 @
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@ ® is a means for communication between the manufacturing planner and
the manufacturer. The designer should use the function related tolerance 0@
(because he does not know who the manufacturer is and how to split the total
tolerance).

However, the 0@drawing may also be used for manufacturing. In this case,
the manufacturer must reduce the size tolerance at the maximum material side
corresponding to the maximum geometrical deviation to be expected on his
machine tool.

4.4.4 Education

The fact that the application of the maximum material requirement appears
rather complicated sometimes leads to the false opinion that such application
is not practicable and therefore to be ignored.

However, in many cases the precise functional requirements can only be
indicated with the aid of the maximum material requirement. Only then do
the largest possible tolerances appear. Therefore this is often unavoidable when
economical production is to be achieved.

A prerequisite for application of the maximum material requirement is
appropriate education and appropriate planning of the manufacturing and
inspection. For education, in most cases it should be sufficient to explain the
maximum material requirement by the following gauging rule:

Where @ occurs, gauging is required or to be simulated. At the toleranced
feature, the gauge size is to be calculated in the following way from the maximum
material size and the geometrical tolerance, which is followed by the symbol @:

for shafts: maximum material size+geometrical tolerance
for holes: maximum material size — geometrical tolerance

At the datum feature the gauge size is to be calculated in the same way when at
the datum feature a geometrical tolerance followed by the symbol @ is indi-
cated (and the datum triangle is connected directly to this tolerance indicator
(Fig. 4.21)).

When there is no geometrical tolerance followed by the symbol @ indicated
at the datum, the gauge size is equal to the maximum material size (Fig. 4.20).

Designers should know that at the datum (of the concerned geometrical tol-
erance) only geometrical tolerances (tolerance indicators) should be connected
with the datum triangle that have no relationship to other features (see Fig. 4.21)
or that are related to datums occurring in the datum system of the concerned
tolerance (Fig. 4.22).

According to ANSI'Y 14.5 M - 1982 and to ASME Y14.5M — 1995 there are
different rules. Connection of the datum triangle to the considered tolerance
indicator is not mandatory. The standard requires an analysis of tolerance con-
trols applied to a datum feature in determining the size of the gauge. Further, the
standard specifies rules for cases when at the datum feature geometrical toler-
ances are indicated that are not followed by the symbol @.
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4.5 Tolerance chains (accumulation of tolerances)

When workpieces are assembled, size deviations accumulate. In order to assess
the resulting clearance or interference, tolerance line-up calculations are per-
formed. Arithmetical tolerance calculations are based on extreme cases (worst
cases) when all sizes are at their favourable or unfavourable limit of size. Sta-
tistical tolerance calculations take into account the form of distribution of the
actual sizes and give the clearance or interference that will not be exceeded with
a certain statistical probability (see 4.7).
The procedure for an arithmetical tolerance line-up calculation is as follows:
1. Define the dimension scheme, showing all dimensions and their tolerances
that form the chain, i.e. all dimensions that contribute to the clearance or
interference.
2. Dimensions whose upper limits lead to an increase in the closing dimension
are drawn in the positive direction, and others in the negative direction.

The arithmetical sum of the maximum limits of size of the positive chain
links and subtracting the sum of the minimum limits of size of the negative
chain links gives the maximum value of the closing dimension (maximum
clearance, minimum interference).

The arithmetical sum of the minimum limits of size of the positive chain
links and subtracting the sum of the maximum limits of size of the negative
chain links gives the minimum value of the closing dimension (minimum
clearance, maximum interference).

L1+ t1/2

s lo+t/2 Ls+ty/2 Lazta/2

| +
L1 . :
—— | Pos.: when enlarging clearance s increases
™ Neg.: when enlarging clearance s decreases
s Lz L3 L4

smax = X pos. members max. — X neg. members min.
smin = X pos. members min. — X neg. members max.

FIG. 4.30 Arithmetical tolerance line-up calculation
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The tolerance line-up calculation according to Fig. 4.30 considers size tol-
erances only. A prerequisite is that the workpiece surfaces respect the geomet-
rical ideal boundaries of maximum material size.

Figure 4.31 shows the effect of geometrical deviations at the gear. The
resulting width must not exceed the maximum limit of size used in the calcu-
lation. Figure 4.32 shows the appropriate tolerancings. Both tolerancings lead to
the same gauge.

< max. mat. size

= Perpendicularity
> max. mat. size } deviation

FIG. 4.31 Effective width of the gear in the assembly

1 E |
4// //]/ 6 50 H7
Ll Josowe I - :
“Hoone | A4 oone ®

Gauge:

' ‘}I

ot e%

' Y W

Max. mat. size = @ 50

- - Max. mat. size = 100

FIG. 4.32 Appropriate tolerancings for the gear



Size tolerancing Chapter [ 4 137

A similar situation applies to the casing. Figure 4.33 shows the effect of geo-
metrical deviations at the casing. The resulting width of the assembly space
must not become smaller than the minimum limit of size used in the calculation.
Figure 4.34 shows the appropriate tolerancings. Both tolerances lead to the
same gauge.

300 +0,05

>299,95
FIG. 4.33 Effective width of the assembly space of the casing

2 x 50 H7 300 H7
—J¢[co@cz [E® | ’—H}I 0®[B®-c® |
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[B]300H7 ®

1 ,Hf,jL,,R,i, ﬂi,,_,Jr,a,,%,
788 73K B

[Ble50H7® @50 H7® [C]

Gauge Max. mat. size = @ 50

p-c=

- »— Max. mat. size = 300

FIG. 4.34 Appropriate tolerancings for the assembly space of the casing



138 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Figure 4.35 shows an assembly where adjacent parts have different diame-
ters. In order to avoid jamming, as shown in Fig. 4.36, the tolerance zone for the
part with the smaller diameter must be enlarged; see Fig. 4.37.

i

S

FIG. 4.35 Assembly of parts with different diameters

-<—— Jam zone

Imax

FIG. 4.36 Possible jam in the assembly
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FIG. 4.37 Appropriate tolerancing with enlarged zone

4.6 Least material requirement
4.6.1 Definitions

The least material requirement can only be applied to linear features of size such
as cylinders and plane pairs.

Least material condition (LMC): The state of the considered feature in
which the feature is everywhere at that limit of size where the material of
the feature is at its minimum, e.g. maximum limit of size of a hole or slot (max-
imum hole diameter or slot width) and minimum limit of size of a shaft or tab
(minimum shaft diameter or minimum tab width) (ISO 2692).

The actual axis of the feature need not to be straight.

Least material size (LMS): The dimension defining the least material con-
dition of a feature of size (ISO 2692), i.e. the limit of size where the material is at
the minimum (e.g. maximum limit of size of a hole or slot and minimum limit of
size of a shaft or tab).

Least material virtual size (LMVS): Size generated by the collective
effect (with regard to what can be cut out of the material) of the least material
size and the geometrical tolerance followed by the symbol ©, i.e.:

for shafts: LMVS =LMS — geometrical tolerance
for holes: LMVS =LMS + geometrical tolerance
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Least material virtual condition (LMVC): The features limiting boundary of
perfect (geometrical ideal) form and of least material virtual size. When more
than one feature, or one or more datum features with ©, are applied to the geo-
metrical tolerance, the LMVCs of the toleranced features and the LM VCs of the
datum features are in theoretically exact locations and orientations relative to
each other (ISO 2692). They represent the ideal cut-out contour.

0 Least mat. size @ 149,95
2 150 h7 (. p,05)

/ Least mat. virt. condition
(cut-out contour)

Actual min. size

e — o —

Actual max. size
Least mat. condition
Actual axis

L

|

\

| [
i '
i v

Theoretical axis

Al

Least mat. virt. size @ 149,9

FIG. 4.38 Least material requirement, sizes and conditions

4.6.2 Description of least material requirement

Least material requirement (LMR): Requirement, indicated on drawings by
the symbol © placed after the geometrical tolerance of the toleranced feature or
after the datum letter in the tolerance indicator, that specifies the following:

— when applied to the toleranced feature, the least material virtual condition
(LMVC) of the toleranced feature shall not be violated (see Fig. 4.38). That
is, the toleranced feature must be fully contained within the cut-out contour
(LMVO): the size of the cut-out contour is equal to the least material size of
the toleranced feature, — with shafts or tabs, + with holes or slots, the geo-
metrical tolerance, indicated in the tolerance indicator and followed by ©.

— when applied to the datum, the related least material virtual condition
(LMVC) of the datum feature shall not be violated. That is, the datum fea-
ture material must fully contain the cut-out contour. The size of the cut-
contour is:

e cqual to the least material size of the datum feature when there is no geo-
metrical tolerance with © at the datum feature; see Fig. 4.39. In this case,
the datum triangle is to be indicated as an extension of the dimension; see
Fig. 4.39.
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e cqual to the least material size of the datum feature, — with shafts or tabs, +
with holes or slots, the geometrical tolerance indicated in the tolerance indi-
cator and followed by ©, at the datum feature; see Fig. 4.40. In this case, the
datum triangle is to be indicated at the tolerance indicator of the datum fea-
ture; see Fig. 4.40.

— However, only those geometrical tolerances with © that are unrelated or
related to datums of the considered datum indicator come into consider-
ation. Geometrical tolerances of the datum feature followed by © that
are related to other datums do not come into consideration; see Fig. 4.41.

The least material requirement (LMR) © has the effect that the least material
virtual condition is entirely contained in the material of the feature and, for
example, can be cut out. The mutual dependence of size and form and location
and orientation is thereby taken into consideration.

With ©, the meaning of the tolerance indicator changes. Without ©, the
derived feature(s) are toleranced and the relation(s) to the datum(s) are fixed.
With ©, the toleranced feature(s) and the datum feature(s) must have the
cut-out contour fully within the material. A typical application is a casting when
the final machined part shall be achievable.

4xe 7,701 Max. mat. virt. size B:
[4]0020[A[BO| 29,9

(= least mat. size)

FIG. 4.39 Least material requirement, least material virtual condition (cut-
out contour) at datum B, form tolerance to be disregarded for B

. a10-0

I I

4x07740,/ Least mat. virt. size B:
[¢[2020[A[BO| o988
(=least mat. size - form tol.)

FIG. 4.40 Least material requirement, least material virtual condition (cut-
out contour) at datum B, form tolerance to be regarded for B
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4] 001 ©[DO]

i
D 4xp7,7+0,1

{4 [002®Ccz|A[B®)] Least mat.virt. size B:
9,88
(= least mat. size - geom. tol.)

FIG. 4.41 Least material requirement, least material virtual condition (cut-
out contour) at datum B, B with &, datum D to be disregarded, because not
involved in tolerance of holes

4.6.3 Application of least material requirement

4.6.3.1 General

The least material requirement can be applied only to features of size such as
cylindrical features or plane pairs. It cannot be applied to a planar surface.
The least material requirement may be applied where a minimum material
thickness must be respected and this minimum thickness depends on the mutual
effect of deviations of size and form, location or orientation (cut-out contour).

4.6.3.2 Least material requirement for the toleranced feature

The least material requirement for the toleranced feature allows an increase in
the geometrical tolerance when the feature deviates from its least material con-
dition (in the direction of the maximum material condition), provided that the
least material virtual condition (cut-out contour) is entirely within the material;
see Fig. 4.42. That is, the least material requirement specifies that the indicated
geometrical tolerance applies when the feature is in its least material condition
(smallest shaft, largest hole) and of geometrical ideal form. When the feature
deviates from the least material condition (larger shaft, smaller hole) the geo-
metrical deviation may be larger without violating the least material virtual con-
dition (LMVC) (cut-out contour).

Figure 4.42 shows an example in which a minimum ridge thickness is to be
contained in the material, e.g. of a casting that is to be machined, and Fig. 4.43
shows a permissible workpiece. The least material virtual condition has the size
of 50 (least material size minus position tolerance), is perpendicular to the
datum A and 60 apart from the datum B. The more the ridge thickness deviates
from the least material size, the more the actual median surface may deviate
from the theoretical exact location. In the example, the smallest actual local size
is 53. In this case, the position deviation of the actual median surface can be 1,5,
which corresponds to a position tolerance of 3.
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53+ 2 LMVS (cut-out contour) 50

—1¢] 1O [Als]

Max. size 55 -

1

FIG. 4.42 Least material requirement

532 50 LMVS (cut-out contour)
_l '$'| 10O |A | B l 55 -
53 -~

L T

FIG. 4.43 Least material requirement, permissible workpiece

Figure 4.44 shows an example where the geometrical ideal form of least
material size shall be contained in the material (must be possible to cut out).
Here the least material virtual condition has least material size.

@20 +0,1

L

FIG. 4.44 Straightness tolerance of the axis with least material requirement
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Without this indication (without position tolerance with ©), the feature may
be bent or may be of a lobed form in the cross sections. The maximum (geo-
metrical ideal) cylinder contained in the material (possible to cut out) may have
a diameter smaller than the least material size.

4.6.3.3 Least material requirement for the datum

The least material requirement for the datum permits floating of the datum axis
or datum median plane relative to the toleranced feature(s) when the datum fea-
ture deviates from its least material condition (in the direction of the maximum
material condition). A prerequisite is that the surface of the datum feature does
not violate the least material virtual condition (which is geometrically ideally
positioned in relation to the geometrical ideal position of the toleranced fea-
tures). Around this boundary, the datum feature may take, if possible, the posi-
tion where the requirements of the toleranced features are fulfilled.

It should be noted that the indication of the least material requirement © at
the datum has a meaning different from ISO 5459. Furthermore, with A ©, the
datum cylinder A of least material (virtual) size must be contained in the mate-
rial (and is not allowed to lie outside of the material, as applicable to the max-
imum material virtual condition of A & or A without a modifier).

Figure 4.45 shows on the left an example where a geometrical ideal pipe
with a minimum wall thickness of 5 shall be contained in the material (must
be possible to be cut out). On the right are shown the coaxial least material vir-
tual cylinders (¢ 40 and ¢ 50) that must not be violated by the surfaces. In the
centre, both surfaces (features) have least material size and therefore are coax-
ial. On the right are shown the extreme permissible coaxiality deviations with
maximum material sizes.

2 50 o 50
(LMVS) (LMVS)

A

a 40 2 40 1
(LMVS) (LMVS)

5 min. Wall thickness 5 @ 39

FIG. 4.45 Coaxiality tolerance with least material requirement in order to
secure the minimum wall thickness
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4.6.4 Reciprocity requirement together with the least material
requirement

Figure 4.46 shows three rings. In all cases, the same least material virtual con-
ditions (boundaries to be entirely contained within the material) apply. In the
case on the left, the whole tolerance is indicated at the size. The tolerance
may be utilized by size deviations and by coaxiality deviations in an arbitrary
way. In the case in the centre, the tolerance is distributed on size and coaxiality.
The coaxiality tolerance will be enlarged by the size tolerance not utilized, but
not vice versa. The size tolerance cannot be enlarged by the non-utilized coaxi-
ality tolerance. In the case on the right, the size tolerance can also be enlarged by
the non-utilized coaxiality tolerance.

4|60 [AD| He[e050A0D| H4[205 O R®|AD]

Boundaries of perfect form

- to be entirely contained
within the material
(cut-out contour)

@ 30

FIG. 4.46 Least material requirement (© after geometrical tolerance and after
datum letter) and reciprocity requirement (® after © after geometrical tolerance)

Reciprocity requirement (RR) associated with the least material
requirement: This requirement, indicated on drawings by the symbol ® placed
after the symbol © after the geometrical tolerance in the tolerance indicator,
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specifies that the least material virtual condition (LMVC) of the toleranced fea-
ture shall not be violated. Deviations of size, form, orientation and location may
take full advantage of the total tolerance (sum of tolerances).

The reciprocity requirement has the same effect as 0 ©, i.e. the total toler-
ance may be utilized for deviations of size, form, orientation or location in an
arbitrary way. However, in contrast to 0 ©, the drawing indication with the
reciprocity requirement ® gives a recommendation to the manufacturer for
the distribution of the total tolerance on size and geometrical characteristics.
Thus the reciprocity requirement provides a communication between produc-
tion planning and the workshop (manufacturing-related tolerance). The design
requirement (functional-related tolerance) is 0 ©. There may be several
manufacturing-related tolerances (with ®) derived from the same functional-
related tolerance, according to the needs of different workshops.

However, the 0 © drawing may also be used for manufacturing. In this case,
the manufacturer must reduce the size tolerance at the minimum material side
by the maximum geometrical deviation to be expected on his machine tool: in
the case of a cylinder, two times the cylindrical deviation.

4.7 Statistical tolerancing

With the arithmetical tolerance line-up calculation (worst-case tolerancing),
the tolerances of the links of the dimension chain (e.g. chain of single parts
of an assembly) are defined in such a way that the assembly still functions when
all links of the chain have actual sizes equal to their limits of size; see Fig. 4.47
and 4.5.

FIG. 4.47 Assembly with required clearance s (functional closing
tolerance T)
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However, in practice the actual sizes are subject to variations, and are there-
fore statistically distributed (e.g. according to a normal distribution) (Figs 4.48
and 4.49). With this supposition, it is most unlikely that an assembly contains
only parts with actual sizes equal to the limits of size (Fig. 4.50).

Process scatter

Total
/distribution
Distribution after _
correction X-3s -
Distribution L3
within short
time period

Frequency

Size tolerance

FIG. 4.48 Distribution of actual sizes during a manufacturing process

30 —f= |- »—-3c

FIG. 4.49 Distribution of actual sizes (size deviations) of a part
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FIG. 4.50 Distribution of the clearance

In contrast to the arithmetical tolerance line-up calculation, in the statistical
tolerance line-up calculation it is assumed that this extreme case will not occur.
The single tolerances are chosen larger than in arithmetical tolerancing.

The variability A of the clearance or interference, i.e. functional closing
tolerance T of the assembly, derives from n single tolerances with arithmetical
tolerancing according to

As=T=Ta=T1+Tor+--+T,
with statistical tolerancing according to
As=T=Ts= \/(TS1Z+T522+ +Tsn2)
With the assembly of Fig. 4.47 (with a chain of four parts), the single
tolerance is

T = AyJ4= 0,25 A with arithmetical tolerancing
T = A/ \/ 4=0,5 A, with statistical tolerancing.
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Single dimension Closing dimension

Convolution (clearance)
of 4
distributions
sizes
0,135 % (sizes) 0,135 %
™ — - p7.
3osi 3osi 30 3
(o}
Tsi=05As As

FIG. 4.51 Probability of exceeding the statistical closing tolerance of a chain
of four parts. Probability of exceeding Ty = Ag: 0,135%, i.e. 1,35 of 1000
assemblies

Figure 4.51 shows the distribution of the closing dimension derived from the
distributions of the single dimensions. The probability of exceeding the closing
tolerance is 0,135%, i.e. 1,35 of 1000 assemblies may jam and at least one part
must be changed for another one.

Here itis assumed that the actual sizes are normally distributed, their standard
deviation is one-sixth of the statistical single tolerance, the distribution is centred
in the tolerance and the (dimensions of the) parts are independent of each other.

Deviations from these assumptions can be covered by a coverage factor c, so that

To = VT2

Depending on the manufacturing method (form of distribution) and accord-
ing to the experiences of the manufacturer, the coverage factor c ranges prac-
tically between 1,3 and 1,7.

In Ref. [1] coverage factors c are indicated, depending on the form of dis-
tribution of the single sizes (equal, trapeze, triangular, normal). Figure 4.52
shows coverage factors ¢ often used in industrial practice (the practically worst
case ¢=1,73 occurs very seldom).
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Distribution t tolerance ¢ coverage factor

c=1,73

c=1
!
|
C————» C mean dimension
c=15

C=t/4
FIG. 4.52 Coverage factors ¢ according to the distribution form

According to the central limit theorem of mathematical statistics, in any
case, independent of the kind of distribution of the single sizes, the closing
dimensions are approximately normally distributed if more than four members
contribute to the closing dimension.

In order to stipulate and to verify the assumptions of statistical tolerancing,
properly defined terms are needed. An international standard on this subject
does not yet exist. The former planned German Standard DIN 7186 defines
terms as follows:

Mean size C: arithmetical mean of the limits of size.

Dimension chain: geometrical representation of several cooperating

dimensions that are independent of each other (Figs 4.47 and 4.53).

13 - > 4

| <
As' Is
L Closing dimension (clearance + ; interference — )

FIG. 4.53 Dimension chains
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Single dimension: dimension acting as a link in a dimension chain.
Closing dimension: result of arithmetic addition of an independent single
dimension within a dimension chain.

Single tolerance T;: tolerance of a single dimension.

Statistical tolerance Tj;: single tolerance with specifications regarding the
distribution of the actual sizes within the tolerance zone.

Arithmetical closing tolerance T,: sum of the single tolerances within a
dimension chain.

Statistical closing tolerance Tj: closing tolerance, smaller than T,, speci-
fied according to the actual size distribution.

Side zones and central zone: for the specification of statistical tolerances,
the tolerance zone is divided into zones. In general, three zones predomi-
nantly symmetrical with respect to the mean size C are sufficient (Fig. 4.54).

The lower side zone B is the zone adjacent to the minimum limit of size.
The upper side zone B, is the zone adjacent to the maximum limit of size.
The central zone By, is the zone between the upper and the lower side zone.

Mean dimension C 4>|

Central zone

» Side zone _ /4:/ A Side zone |
LS A AT S Central o
content
P
‘ B
B Tolerance o

FIG. 4.54 Statistical tolerancing, tolerance zones

Central content P: percentage of actual sizes (more precise: mating sizes or
related mating sizes) of a manufacturing lot within the central zone; see
Fig. 4.54.

Side content P, and P,: percentage of actual sizes (more precise: mating
sizes or related mating sizes) of a manufacturing lot within the side zone
(Figs. 4.54 and 4.56).

If not otherwise specified, according to DIN 7186 the contents P, and P, must
not be more than (100% — P%)/2 each. (From this it follows that, with an asym-
metrical distribution of the actual sizes where there is no lower side zone, the
content that would go into this zone actually goes into the central zone
(Fig. 4.56).)

For machining processes (chip removal), the following specifications are
predominant:
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— central zone (width) and side zones (widths) each 1/3 of the tolerance Tg;
— central content at least 50%, side contents not more than 25% each.

Figure 4.55 shows the drawing indication according to DIN 7186.

Mean dimension C
(Total) tolerance

Central zone

|— (Min.) central content P
115,8 £ 0,09 + 0,03 P 50 %

(Total) tolerance = max. dim. — min. dim.
(Min.) central content P = min. percentage of actual dim.
within central zone
(e.g. min. 50% within + 0,03,
max. 25% within each side zone)
FIG. 4.55 Statistical tolerancing, drawing indication and interpretation
according to DIN 7186

Deviations of form, orientation and run-out are not symmetrically distrib-
uted. Then the following specifications are predominant: coverage factor
c=1,5; central zone equal to half the tolerance wide and adjacent to zero
located; central content at least 75%. (The left side zone is contained within
the central zone). Fig. 4.56 shows the two predominant possibilities of central
zones.

Dimensional and locational tolerances: From, orientation, run-out tolerances:
Mean dim.C—
|
> T
P 50% min. P 75% min.
|
Central zone Central zone
(Total) tolerance t _ (Total) tolerance t
Central zone = 1/3 tolerance t c=13 Central zone = 1/2 tolerancet c¢c=1,5

FIG. 4.56 Central zones for statistical tolerancing

An international standard on drawing indications for statistical tolerances
has not, thus far, been published. The planned standard will probably adopt
the symbol “{ ST »” of the American standard ASME Y 14.5 followed by boxed
specifications regarding the distribution of the specified property (e.g. size).
Figure 4.57 shows some possibilities. The upper three examples specify central
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zones and central contents. The other examples specify process capability
parameters Cp, Cpk, Cc, Cpu, Cpm which have to be defined in referenced spec-
ifications and which determine limits of the distribution of the specified

property.
Central tolerance zone content
500,03 ® ST » [£ 0,01 P 50 %]
[#]e03TAlBlc] <{ST>[00,1P50%]|
[T 02 JA]<{sT>[0.1P75%]

Process capability indixes

50+ 003@ STy |cp=15] cpk=1,0]cc=<05]

[#] 001 Ja><]<ST>[ Cpuz10]Cc=03]

[#T0o1 TA><]<ET>[cpm=1.0]

[#To001 JA] ST cp=15 [ce=<03]

FIG. 4.57 Drawing indications for statistical tolerances

Figure 4.58 shows an example of an assembly. With arithmetical toleran-
cing, the tolerance for the dimensions 11 ... 17 is 0,05 (& 0,025). With statistical
tolerancing, the tolerance is 0,1 (£ 0,05). Figure 4.59 shows tolerancing of the
parts of the assembly. The symbol @ indicates related mating sizes for the
dimensions 11 ... 17, which must be explained on the drawing because this
symbol is not yet standardized.

Arithmetical (worst case) tolerancing:
S I2 I3, la_ Is_ s 17
tai=As /n =0,35/7 =0,05
1
30 + 0,025

e e e {0 ®[E®
§ Statistical tolerancing:

tsi=As/cVyn =0,35/13V7=0,1
n=7 30 £0,05
smn=0,1 smax=045 As=035 -1 0®[B®| (ST [+ 0017 ®P 50 %]

FIG. 4.58 Example of an assembly arithmetically toleranced and statistically
toleranced under the condition of the same limits for the clearance (comparison)




154 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Measuring ——

|_§_| device
1 =)
+-—+ [235+01® max. mat| |- H——{. |
size \ _ i/
(o 35)
30 + 0,025
+[0@[B0] | e
(Worst case tolerancing) ® (e.g. 29,98)
30+ 0,05

~{4]0®@[B®](ST)[:0,017®O P50 %]

(Statistical tolerancing)

@® Actual related mating size:
minimum distance between the two contacting
planes
which are perpendicular to the cylinder of max.
mat. virt. size of the datum

FIG. 4.59 Arithmetical and statistical tolerancing of a component of the
assembly

Statistical tolerancing allows specifications of larger single tolerances than
arithmetical tolerancing without detriment to the function of the workpiece. In
many cases, this results in a gain in manufacturing economy. Because of the
current trend to greater miniaturization and to more precise products, statistical
tolerancing has become more important. Sometimes the smaller arithmetical
tolerances are not even achievable. However, for manufacturing, the following
prerequisites should exist:

— the actual sizes of a single dimension are approximately normally distrib-
uted or
— deviations from the normal distribution are taken care of by the coverage

factor c;

— the mean values of the symmetrical distributions coincide approximately
with the mean size;

— the ratios of single tolerance Tsi and standard deviation ¢ are of the same
approximate order of magnitude, e.g. Tg/c =6;

— there is no mutual dependence between the dimensions within the dimen-
sion chain.

Statistical tolerancing is more advantageous:

— the larger the number of members in the dimension chain,

— the larger the manufacturing lot,

— the better manufacturing and inspection can satisfy the prerequisites for sta-
tistical tolerancing (form and location of the distribution; see previous).
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Sizes produced by punching usually have very small variability within a deliv-
ery lot, i.e. the distribution is very small. For example, regarding the size of
punched holes, when the tool is new the distribution starts near the least material
size of the hole. Due to the wear of the tool over the years, the distribution drifts
towards the maximum material size of the hole. As for a delivery lot, normally it
is not known where within the tolerance the distribution is located, so the whole
tolerance must be taken into account for the statistical line-up calculation
(Fig. 4.60).

Resulting clearance, interference As=XT, + VX T2

T, Tolerance of dimension produced by chip removal
T, Tolerance of dimension produced by punching

Distribution
within a lot

T

FIG. 4.60 Statistical tolerancing with chain links produced by punching

There are computer programs available for two- or three-dimensional statis-
tical tolerance line-up calculations. These programs use methods of assembly
simulation (Monte Carlo method) or convolution of distributions. These pro-
grams facilitate statistical tolerancing considerably.

In mass production, statistical tolerancing allows more realistic tolerance
calculations, leading to larger tolerances with lower production costs without
loss of product quality.

4.8 Population specifications

In mass production there is the possibility to tolerance population (delivery lots)
characteristics according to ISO 18391, e.g.: mean , standard deviation . The
tolerances are preceded by the symbol {ST >, e.g.:

@10 + 0,1 {ST> p 10/ —0,002; 0,005

or

@10 £ 0,1 (sT1)

{sT 1) = p 10/ —0,002; 0,005

Population tolerances may be used for size tolerances as well as for geomet-
rical tolerances.

For more information see ISO 18391.
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4.9 Angular sizes

ISO 14 405-3 defines the following sizes:
Local angular sizes (varying within the feature of the workpiece, depending
on the location along or around the feature of angular size):

Two-line angular size, minimax (Chebyshev)
Two-line angular size, Gauss

Global angular sizes (constant over the feature):

Global least squares size (Gauss)
Global minimax size (Chebyshev)

Statistical (rank order) sizes:

Max. angular size

SN Min. angular size
Average angular size
SM Median angular size
SD Mid-range size

SR Range of angular sizes

Standard deviation of angular sizes

Figure 4.61 shows the definition of the two-line angular size for a wedge.

(1) Real angular feature of size (5) Two extracted lines
(2) Associated planes with 1 (least squares) (6) Two associated straight lines (Chebyshev)
(3) Intersection straight line of 2 (7) Two line angular size acc. to Chebyshev

(4) Perpendicular cross section to 3

FIG. 4.61 Two-line angular size of a wedge
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Angular size is the angular dimension of a cone or wedge, between two
coplanar non-parallel straight lines or between two opposite non-parallel
planes.

In Fig. 4.61, for the two-line angular size of a wedge, the operations (def-
inition) are explained. (1) The first operation is to associate two planes accord-
ing to Gauss. (2) The next operation is to add a section plane perpendicular to
the intersection line of the two planes. (3) The last operation is to associate
straight lines according to minimax (Chebyshev) to the two (extracted) section
lines.

The two-line angular size of a cone is defined within a section plane contain-
ing the axis of the associated cone according to Gauss. The last operation is to
associate straight lines according to minimax (Chebyshev) to the two
(extracted) section lines. See Fig. 4.62.

30°%1°

(1) Actual cone

(2) Associated Gaussian cone

(3) Median line of Gaussian cone

(4) Associated chebyshev lines in section containing the gauss median line containing
(5) (Chebyshev) two-line size

FIG. 4.62 Two-line size of a cone

ISO 3040 contains examples of tolerancing of selected properties of a cone,
which do not tolerance the cone completely. In order to tolerance the cone
completely, it is recommended to use profile tolerancing. See 6.2.8.

Figure 4.63 shows the definition of a global Gaussian size.

See also 3.2.3.2.3.
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(1) Actual surfaces

(2) Associated Gaussian planes

(3) Intersection line of the Gaussian planes
(4) Global Gaussian size

FIG. 4.63 Global Gaussian size of a wedge



Chapter 5

Position Tolerancing

5.1 Definitions

The position tolerances for derived features are defined in ISO 1101. ISO 5458
deals with tolerancing of groups (patterns). See 3.2.3.6 to 3.2.3.8.

In the method of position tolerancing (for the location of derived features),
theoretically exact dimensions (TEDs) and position tolerances determine the
location of features (points, axes, median surfaces) relative to each other or
in relation to one or more datum(s). The tolerance zone is defined by the enve-
lope in spheres of diameter of the tolerance and located at the reference feature
at the theoretically exact location.

Due to this definition, position tolerances do not accumulate where theoret-
ically exact dimensions are arranged in a chain (Fig. 5.1). This contrasts with
dimensional tolerances (£ tolerances) arranged in a chain.

For positional tolerancing
theoretically exact positions (locations and orientations)
are to be defined
to which positional tolerance zones are allocated

|

1—-—@@‘&- .
- @_@ @_ omnoE
1ZBZE

25 30 30
B
T{béE: ot
35

lap° 90! 90° |
20.1__.-5‘5)-(]@--—!/—"@—' -Reference
feature

FIG. 5.1 Position tolerancing (The figure is to show the meaning of position
tolerances. In practice ® will be applied to the tolerance related to the datum
system (ABC))
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When, in Fig. 5.1, the datums are omitted, the tolerance zones are parallel to
each other, but not necessarily perpendicular to the upper or lower surface.

5.2 Theoretically exact dimensions, CZ, SZ, SIM, =+ tolerances

According to ISO 1101, theoretically exact dimensions (TEDs) are to be indi-
cated in rectangular frames. However, the following theoretically exact dimen-
sions, that determine the theoretically exact locations of position tolerance
zones, are not to be indicated:

a) theoretically exact angles between features (e.g. holes) equally spaced on a
complete pitch circle (Fig. 5.26) and

b) theoretically exact dimensions 90° and 0°, 180° or distance O (features
located theoretically on a straight line) between
— position-toleranced features not related to a datum (Fig. 5.13),
— position-toleranced features related to the same datum(s) (Fig. 5.1),
— position-toleranced features and their related datum(s) (Fig. 5.1).

Formerly, when the position-toleranced features were drawn on the same centre
line, they were regarded as related features having the same theoretically exact
location (Fig. 5.2 without the indications SIM), unless otherwise specified, e.g.
by relation to different datums, or by an appropriate note on the drawing
(Fig. 5.3). In Fig. 5.3, the locations of the two patterns of features (holes) are
independent of each other.

When different position tolerances related to the same datum system (e.g.
with @ in the datum system) are to be considered simultaneously, SIM shall
be indicated after the tolerance indicators; see Fig. 5.2. When more simulta-
neous groups are concerned, SIM shall be enumerated, e.g. SIM1, SIM2.

B 4x@15+0,1
4[z03® [A[B®] sIM

2 40

4x3104+0,2
#[o05@A[B@®]SIM

FIG. 5.2 Position-toleranced features (holes) equally spaced on a complete
pitch circle, related to the same datum system, simultaneous requirements
(former practice: without SIM, simultaneous requirements because drawn on
the same centre line)
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B 4x@15+0,1
$[203® [A[B®]
2 40
4x@10%0,2
4| 05®[a]B0]
| angular location
optional

FIG. 5.3 Position-toleranced features (holes) drawn on the same centre line,
but with angular location of the two patterns relative to each other being
optional, former practice

Figures 5.4 and 5.5 show position tolerances for two patterns, both related to
the same datum system that contains &. When the requirements of both patterns

2x68 0%
—4|e05®cz|AlB®|C]|

separate 4x@5h *gJ

[¢|e02®cz[alB@|C

separate

50 5, ®
FIG. 5.4 Multiple patterns of holes, with same datum system including ®,
separate requirements
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2o L A
—4[e05®cz[a[B®@][c]
SIM 4x85*"
[4]e02®cz[alB@]C
SIM

50 5, ®

FIG. 5.5 Multiple patterns of holes, with same datum system including @,
simultaneous requirements

apply simultaneously (inspected by a combined gauge), SIM is to be indicated
(Fig. 5.5). According to ISO 8015, without SIM the independency principle
applies (inspected by separate gauges).

However, according to ASME Y 14.5 the opposite applies: without the indi-
cation SIM the simultaneous requirement applies. Therefore, to avoid misinter-
pretations, it is recommended to indicate “separate”, when separate
requirements apply.

However, this indication is only necessary when @ or © is in the datum
system. Without @ or © in the datum system, it defines the exact location,
so there is no difference between SIM and separate.

It was former practice to consider multiple features, position toleranced, as if
CZ were indicated (the tolerance zones consider the relation of the features rel-
ative to each other). It is planned for the future to also apply the independency
principle to position-toleranced features. This then is the opposite. During this
intermediate period, according to ISO 1101 and ISO 5458, with position toler-
ances for patterns, it shall always be indicated whether CZ (combined zones) or
SZ (separate zones) applies. When the position tolerances are related to a com-
plete datum system, locking all degrees of freedom of the workpiece, CZ may
be omitted, because the positions are fixed; see Fig. 5.6.
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4x210+0,1®

ad

206 [A

B

&

20,1CZ

A

tolerance zones for median lines:
1toA

301 datum B +

32

s 90°
| e

L datum C

FIG. 5.6 Combination of position tolerancing with different datums (The figure
shows the meaning of position tolerances. In practice @ will be applied to the
tolerance related to the datum system (A, B, C))

| 90°
i \

20

32

It was former practice to tolerance patterns of holes by position tolerances
relative to each other and to tolerance the location of the pattern by = toler-
ances; see Fig. 5.7. This leads to ambiguities in the meaning of the £ tolerances.
It is unclear what the centres of the holes are (maximum inscribed cylinder axes,
centre of two-point sizes) and from what to measure (real surface of the

4x210+0,1

[
20+ 0,3
A

15+0,3

FIG. 5.7 Dimensional coordinate tolerances adjacent to position tolerances,
no longer used
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workpiece, contacting plane) and what is primary, secondary, or tertiary. There-
fore, =+ tolerances for distances shall not be used (ISO 14 405-2).

Instead, position tolerancing shall be used for both distances between the
holes and location in the datum system; see Fig. 5.6.

Each requirement shall be met independently. For example, the actual axis
of each of the four holes in Fig. 5.6 shall be within the cylindrical position tol-
erance zone of ¢ 0,1. The position tolerance zones are located in their theoret-
ically exact positions in relation to each other and perpendicular to datum A.

The actual axis of each hole shall be within the cylindrical position tolerance
zone of ¢ 0,6. These position tolerance zones are located in their theoretically
exact positions in relation to the datums A, B and C.

It should be noted that datums, drawn perpendicular to each other, are not
necessarily perpendicular to each other when they are not in the same datum
system. (This applies to all datums of any geometrical tolerancing.)

Figure 5.8 shows the possibilities of tolerancing a pattern (group) of holes.
Tolerancing a) is mandatory; without this tolerance, the part is not completely
toleranced.

3x0840,1
4 (g05 W Al [cla)
! i 4 |004Wcz [A[B b)
: ‘ ~Ni 4 p03MCZ [A|B>< c)
@ VT3 [$]e02mcz | A d)
4 [(e0,1MSZ A e)
-~ % | 20,05@ Sz f)
Lo [15] [5] |[M2]- [@[eo002sz 9)

a) gauge, all TEDs regarded mandatory

optional:

b) gauge, TEDs 15 & 12 regarded

¢) gauge, TEDs 15 regarded,L A~ B

d) gauge, TEDs 15 regarded,L A, coplanar

e) separate gauges, L A, TEDs 15 disregarded

f) separate gauges, TEDs 15 disregarded

g) separate zones, all TEDs disregarded (= straightness of axes)

FIG. 5.8 Pattern of holes, tolerancing possibilities
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Figure 5.9 shows the possibilities of tolerancing a pattern (group) of holes
related to a datum hole and all toleranced holes are parallel to datum B toler-
anced. The tolerances a) and f) are mandatory; without these tolerances the part
is not completely toleranced.

%10 £ 0,1
2025 ®|A[B[cC a)
20,15 @|[A|B b)
201 @A c)
20,05 @ d)
@ 0,02 e)
2xe810,1
505® |A[D[B><] 1
804 @CZ|A|D q)
v |o|p03®sz|A[D h)
202 M sz|A i)
: 20,1 @ sz k)
[o 1015 ] [12]- 00,0552 )

Z
a) gauge, all TEDs regarded, mandatory

b) gauge, related to A & B (TED 12 regd.., TEDs 15+9 =24 disregarded)
c) gauge, 1 A

d) gauge, unrelated

e) zone, unrelated (= straightness of axis)

f) gauge, L A, centred at D (TEDs 15 regarded), ~~ B, mandatory

g) gauge, related to A & D, (TEDs 15 regarded, coplanar, orientation free)
h) separate gauges, related to A & D (TEDs 15 regarded, orientation free)
i) separate gauges 1 A

k) separate gauges, unrelated

) separate zones, unrelated (= straightness of axes)

FIG. 5.9 Pattern of holes, related to a datum hole, tolerancing possibilities
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Figure 5.10 shows a group of threaded holes related to a datum hole with a
large distance to datum C.

215 £0,1(®

$ |08 |A|B|C (|~ C

E

1

r—H
|
OO

s
4] ol |o

1

=]

4x M10
[e|e03CZ]AlD[B><]-

FIG.5.10 Group of treaded holes related to a datum hole with a large distance
to datum C

5.3 Form of the position tolerance zone

It was former practice that the width of the tolerance zone had the direction of
the leader line arrow (which connects the toleranced feature with the tolerance
indicator) (Fig. 5.11). With this practice, it was unclear which workpiece sur-
face determined the direction. According to the current standard ISO 1101, the
direction of the width of the tolerance zone shall be specified by the tolerance
zone plane indicator; see Fig. 5.11.
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4x25+£01

~ #J03CZ][A]

axis

] _'T"l'_'_'_l'_ i 4x15+0,1
| |
' |__,|___|______]___ i axis

Present:
4x25+0,1
| feJoscz[AK[~[c]
I axis
;
\ 7,17,<|777 =1 4X15:‘:0,1

i T 1_‘\“0,1CZ|A|<|//]B|>
r |_1I__|_|__!__'_ axis

i | |
e - —FFE=T 01

| ol )

28 | | 0,3

! !
e T -—-

| |

1 ——

FIG. 5.11 Position tolerance zones of axes with perpendicular cross sections

The indication “axis” in Fig. 5.11 refers to the section line of the two median
surfaces. If this indication is missing, it means the median surfaces of the rect-
angular holes. The tolerance zones are then defined by two parallel planes a dis-
tance of 0,3 and 0,1 apart along the entire holes.

When the symbol ¢ appears before the tolerance value, the tolerance zone is
cylindrical.

For cylindrical features the tolerance zone is normally cylindrical, because
the function permits the same deviation in all orientations.

Position tolerances can have cylindrical tolerance zones. This is in contrast
to size tolerances, which permit only tolerances in two directions perpendicular
to each other. The cylindrical tolerance zone is 57% larger than the rectangular
tolerance zone; see Fig. 5.12.
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0,1 0,07 0,1 57%

larger
tolerance zone

r

FIG. 5.12 Comparison of tolerance zones, cylindrical and rectangular

5.4 Calculation of position tolerances

A distinction must be made between floating and fixed fasteners (Figs. 5.13 and
5.14).
For floating fasteners (Fig. 5.13), the position tolerance f.4 of the holes is

fed =Din — dmax

Dnin: maximum material size of internal dimension (minimum size of the
hole).
dhax: maximum material size of external dimension (maximum size of the
bolt).

Figure 5.13 shows the extreme locations of the holes of maximum material size
that still allow assembly with the bolt of maximum material size. From these
locations, the position tolerance zone ¢ (Dpyi, — dmax) 1s derived.

_i%/_;ﬁ

hole . max. dim. (Dmax) limited by pressure
min. dim. (Dmin) limited by production method

Bolt o max. dim. (dmax) limited by thread

Tolerance for hole position: Dmin — dmax

Dmin — dmax
dmax | |

Dmin — dmax |

Dmin

FIG. 5.13 Position tolerance with floating fastener
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For fixed fasteners (Fig. 5.14), the position tolerance t.. of the holes is
fee = (Dmin _dmax)/2

Figure 5.14 shows the extreme locations of the holes of maximum material
size that still allow assembly with a bolt of maximum material size. From these
locations, the position tolerance zone ¢ (Di, — dmax)/2 is derived.

.

hole &: max. dim. (Dmax) limited by pressure
min. dim. (Dmin) limited by production method

Bolt : max. dim. (dmax) limited by thread

Dmin — dmax

Tolerance for hole position: >

Dmin

4 x o
e R
’ e wri i
[ /| ]

Dmin — dmax
I:I 2 l l‘—’— dmax/ 2
— Dmin/ 2

FIG. 5.14 Position tolerance with fixed fastener

The formulae are also applicable to non-cylindrical features (e.g. keys and
keyways) (see also Fig. 5.61). See Table 5.1.

The indicated position tolerances t.. and t.q in Table 5.1 do not take account
of the straightness tolerances of the screw and hole, the minimum clearance
between bolt and hole, or any measurement uncertainty. If necessary, the values
are to be decreased accordingly. For head screws the under-head fillet may
require chamfered holes or washers. Table 5.1 bottom shows the formulae
for the straightness tolerances t of the screws according to ISO 4759-1. Accord-
ingly, for the position tolerances 7. the values #.4 and ¢, are to be decreased by t.
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TABLE 5.1 Position tolerances for holes according to ISO 273 and screws t.
position tolerance for through-hole and threaded hole for stud screw or
head screw (Fig. 5.14) t.4 position tolerance for through-hole and threaded
bolt with nuts at both ends or head screw with nut (Fig. 5.13)

hole @ Dmin: ISO 273 medium tce = (Dmin—d) /2 ted = Dmin —d
thread @ hole @ tce tcd | thread @ hole @ tce tcd |thread @ hole @ tce tcd
1 1.2 0,1 0,2 14 18e O/ 15 64 70 3 6
1,2 1,4 01 0,2 16 178 O 1.8 68 74 3 6
1,4 1,6 0,1 0,2 18 20 1 2 72 78 3 6
5 1.5 0,1 0,2 20 22, 1 2 76 82 3 6
1,8 2.1 0,15 0,3 22 24 1 2 80 86 3 6
2 2.4 02 04 24 26 1 2 85 91 3 6
23 210 02 04 2 30 (ESEN 90 96 3 6
3 3,4 02 04 30 33 15 2 95 101 3 6
85 3,9 02 04 33 36 g # 100 107 SO
4 4.5 0,25 0,5 36 39 15 & 105 112 b 7
45 5 0,25 0,5 39 42 15 & 110 19l 2 T
5 B 0,25 0,5 42 45 i = 115 122 3B 7
6 6,6 0,3 0,6 45 48 IS5 120 127 85 I
i 7.6 03 06 48 52 2 4 125 132 g 7
8 9 05 1 52 56 2 4 130 137 a7
10 11 05 1 56 62 3 6 140 147 SIS
12 13,5 0,75 15 60 66 3 6 150 158 4 8

position tolerance tc:

only through holes tc=tcd-t

through holes and threaded holes tc=tce—t

i

ISO 4759-1: =: —— - =
d<8: t=0,0021+0,05 o e e | C2ily
d>8: t=0,00251+005 [Irr=——re

The prerequisite for these position tolerances is that the form of the holes
allows them to fit the largest bolt. However, the & tolerances for the hole
diameter apply to two-point sizes. Inspected with plain measuring instruments,
e.g. vernier callipers, the form of the hole may be lobed (produced by drilling,
reaming) (see Fig. 5.15 bottom) or deformed (see Fig. 5.15 top) (deformed by
shrinking).

Then the mating size of the hole may be smaller than the lower limit of size,
although the measurement results are within the size tolerance. Therefore, in
order to assure the assembling ability, the maximum material requirement @
is to be applied with the position tolerance for holes for fasteners; see Fig. 5.16.
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3<9,eg.@876

max. inscribed cylinder: @ < min. size
FIG. 5.15 Possible shapes of holes for fasteners

D=0 9H13(* %)

[¢] 01 ® [a[Bc}|—m

)

15

@8

12 gauge

position of gauge fixed at TED location

FIG. 5.16 Correct tolerancing of a hole for a fastener
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Figure 5.16 shows position tolerancing with @ of through-holes for a bolt
MBS (see Table 5.1).

It is also possible to tolerance the through-holes with position tolerancing
with ®; see Fig. 5.17.

D=09H13(*3%?)®

¢lo1]A[B]C]
B

gauge: Dmin(® =

st=01

]
»} dmax = Dmin-t
i 28 = V9 —01

- — e —

FIG. 5.17 Tolerancing of a hole for a fastener with ®

Tolerancing with ® is more stringent than tolerancing with &. Since with
@ the gauge is smaller than with ®, tolerancing with @ allows larger form
deviations of the hole. Therefore tolerancing with @ is recommended. This also
corresponds to the practice according to ASME Y14.5.

5.5 Projected tolerance zones

Position tolerances of threaded holes and through-holes for fixed fasteners (Figs
5.14 and 5.18) are usually calculated from the maximum diameter of the bolt
and the minimum diameter of the through-hole (see Fig. 5.14).
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FIG. 5.18 Position tolerance of a threaded hole

A prerequisite for these calculations is that the axis must be perpendicular to
the joint surface. In the extreme case (Fig. 5.19), the parts still fit.

7

FIG. 5.19 Position tolerance zones of threaded hole and through-hole

When the axis of the threaded hole deviates from the perpendicular orien-
tation (but remains in the position tolerance zone), the parts do not fit
(Fig. 5.20).

7

FIG. 5.20 Orientation deviations taking advantage of the position
tolerance zones

However, when the position tolerance zone is located outside the part and
applies to the external projection of the feature (axis), Fig. 5.21, the part fits
in any case (Fig. 5.22). The external projection has the length of the
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through-hole in the case of head screws (Fig. 5.23), and the length of the out-
standing part of the stud or dowel pin (Fig. 5.24). The projected tolerance zone
applies only to these lengths, not to the (length of the) axis within the workpiece.

ISO 1101 defines the projected tolerance zone as follows:

The projected (position) tolerance zone applies to the external projection
of the feature indicated on the drawing by the symbol ® placed in the tolerance
frame after the position tolerance of the toleranced feature. The minimum extent
and the location of the projected tolerance zone are shown in the corresponding
drawing view by ® preceding the projected dimension (Fig. 5.21).

FIG. 5.21 Projected tolerance zone

annz

FIG. 5.22 Taking advantage of the position zone by inclined axes

® o]

77

FIG. 5.23 Projected tolerance zone for threaded hole and head screw
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V), o=t

2

FIG. 5.24 Projected tolerance zone for threaded hole and stud or for hole

and pin

The exact definition of the axis to be extended (projected) has not yet been
standardized (see 3.5). From a practical point of view, the following definitions
of the axis may be applicable:

— for plain holes (e.g. interference fits): the axis of the contacting Chebyshev

cylinder;

— for threaded holes: the axis of a (nearly) geometrical ideal screw of maxi-
mum material sizes (go gauge) associated according to Chebyshev.

The length of the projected zone may be (simplified) indicated in the tolerance
indicator after the symbol ®; see Fig. 5.25.

#le05®[A]

|® [

4205 @ 40][A]

-

N

4205 ®[A]

Y

Y
®

05(®45-5 A
A |—1$Jw ‘® [A]

|
®

FIG. 5.25 Drawing indications of projected tolerance zones; right, simplified
drawing indications
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When there is a sealing with a larger hole between the flanges, the projected
tolerance zone starts after the sealing; see Fig. 5.25 lower left. The simplified
drawing indication is shown in Fig. 5.25 lower right.

5.6 Further examples
5.6.1 Holes for fasteners

Fastener assemblies may be designed with through-holes and (floating) bolts
and nuts (Fig. 5.26) or with threaded holes and head screws (Fig. 5.27) or with
threaded holes and (fixed) stud screws (Fig. 5.28). In the cases shown in Figs
5.27 and 5.28, the through-holes in the other flange have the same tolerance but
without ®.

positional tolerance
= min. hole @ Dmin
= — — max bolt 8 dmax

NN wio

X 8xe11 *327
-~ 4| 2085 WCZ[A[B®@ |

OB

230 *31®

FIG. 5.26 Through-holes for floating fasteners (bolts and nuts)
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— positional tolerance
-'—q_ = (min. hole @ Dmin
S o B Ea s —max. screw @ dmax)/ 2

SNEILECMAKG
FIG. 5.27 Threaded holes for fixed fasteners (head screws)
positional tolerance

= (min. hole @ Dmin
— Y — max. stud @ dmax) /2

8 x M10
4| 004@cz|A[B @]

}—.630"—01

FIG. 5.28 Threaded holes for fixed fasteners (stud screws and nuts)
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5.6.2 Counterbores

Figure 5.29 shows tolerancing of separate counterbores, each related to the indi-
vidual hole (each separately gauged).

8x010%0.2
[4[0025@CZ|A[B® [

8 x separate

110+ 0.1 /

75 7///

B 8x 220 0.2
—4¢|0015@SZ|C@® |

FIG. 5.29 Tolerancing of counterbores

5.6.3 Holes in a line
Figure 5.30 shows an example in which the four gauges are in a plane parallel to
datum B. The distances of the axes to the upper plane may vary within @ 0,5.

@20 0,1

. 4 |e05 [A]B]C]|

4 lo@cz[AK~[8B]

OO UO-

[40] [30] [30] [30]

| =

FIG. 5.30 Cosymmetry of holes in line
5.6.4 Group of holes with and without datum hole

Figure 5.31 shows the difference between with and without datum hole for a
group of holes.



2x 88+£0,2

Position tolerancing Chapter | 5

Gauge o: Gauge o:
Left and right hole: Left hole:

max. mat. size — pos. tol.

7.8-01=77

max. mat. size — pos. tol.

78-01=77

179

Right hole:

max. mat. size = 7,8

FIG. 5.31 Group of holes with and without datum hole

5.6.5 Crossed axes

Fig. 5.32 shows an example of tolerancing of crossed axes for bevel gears. The
projection (extension) of the horizontal axis must be contained between two
vertical planes 0,1 apart, between two horizontal planes 0,05 apart, over the
length of 75. The projection must be within the zone of @ 0,02 75 apart from
B (at the datum A).

B
I
I
|

@ 55 H7 ®
—#|01 ®75(ABKl~]A
$[005@®75[A[BK[L[A

4| 20,020®75-75|A[B|

T ———C)1 }es5w7@®
i I

74 TR

FIG. 5.32 Tolerancing of crossed axes
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Figure 5.33 shows a) the position (and orientation) tolerancing of the hole
relative to the datum hole A. The case b) shows an additional restriction (con-
straint) for orientation.

— 4| 0005 [A><| b)

_}-_._-_.

it

FIG. 5.33 Tolerancing of axes of holes, a) location tolerance, b) additional ori-
entation tolerance

5.6.6 Different location tolerances for different features drawn on
the same centre line

When on a drawing features are drawn on the same centre line, it is difficult to
allocate different distance tolerances to the different features. For example, in
Fig. 5.34 the indication applies for the holes as well as for the slots. Position
tolerancing, however, provides the possibility of allocating different tolerances
to the different features (Figs 5.5 and 5.35).

50 +0,1

»
=

|
-.|
|

FIG. 5.34 Distance tolerance of features drawn on the same centre line (to be
avoided)
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2xK/2xL

[#loaszczla} |
L

[
FIG. 5.35 Features drawn on the same centre line, but with different position
tolerances

In Fig. 5.35, the holes are toleranced by a position tolerance 0,2 relative to
each other. The slots are toleranced by a position tolerance 0,1 relative to their
holes, but independent for each hole (two independent groups K).

The position tolerances shown in Fig. 5.36 lower allow position tolerancing
of the median surfaces of the elongated holes in relation to the median plane A.
With the indication 10 0,1 instead of the position tolerances (Fig. 5.36 upper),
the location of the elongated holes depends on the actual locations of the two
cylindrical holes; this should be avoided.

0,3 10 £ 0,1

2X

FIG. 5.36 Differentiation of location tolerances in relation to the same
median plane
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5.6.7 Toleranced coplanar and coaxial feature and datum

Figure 5.37 shows toleranced coplanar and coaxial feature and datum.

@10 0,1
610 10,1 #[c0@[A® |
4001 [A[B]C
$lo0®™ | A jt j
Y
A
_(!) @ 20 0,1 (E)
i A T gauge:
l
' [ ]
B I )
) A

2 10,1 g 20,1

FIG. 5.37 Toleranced coplanar and coaxial feature and datum

5.6.8 Planar surface as datum for a position tolerance, with offset

Normally, the datum for a run-out tolerance is an axis. With machines (e.g. elec-
trical motors) it is possible that the datum axis cannot be detected. In such cases
the housing base or housing flange may be indicated as the datum (Fig. 5.38).

— 4| 2004 | A><|

FIG. 5.38 Planar surface as datum for a run-out tolerance

5.6.9 Sequence and maximum material requirement for datums

Figure 5.39 shows different possibilities for datums. In case a), the surface B
must contact the gauge according to the minimum rock requirement. The diam-
eter of the gauge is equal to the maximum material size of the datum feature A.
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In case b), the gauge must enclose the datum feature A with the least possible
diameter (mating size of datum feature A). The datum feature is oriented
according to the minimum rock requirement. The surface B contacts the gauge
on one point only.

In case c), the surface B must contact the gauge according to the minimum
rock requirement. In this orientation, the gauge must enclose the datum feature
A with the least possible diameter.

4x 210101 *) see a), b), ¢)

~m—1¢[e01 @[]

b) | c)

[ Mmating size B[A] ' reiated mating size

FIG. 5.39 Sequence and maximum material requirement for datums

5.6.10 Datum systems with and without @

Figures 5.40 and 5.41 show position-toleranced holes with and without appli-
cation of the maximum material requirement for the datums.

In Fig. 5.40, the surface A must contact the gauge according to the minimum
rock requirement. The maximum possible cylinder perpendicular to the gauge
surface A must enclose the datum feature B. The slot C must be enclosed by the
maximum possible parallelepiped (plane pair) perpendicular to the gauge sur-
face A. The median plane of the parallelepiped contains the axes of the gauge
cylinder B. The maximum material virtual conditions of the four holes (gauge)
are ¢ 7,5.
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contacting

83101® datum B parallelepipedon
[#] 02 [a]B] 1 t0A
=toB

@\a F

i

D

-
N 2122010 c] | datum C
o datum B
frolball contacting cylinder
| e02@|a|B|c]| T

—— N

FIG. 5.40 Datums without maximum material requirement

Asseenin Fig. 5.41 also, surface A must contact the gauge according to the min-
imum rock requirement. The gauge cylinder B and the gauge parallelepiped C are
perpendicular to the gauge surface A, and the symmetry plane of the gauge paral-
lelepiped contains the axis of the gauge cylinder B. However, the gauge cylinder B
and gauge parallelepiped C have maximum material virtual size (¢ 12 and 8). The
maximum material virtual conditions of the four holes (gauge) are ¢ 7,5.

8301 datum B gauge contour
(¢l 02@[A[8@] LtoA
=toB
datum C
P i »|—datum B
4x078+0,1 gauge contour
Héle02@[A[B@®|c®] LtoA
i
NN
| | , 90° LdatumA

FIG. 5.41 Datums with maximum material requirement

5.6.11 Coaxial shafts (e.g. for bearings)
See Figs 5.42 and 5.43.



A B C A B, C

®) eloo@cz]
A < B
' ]
A
'
@ 0,02 1
— —— common zone
S — for
I — axes A, B, C
a)
X gauge
) I N - o N PR N
! max. mat. sizes
b)
FIG. 5.42 Coaxial shafts
2x @20 h6
4|00 @ cz 2x 2006 ® CT
v b)
a)
2 20 hé
—%[20® | A@ |
1 ]
4 4 - |220h6
¥ Y
c) A
L Tro-s0]
]
j| . BT S 4- | 2x@20h6
Y
B A
d) ( simultaneous gauging @ 20 coaxial)

FIG. 5.43 Indications with same meaning
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5.6.12 Coaxial holes (e.g. for hinges, bearings)

Figure 5.44 shows two possibilities for tolerancing coaxial holes in relation to a
supporting surface (e.g. a hinge). On the right, the relevant inspection or gauge
is shown. In the case below, the hinge will be adjusted in the assembly.

2xe 10 H8
-Q| PIQ) CZ|A| min. rock requirement for A
‘,_{ gauge o 10
1 I I I E— i B ———f
T 30 ~
\
| |
2x o210 H8
4[o0McCzZ|A><] min. rock requirement for A
] gauge o 10
‘]] / [ .
A -
I k;
L

FIG. 5.44 Position tolerancing of the holes of a hinge

Figure 5.45 shows the tolerancing of the gap of the hinge to fit with the tab.

The maximum material virtual condition is perpendicular to the datums A and B
(minimum rock requirement).

30 H8

— R0 ®@[Ale]

-l B ~
L Z

FIG. 5.45 Tolerancing of a hinge gap
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Figure 5.46 shows the indication for coaxial holes with the same meanings.

2xo25H8
2x@25H8 ® CT
(B)

1
(A)

2Xxp25H8
—{+] 20 [r0]
| L
B I I L [e25H8(®
[

[A]

(C)

gl [A@-B @]

-——-1 | 2xe25H8 ®

[&] [A]

(D) (( simultaneous gauging @ 25 coaxial ))

FIG. 5.46 Indications with same meaning

Figure 5.47 shows a hinged frame with holes @ 8 N9 (0/—0,036) ® that shall
fit together with a bolt ¢ 8 h9 (0/—0036) ® (transition fit).

Figure 5.47 (lower) shows the extreme case when all actual sizes are at the
worst limit. In this case, the coaxiality deviation (eccentricity) of the two holes
is 0,01. The bolt is guided without clearance by the right hole, and must deflect
when entering the left hole. Here the indication of the maximum material
requirement @ would be detrimental because it would result in a greater deflec-
tion of the bolt. The maximum material requirement would allow larger coaxi-
ality deviations with larger holes.

Inspection can be performed with two mandrels that fit into the holes with-
out clearance.
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pin:
0 0
2 8N9 (_go36)® 88h9( _po3s)®

[A]

tolerance limits deformation with assembling
extreme case:

o \
777 oo )

coaxiality deviation (eccentricity) 0,05 at hole entrance
deflection (deformation) in left hole max. 0,02

@ not appropriate, because larger deformation may become
necessary, when holes deviate from max. mat. size

FIG. 5.47 Tolerancing of a hinge: transition fit

5.6.13 Hexagon fit

Figure 5.48 shows a hexagonal fit with a minimum clearance of 0,1. The total
tolerance is indicated at the nominal size.

3x34 O 3x34,1%9°

‘ ‘,
-] A

| FA
FIG. 5.48 Hexagonal fit with minimum clearance 0.1: total tolerance at
the size

Figure 5.49 shows a similar fit using surface profile tolerances for the single
plane surfaces.
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|

s
S
L

-

3x [337] 3x[3438

FIG. 5.49 Hexagonal fit with minimum clearance 0.1: surface profile toler-
ances for the single plane surfaces

Figure 5.50 shows the effect of these tolerances. The limitation at the max-
imum material limit (go gauge) is the same as in Fig. 5.48. At the minimum
material limit, the geometrical ideal form and orientation apply according to
Fig. 5.50, but not according to Fig. 5.49. The flatness deviation may occur
up to 0,6 or 0,5, respectively (= size tolerance) according to Fig. 5.48. Accord-
ing to Fig. 5.49, when the features are at the least material virtual size (33,4 and
34,6), the surfaces must be perfectly plane. This may be an unnecessary restric-
tion and could be avoided. Tolerancing according to Fig. 5.48 is recommended.

vy

=1
33,7— 0,3 0,253_

—34,35
minimum clearance 34,1-34 =0,1

FIG. 5.50 Effect of position tolerancing according to Fig. 5.49
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5.6.14 Splines

Figure 5.51 shows a spline fit. The total tolerance is indicated at the nominal
size. Figure 5.52 shows the gauges.

3x5 g% 3x5 -8‘25
¢[oMCczZ[BM] ¢[0@cz[A@)]

RN i < £
[B] 30 *3 [B]s0_g,

FIG. 5.51 Spline fit: total tolerance at the size

gauges:

O ~ S
5 5 5
@ 30 “ @ 30

FIG. 5.52 Go gauges for D&T according to Fig. 5.51



5.6.15 Plug and socket

Figures 5.53 and 5.54 show a plug and socket fit where the socket has a frame
and forms a further fit with the plug circumference, which is related to the fits of
the pins and holes. At the frame is a minimum clearance of 0,5, that is the dif-

Position tolerancing Chapter | 5

ference between the maximum material sizes.

+0,2
3x@d5 g

1 # [0 @cz[A[BM@-c@)

0,3
i

0
3x¢a5_0!2
4[o0@cz|A[B@-CcW)
.
19,5
\ -0,3
i A
Y \& )
~+-i—+-@- |
Y o Y
! \
|
B c
195_0, [c]

Y

[8]

FIG. 5.53 Plug and socket fit with frame fit: total tolerance at the sizes
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-
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Y
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FIG. 5.54 Go gauges for GD&T according to Fig. 5.53

Figure 5.54 shows the go gauges for GD&T according to Fig. 5.53.
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5.6.16 Spacings

According to Fig. 5.55, the median surfaces of the slots shall not deviate by
more than £0.025 from the symmetrical position in relation to the axis of
the datum hole B and the theoretically exact spacing. The position tolerance
does not depend on the actual sizes of the slots and the hole.

12x3,5+ 0,05
$Joos5cz]als]

12 x [30°]

FIG. 5.55 Spacing: position toleranced slot median face

According to Fig. 5.56, slots and hole must fit into a geometrically ideal
counterpart (go gauge) of maximum material size at the hole and maximum
material size (3,4) at the slots. With this requirement the position tolerance
depends on the actual sizes and actual forms of the slots and of the hole.

12x3,4+0,05

0@ cZ [A[e®@)|

i
12 x[30°]

@35+ 0,1
FIG. 5.56 Spacing: position toleranced with @
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5.6.17 Minimum wall thickness

When the function requires a minimum wall thickness, and the wall thickness
and position of the wall depend on each other, then the permissible position
deviation of the wall becomes larger the more the wall deviates from its least
material size (the more the wall becomes thicker).

Figure 5.57 shows tolerancing to ensure a minimum wall thickness (2,705)
between hole and recess. When the hole is at its least material size (¢ 4,2), the
hole axis must be contained in a tolerance zone ¢ 0,25. In the worst case, when
the hole axis has the largest position deviation, the remaining wall thickness is
2,705 (Fig. 5.58 left). When the hole is at its maximum material size (¢ 3,95),
the tolerance zone of the hole axis increases by the amount of the size tolerance
(9 0,25) to become ¢ 0,5. Then, also, in the worst case the remaining wall thick-
ness is 2,705 (Fig. 5.58 right).

e - @4i8:(2)5
8] e 1] 025 [A]B]
/- i g

|

40 £ 0,07 -
60 + 0,07 Lt

FIG. 5.57 Position tolerance with least material requirement to ensure a min-
imum wall thickness

least mat. virt. size
|1

il 0,25 " 05
7R/ i

1 40,07 i

- ! |
! min. thickness ]
2,705
— ! - 1 s |
40,07 t theor. exact position { | 4993
hole axis
E o Bl o | - -

least mat. size @ 4,2 49,93 max. mat. size @ 3,95

FIG. 5.58 Calculation of the minimum wall thickness 2,705 for tolerancing
according to Fig. 5.57: left: hole least material size; right: maximum
material size
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In other words, the hole must respect (it must be contained within the mate-
rial) the least material virtual cylinder of diameter given by the least material
size plus the position tolerance (4,2+0,25=4,45) that is in the theoretically
exact position. Between the least material virtual cylinder and the recesses,
there remains a minimum wall thickness of 2,705 (Fig. 5.58).

Figure 5.59 shows tolerancing to ensure a minimum wall thickness of 8,5.
The permissible position deviation of the inner cylinder increases when the
diameter of the inner cylinder decreases. The permissible position deviation
of the outer cylinder increases when the diameter of the outer cylinder increases.

& o 40 +2 [¢] o0 © |A]B]C]
20 £1 [4] o0 O [A]B[C]

7
1o

FIG. 5.59 Position tolerances with least material requirements to ensure a
minimum wall thickness

Figure 5.60 show the theoretically exact position of the least material virtual
cylinders that must be respected by the workpiece surfaces.

min.
wall thickness
8,5 —=—1= - @ 21 cut-out contour

//. 7

FIG. 5.60 Calculation of the minimum wall thickness 8,5 for tolerancing
according to Fig. 5.59

= 38 cut-outcontour

30




Position tolerancing Chapter | 5 195

5.6.18 Keyways

With floating keys (key slot width e.g. D10) is the position tolerance; see
Fig. 5.61,

t = min. slot width — max. key width.

This corresponds with floating fasteners, see Fig. 5.13.

2% 10070 (1000

[¢] 0,04 @cz |C @) slot width Bmin —+————]

i Key width bmax t

i E max. mat. virt. size

| t—= -

B35 H7 (*59%%)

Y

0 slot width Bmin
1008 (0036)®  2x10D10 (18;833
-~ < [¢] 0,04 @z [A @] hub centrs C '
I
; t=0,032
-0,025
8357 (_ 0,050 position tolerance: t=( Bmin - bmax)/2

FIG. 5.61 Keyways for two floating keys

With fixed keys (key slot width e.g. P9) is the position tolerance, see
Fig. 5.62,

t=(min . slot width — max. key width)/2

This corresponds with fixed fasteners, see Figs. 5.14 and 5.28. With only one
key the position tolerance is

{ = t+ (minimum clearance shaft & hub)/2
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+0,098
2x10D10 (; 0.040 max. mat. virt. size
: [¢] 002 @cz [c @] hub width Bhmin
i t
i = Key width bmax t
| t wliie t
L 11}
835 H7 (*002%) i!!
L !
i
l 0 0,015 "l
1009 (0,036 )® 2x10P9 (Zg051)® shaft centre A ——»|
|$| 0.02 ®cz |A @l hub centre C |
i —
|
/ i t=0,032
-0,025
@ 35 f7 d
®35 (Z0.050 position tolerance: t=( Bhmin - bmax)/2

FIG. 5.62 Keyways for two fixed keys

With screwed keys (in order to prevent from falling off when the slot is open
at the end) is the most detrimental case when the slot has least mat. size. Then
the key has the largest distance from the shaft centre. The smaller the slot width
the larger is the position tolerance. This corresponds to the least material
requirement. See Fig. 5.63.

2x109 (10980 )

4]0020@cz]cm ]

min. hub slot Bhmin

+0,025
035H7( ") -
! position tolerance t——*—lf
— ! I !
] | | |
IT | | i |
I i '
0 [l
1Bt (—0‘036)® T
Sl +0,04 ® max. shaft slot Bsmax -
+0,02 le——————————
{H 0,000 CZlA@ | max. mat. virt. size hub slot

mat. virt. size shaft slot
1K

'
]
/ position tolerance:

—-0,025 t = (Bhmin - Bsmax) / 2
3517 (Zg.050

FIG. 5.63 Keyway for two screwed keys

Figures 5.64-5.67 show tolerancings with only one key.
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hub:
2 35 H7 a = (min. clearance shaft & hub) / 4 t' = Bmin — bmax
hub slot:
10 D10 Brmin hub slot
¢ t@ [c@] ¥
key: : shaft centre A
10h ® a ] hub centre C
a—~ ll |
10 D10 ] ? e M
a = ] ~J-—
: ' T
hub -+ a | a
Lo (e . t
——
shaft
‘ t bmax key width
! max.-mat.-virt.-size
+ Bmin shaft slot
\/ Position tolerance :
@ 357 t = (Bmin - bmax) + (min. clearance shaft & hub) /2

FIG. 5.64 Additional position tolerance 2a = (minimum clearance between
shaft and hub diameter) / 2

10 D10 (4 0’040

~—{4]0052 @ [C®|

Y

2 35 H7 (*9%%°)

/~

10 h9(,8,036 )@=

10 D10 (%6040

- ~—{4[0052@ [A@|
T

/5

position tolerance t =
(min. hub slot width — max. key width )
+ min. clearance shaft & hub /2

FIG. 5.65 Tolerancing of a key way for a floating key
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-0,015
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‘ - {40,032 [A® ]
3,5 e -0,025
5@ SRS e 23517 (7 0,050
a
| /
positional tolerance t =
min. clearance hub slot / 2
+ min. clearance shaft & hub / 2
FIG. 5.66 Tolerancing of a key way for a fixed key
+0,116
10C9 (40080 )

A
4

{40041 ®[C®]

035 H7 (*9025)

N

10h9 (—?)036 )® f+——
|
l
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g

+ 0,022
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- ~{4[ 00410 [A®|
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8 35 7 (Z 5050
/~
T
position tolerance t =

(min. hub slot width — max. shaft slot width) / 2
+ min. clearance shaft & hub /2

FIG. 5.67 Tolerancing of a key way for a screwed key
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When there is only one key and a minimum clearance between shaft and hub
(clearance fit), each slot can have an additional eccentricity component of 1/4 of
the minimum clearance between shaft and hub or an position tolerance compo-
nent of 1/2 of the minimum clearance between shaft and hub (Fig. 5.65). Then
the clearance between shaft and hub allows additional position deviation. The
position tolerance is then

/' =t+ (minimum clearance shaft & hub)/2.

When the minimum clearance = 0 between key way and key is acceptable,
the 0 ® method, similar as in Fig. 5.45, may be used.
Figure 5.68 shows an example of a key assembly with interference fits at the
key and at the shaft & hub. Here all geometrical deviations lead to deformations
of the parts. Figure 5.68 shows the extreme possible deviations.

10ps (200

- - 0,037

)®

A
\
3

+ 0,033
r‘ (%] 35 I‘IG ( + 0,017
9,963 - > Max. mat. size
il
I > {«—0,01
!i Ly
0,005 -l /\ N \
|I [
| —>J|<— 0,005
Hi !
te—— Shaft axis .
9,963 —= > Max. mat. size
I,I
9,985 [‘- ”V / Least mat. size
F-— Shaft axis
I
A Deviations cause
0.005 | deformation !
0,01 ——j=

FIG. 5.68 Key assembly with interference fits
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5.6.19 Rings and bushes

Figure 5.69 shows tolerancing of a ring or bush for a clearance fit.

77

— ¢l 0® [AW

gauge:

O

d

O

max. mat. size

max. mat. size

FIG. 5.69 Tolerancing of a ring or bush for a clearance fit

Figure 5.70 shows tolerancing of the perpendicularity.

—¢le 0® [A

4

Y

4

gauge:

d

O

max. mat. size

mating size

FIG. 5.70 Tolerancing of the perpendicularity



Figures 5.71 and 5.72 show tolerancing of bushes with everywhere
clearance fits.

2 25 H7
Al (400 @ [A@-B®]
|
I
!
50 h7 ® I
!
s |
I
B - @ 65 h7 ®
gauge: - max. mat. size @ 25

NN

max. mat. size 50

- na max. mat. size @ 65

FIG. 5.71 Tolerancing of a bush with everywhere clearance fits
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FIG. 5.72 Tolerancing of a bush with everywhere clearance fits
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5.6.20 Rectangular fit

Figure 5.73 shows position tolerancing of a rectangular fit, e.g. a cover sheet in a
casing. Compare this with Fig. 6.28 profile tolerancing. The maximum possible
form deviation is twice as much as with profile tolerancing.

19,9+ 0,1 gauge 20 x 10
SIM 3 o

- ~-19,8

—
o —— 4 — i —_—
A ) —

99+0,1

[+ 0@ [A] sim o2 98
20,1+ 0,1 gauge 20 x 10
SIM 202 4+

- " 10,2

. :

7’y _ )‘

10,1+ 0,1 0.2

i
FIG. 5.73 Rectangular fit
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5.6.21 Kinematics

Figure 5.74 shows tolerancing according to the kinematics of a gearbox and tol-
erancing for fitting the gears.

2%
0,02CZ|(A-B)><K|~| E
& $lo®|(C-D)@
0,05CZ|[(A-B)><[K|~|F SIM 1
] : [D]
g T K
| .j;. 1 B N i

N

o - E]
NN
' SIM 1
¢0@[A-B) ®
FIG. 5.74 Tolerancing with and without &, gearbox
Figure 5.75 shows the more complete tolerancing of the gearbox.
2x 2x100+0,05
0,02CZ|(A-B)><K|~|E - ¢m E
i 005CZ|(A-B)><[|~/| F
4x030£0,1® +[0®[(c-D) ®
.¢. 20,2 - @ . El SIM 1
N : N
e ST
i
NN
{'\ !
) ! 4] L | | I
|
m N | [E]
NN
0 SIM 1
B -

FIG. 5.75 Tolerancing with and without &, gearbox, complete tolerancing
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5.6.22 Maximum material requirement, application

Figure 5.76 shows the application of the maximum material requirement.
See also 4.5 and Figs 5.45 and 5.74.

maximum material requirement M

necessary:
with clearance fits for assembly without deformation

(for separate features ® instead of @ permissible)

forbidden:

with interference fits, transition fits

with kinematics and optics

@ would allow larger deviations of orientation, location
when mating size deviates from max. mat. size
e.g. for

distance of axes, pitch diameter
inclination of axes
crossing of axes

FIG. 5.76 Maximum material requirement, application



Chapter 6

Profile Tolerancing

6.1 Definitions

Profile tolerances for integral features are defined in ISO 1101, and profile tol-
erancing is described in ISO 1660. See 3.2.3.1 to 3.2.3.4.

With profile tolerancing, a distinction must be made between tolerancing
of the form of (section) lines (symbol ,~) and of the form of surfaces
(symbol &).

The nominal (theoretically exact, geometrically ideal, true) form is to be
defined by theoretically exact (rectangular framed) dimensions with
(Fig. 6.2) or without (Fig. 6.1) relation to datum(s).

For planes and features of size with variable size (4 tolerance), the nominal
form (without size) is defined by the drawing outline alone or the CAD model.
Then the size (TED, reference feature) is defined by the minimax (Chebyshev)
criterion, with or without reference to datum(s) (Figs 6.1 and 6.2).

[=]01]

EREREEEE
(=] RS} | SRS ) fe]

(\

O -

(9]
FIG. 6.1 Profile surface tolerances; the nominal form (reference feature) is
defined by consecutive planes and cylinders defined by theoretically exact
dimensions without reference to datums (left) or by TEDs of splines (right)

The tolerance zone of a profile tolerance is defined by (tangential) envelopes
on circles (profile tolerance of a line) or on spheres (profile tolerance of a sur-
face) whose diameters are equal to the tolerance value and centred on the nom-
inal form (Fig. 3.25). Therefore the zone is equally disposed on either side of the
nominal profile (reference feature).
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K- |

[2]o1cz|AlB |

y |

FIG. 6.2 Profile surface tolerance; the nominal form is defined by theoreti-
cally exact dimensions with reference to datums (A, B)

The form of the envelope of the circles or spheres (tolerance zone) between
the specified points (e.g. splines) is not standardized. Clearly, the envelope shall
alter its form in a smooth manner. Programs for CAD (computer aided design)
and CMMs (coordinate measuring machines) usually use splines.

Figure 6.3 shows the tolerancing possibilities of a free-form (complex) sur-
face. The upper tolerance (0,3) related to the complete datum system ABC,
locking all degrees of freedom of the part, is mandatory. Without this tolerance
the part is not completely toleranced.

Locked degrees of freedom:

EHREE No. Drawing indications Translations | Rotations
i R z Tx | Ty|[Tz|Rx[Ry|Rz
: @f[=]03|A |B c X | % [ [ [ x]x
- | ml =01 | A B>< |C X XX XX
i | I : ©] |=|ot1 | A>< |B C X |x x [x]x
wl| [=[01 [ A B X X X [X [ %
y x (e)] |[=] 0.1 As< |B>< |C X X %] X
' n| [=]01 [ a><]8 x | [x[x]x
I ol [=2]01 [ A [B>=< XX [ %X
T . B m| =] 01 | A>< [B>< X [ X [ X
] % ol Beilan [0 [c 1| X X%
} i ‘ w| (=01 ar |8 x| Ix[ |x
6] of [=lo1 Ta X | %[ X
m| [=]04 AL [BH Je»<] X x
> Theor. exact form see CAD data (n 2 31 i{'] B>< | ; = X
Locked degrees of freedom: w| l=l01 | A[] [8IR7] | %
A = Tz, Rx, Ry [-] only for definition w| = 01 | AlRx] X
B = Ty, (Rx), Rz ofsec.ortert. datum (| |1 0.1 | A[Ry] X
C == Tx, (Ry, Rz) notfor fol. zones ol 1= 0,1

FIG. 6.3 Complex feature, possibilities of profile tolerancing

Figure 6.4 shows the possibilities of profile tolerancing of a pattern (group)
of planar features. The upper tolerance (0,6) related to the complete datum sys-
tem RST, locking all degrees of freedom of the part, is mandatory. Without this
tolerance the part is not completely toleranced.
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@ al06 Al |cl@
! olos5cz  |A[B (b)

: ‘ alo4cz  [A[B><[c|®©

o 0,3C2 A|B>< (d)
olo2cz  [A (&)

' aloicz 0

‘ =]o005sz ©)

B]

Pattern of four planes
Mandatory: B

(a) Al TEDs regarded

Possible additional constraints:

(b) Combined zones, L to A, distance to B (TED 15) regarded
(c) Combined zones, L to A, distance to C (TED 14) regarded
(d) Combined zones, L to A, .~ to B

(e) Combined zones, | to A

(f) Combined zones

(g) Separate zones (flatness)

FIG. 6.4 Pattern of planar surfaces, possibilities of tolerancing

Figure 6.5 shows profile tolerancing with UZ (unequally distributed toler-
ance zones). The value after UZ defines the offset of the zone centre from
the TEF (theoretically exact form). Positive values mean offset outward and
negative values mean offset inward of the material. When the values are neg-
ative and of half the tolerance, part and counterpart have the same CAD model
(unilateral tolerance zones); see Fig. 6.6.

Figure 6.7 shows UZ for a complex form. The offset is defined by spheres
along the TEF.

Figure 6.8 shows a former practice of UZ tolerancing.

Figure 6.9 shows OZ (offset zone of equal but undefined distance from the
TEF). Spheres S@ 0,1 define the width of the tolerance zone. Spheres, with S@
variable but constant along the feature, define the distance from the TEF.

Figure 6.10 shows profile tolerancing where the distance from datum C is
variable (>< orientation only). The tolerance zone centre keeps the form of
the TEF.

Figure 6.11 shows OZ applied to a cylindrical feature. Above, the OZ zone is
centred at datum A; below, the OZ zone can have any location and orientation
within the 0.4 zone. See also Figs. 3.28 and 3.46. The OZ zone in Fig. 6.9 is
slightly different from the zone in Fig. 6.10.

The difference between OZ with and without a TED for the diameter is
shown in Figs 3.29, 3.37 and 3.47.
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a5 0.5 [=]o05 Uz 0,35
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Tolerance zone
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FIG. 6.5 Profile tolerancing with UZ
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FIG. 6.6 UZ for using the same CAD model for part and counterpart
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TEDs see CAD 12345

Median surface of tolerance zone
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204

+ 0,1 = Material outward

TEF (theoretically exact feature)
FIG. 6.7 UZ with a complex form

EEERg

3 1) Not symmetrical
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e
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[o]
FIG. 6.8 Unequally disposed profile tolerance zone
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The difference between OZ and VA in the case of a cone or wedge is shown
in Fig. 3.49. With OZ, the angle remains as a TED. With VA, the angle of the
tolerance zone is variable and defined by the Chebyshev criterion (minimax).

Figure 6.12 shows left profile tolerancing with variable width. The width
varies in a proportional variation, i.e. the distance along the curve (zone width
0,2 left and 0,1 right). On the right is shown tolerancing with restricted length.
The reference feature is oriented according to Chebyshev.
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K= |

010Z |A|B|C

\

TEDs see CAD 12345

204

20,1

@ variable but constant along the surface,
defines zone(s) OZ

TEF (theoretically exact feature)
FIG. 6.9 Profile tolerancing with OZ (offset zone of equal but undefined dis-
tance from the TEF)

04 |[alB]c
01 |A|B|C><
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5

TEDs see CAD 12345

Equal and parallel to central zone, distance to C free

TEF (theoretically exact feature)
FIG. 6.10 Profile tolerance orientation only (instead of OZ)
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FIG. 6.11 OZ for a cylindrical feature
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FIG. 6.12 Profile tolerance with variable width and restricted length
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Profile tolerancing can be used for tolerancing of form, orientation, location
and form with size, depending on the indication of datums and theoretically
exact dimensions (Fig. 6.13).

Form Qrientation Location

=[0.1] [2[01]A><] 2[0.1]A]

20+ 0,1 20+ 0,1

Identical: [=]0,1] Identical: [~]0,1]A]

FIG. 6.13 Profile tolerance of surfaces for tolerancing form, orientation and
location

The symbol UF (united features) unites the theoretical profiles (reference
features). This is in contrast to CZ, which unites the tolerance zones. The dif-
ference is that the outer corners of the tolerance zone are rounded. See Fig. 6.14.

UF

@{alon]

A A

Soe 0,1 S 0,1

HDHH ==t -

1 | |

| | |

| I I

——=] 2 S—————

30 - 20 30« - 20

Separate (independent) Combined zones United feature

FIG. 6.14 Differences between SZ, CZ and UF
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6.2 Further examples
6.2.1 Complex surface

Figure 6.15 shows a profile surface tolerance 0,6 related to a complete datum
system (locking all degrees of freedom of the workpiece). Further, possible
additional constraints are indicated. The tolerance 0,1 is a combination of ori-
entation (related to A) and location (related to B and C) specification. The tol-
erance 0,05 is a form specification. The tolerance 0,02 is a specification for
section lines in section planes parallel to datum B.

06 |A [B]C
alo1 [A><[B]C
0,05

002 A><[B[cK]~[B]

I

| ) :
~—}[50]

(1)) Form see CAD 12345

Zone 0,6 at theor. exact location

Zone 0,1 theor. exact in orientation and distance to B and C
and parallel to A, distance to A variable (orientation only)
( With the symbol .~ not possible )

Zone 0,05 only for form (without orientation and distances)

Zone 0,02 for lines in sections .~ to B (orientation and distances)
FIG. 6.15 Profile tolerancing for a complex surface with possible additional
constraints

ISO 1101 does not explicitly describe whether the datum in the intersection
plane indicator is of the same order as in the tolerance indicator. A clear indi-
cation is using the future symbol [-] for datums only for the definition of sec-
ondary or tertiary datums; see Fig. 6.3. However, the difference between the
intersection lines of intersection planes of different order is very small.
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6.2.2 Window

Figure 6.16 shows profile surface tolerancing of a window with additional con-
straints for orientation and form.

1000] |[° "

\
300 | | N
\— [R=0)

]

~ 3 A|B
= 1CZ A><
o | 0,5UZ2-0,25CZ

Actual surface within:
Zone 0,5, any orientation (for fit)
Zone 1, orientation of zone parallel to A (horizontal)
Zone 3, location of zone 300 x 150 relative to A and B
FIG. 6.16 Profile tolerancing of a window with possible additional

constraints

6.2.3 Perpendicularity

Figure 6.17 shows a sheet metal part. The upper tolerancing does not limit the
deviation of the side faces, but the lower tolerancing does.

Permissible deviations

90°

Side faces also toleranced

2x

=[03 |A[B]

FIG. 6.17 Tolerancing of perpendicularity of a sheet metal part
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6.2.4 Groups

Figure 6.18 shows tolerancing of a group of a group. The first CZ or SZ refers to
the first order group (group of two rectangular holes) and the second to the sec-
ond order group (group of four planes).

N

X

aloa AlB |c
G—afosczecz[alB><
aloi1szcz|A

20

-« 0,3(C2)

T4~ 0,1 (S2)

-+

FIG. 6.18 Tolerancing of groups

6.2.5 Inclined surface

Figure 6.19 shows tolerancing of an inclined plane. The tolerancings (b) and (c)
are allowed, but not recommended.

6.2.6 Stock material

Figure 6.20 shows tolerancing of stock material.

6.2.7 Wedges

Figure 6.21 shows tolerancing of a wedge (two inclined planes). The theoreti-
cally exact position is determined by the datums A and B.
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FIG. 6.19 Tolerancing of an inclined plane

2x

~ o5 KlL[A] =] 2 |

|
|
i
S e ) FRRR AT B
|
|
i

{7

FIG. 6.20 Tolerancing of stock material

Figure 6.22 shows tolerancing of a wedge for a slide way. CZ includes the
TED 10.
Figure 6.23 shows a wedge serving as a datum.
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= (A]

: 2x
|\ —{c[ox [ATE]

Indication CZ not necessary
because location defined by datum system

FIG. 6.21 Tolerancing of a wedge

2xB
— [=]o1cz[A-A

2x

No datum for horizontal direction
therefore

Ccz
FIG. 6.22 Tolerancing of a wedge for a slide way
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[¢-[002]B (o[ o1 8]

Datum B composed of:

Two planes inclined by 20°
located according to
minimum rock requirement

(Wedge median plane and
wedge apex straight line)

e
FIG. 6.23 Wedge serving as the datum

6.2.8 Cones

Figure 6.24 shows tolerancing of a cone in location, orientation, and form by
one single profile tolerance. Figure 6.25 shows tolerancing when there are fur-
ther constraints for radial location and for form.

Figure 6.26 shows tolerancing according to Fig. 6.24, and in addition auxiliary
diameters and their tolerances for manufacturing (which are easy to measure

220+£0,1| A

@ E

FIG. 6.24 Tolerancing of a cone
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4[0003[A]

oloos|AlB
al0,02

B0 de—ees s
\

[ 41 | j——

t1(=0,05)

al2 (=125°) i
- »—Tx=t/sina/2 (=0,23)

Tx tolerance relative to B
Related cone tolerance t1=Tx sina/2 (=0,05)

Unrelated cone (profile form) tolerance t2 (=0,02) (t1>12)
FIG. 6.25 Tolerancing of a cone with constraints

,ﬁu 12
T/4 /
2 38,557 + 0,02 3121.7) A <. /2
[ \@ 38,291+ 0,02at223
= IEIE T diameter tolerance
t profile form tolerance
A : alooz2[AalB T=2t/coso/2
A
22001 4=-—f-4--—-1—-—- (d-D)/2
o2
\ T [ A |
- )
d D |
25° D theor. exact
d max. actual g

(d-D)/2=ltan 0./ 2
FIG.6.26 Tolerancing of a cone with auxiliary dimensions for manufacturing
purposes
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during manufacturing) are indicated in parentheses. The limit dimensions depend
on the distance from the datum B. The figure shows the formulae for the
calculation.

Figure 6.27 shows a cone serving as the datum (B) for tolerancing the coaxi-
ality deviation of a short cylinder (too short to serve as the datum).

235+0,1

40028 ([ 01 [B]

FIG. 6.27 Cone serving as the datum

6.2.9 Fits

Figure 6.28 shows profile tolerancing of a rectangular fit, e.g. a cover sheet in a
casing. Compare with Fig. 5.73 showing position tolerancing. The maximum

2 .
b [
A _| —e [ i 10

\ i_____‘_____l !
A
ol 01Uz-005Ccz[A] 0,1 zone

20

o~ |
. — | 10
|

7 Z *

2] 01Uz-0,05CZ]|A]
FIG. 6.28 Profile tolerancing of a rectangular fit

0,1 zone
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possible form deviation is half as much as with position tolerancing. Both parts
have the same CAD model.

Figure 6.29 shows tolerancing of a complex fit. The space between centred
contours is between 0,005 and 0,105. Figure 6.30 provides the explanation for
Fig. 6.29.

@] 0,05Uz-0,03¢Z [A]B] [2]0,05UzZ-0,025¢cz]A[B][C-D}-&
+—F
~—D]
ax[R1]
/
y 2,5
[
| S
e [R228] ~{-[3]
245 i

FIG. 6.29 Tolerémcing of a complex fit

oloosuz-003cz [AlB] [2lo005Uuz-0,025cz|alB[c-DI9

Nominal contours of both parts identical
Space between //
centred contours, around: /

/ max. = 0,055 + 0,05=0,105; min. = 0,005
Z

0,05 tolerance zone 0,05 tolerance zone -vH’Jr’
0,03 zone shifting 0,025 zone shifting —= ="

v
Nominal contour Nominal contour —»!

0,005
— 0,055

FIG. 6.30 Explanation for Fig. 6.29
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Chapter 7

+ Tolerancing,
General Tolerancing

7.1 General

The =+ tolerancings for sizes without modifier (@, ©, ®, etc.; see SO 14 405-1)
and for non-sizes (steps, distances, roundings, contour dimensions) have large
ambiguities and shall no longer be used; see 7.2 to 7.4. They are no longer
the state of the art. Instead the following shall be used: profile tolerances for
integral features and position tolerances for derived features, the latter together
with @, ©, @, etc.; see ISO 14 405-1, and = tolerances for sizes.

Even when large tolerances are permissible, geometrical tolerances (profile,
position) shall be used. They are correct and fit into the current tolerancing sys-
tem with general profile tolerances; see 7.5. Inspection can still be executed
with plain measuring instruments, e.g. vernier callipers, when these tolerances
are large enough.

Exceptions to this rule are two-point sizes for the lower limit of size with
external features of size (e.g. shafts) and for the upper limits of size with internal
features of size (e.g. holes).

7.2 Sizes

Cylindrical sizes (holes, bolts) and planar sizes (slots, tabs) toleranced only with
=+ tolerances can have mating sizes (size of perfect counterpart that just fits)
outside of maximum and least material size. For example, see Figs 5.15 and
7.1. These sizes are to be toleranced with ®, @, © or other modifiers according
to ISO 14 495-1 in order to fit for their function. See for example Figs 5.16
and 7.2.

Figure 7.1 shows the ambiguities in sizes with £ tolerances without a
modifier.

Figure 7.2 shows a possible correct tolerancing.

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
https://doi.org/10.1016/B978-0-12-824061-8.00014-1
© 2021 Elsevier Ltd. All rights reserved. 223
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— 98
15 Y
Y
e v e | S |
i Y
96+02 | 98 ___ | >9.8
Parts do not fit
9.8
Y J
_____ - Y Y VT
¥
104 0,2 15 | <98 9,8

FIG. 7.1 Sizes, + tolerance without modifier, ambiguities

9,6+0,2
[¢[o® [R]S[T |+

9,4

9,8 gauge
10+0,2
—e] 0® [R[S[T] 102 102
|
?

15 9,8 gauge

FIG. 7.2 Sizes, correct tolerancing
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7.3 Non-sizes

7.3.1 Steps

Figure 7.3 shows ambiguities with =+ tolerances for step dimensions. For exam-
ple, measurements with step gauges may be oriented according to the upper or
lower surface, outside material. With CMMs, the orientation may also be
according to the upper or lower surface, inside material. It is also possible
to measure the distance between two parallel median planes, according to
Chebyshev (minimax) or according to Gauss.

iy

FIG. 7.3 Step dimension, ambiguities

Figures 7.4 and 7.5 show further ambiguities. As the ambiguities depend on
the geometrical deviations of the surfaces, it is (without geometrical toleran-
cing) not clear what the workpiece might look like. Therefore, geometrical
tolerancing shall be used; see Fig. 7.6.

5101 =

FIG. 7.4 Step dimension, ambiguities
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{

5+ 0,1

T

49

FIG. 7.5 Tolerancing of step dimensions

In order to avoid the rather complicated indications, the indication according
to Fig. 7.7 may be used. However, this indication is not standardized and
requires the explanation on the drawing (near the title block), as shown in

Fig. 7.7.

5+£01

Wrong

5+0,1

Correct

<

(=] 0.2 [B]A]

FIG. 7.6 Step dimensions, correct tolerancings
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Indication Meaning Simplified indication

[=]02 [A]

50+ 0,1
= =
|~ Datum
Simplified indication not yet standardized,
application requires explanation on the drawing, e.g.: ) 1/ Biatiim 1505455

FIG. 7.7 Step dimension tolerancing, simplified drawing indication

7.3.2 Centre distances

It was former practice to use =+ tolerances for centre distance, e.g. for holes on a
pitch circle (see Fig. 7.8). The cord lengths were indicated with =+ tolerances as
chain dimensions. Because of the tolerance accumulation, very small (expen-
sive) tolerances were indicated. However, this was not functional, because
when all but one chain member were at the limit, the last member exceeded
the limit. Also, very small (expensive) + tolerances were indicated for the pitch
diameter. However, even when this small tolerance was respected, the part often
could not be assembled, because the pair of opposite holes was eccentric in rela-
tion to the other holes.

Also, for other patterns of holes, & tolerances for the centre distances had
large ambiguities; see Fig. 7.9. It was not clear what the centre was (centre of the
horizontal or vertical local diameter, centre of the maximum inscribed cylinder,
centre of the minimum circumscribed cylinder) and from where to measure
(real surface, associated plane, and whether from primary, secondary or tertiary
datum plane). Geometrical tolerancing is unique and correct.

Figure 7.10 shows the ambiguities for a centre distance with + tolerance
(same CAD model). Figs. 7.11 and 7.12 show correct tolerancings.

Figure 7.13 shows a = toleranced angular location. It was not clear where
the zenithal line of the angle was located (horizontal: median plane of the outer
surfaces or median plane of the inner surfaces or centre of the hole distance;
vertical: associated plane of the two horizontal surfaces, median plane of the
two hole median lines). There are at least five possible locations for the zenithal
line, resulting in five different measurement results. Geometrical tolerancing is
unique and correct.



+0,22

8x066

@” ™ 8x 15,31+ 0,02
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— [4|s025@CZ|AM|
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Correct - — e .
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FIG. 7.8 Centre distances, holes on a pitch circle

Wrong
—-O0-©
40 £ 0,07 \ |
| _@
15+ 0,07
15+ 0,07 40+ 0,07
Ax
Correct — 4 004® [A[B[c]
| 2020 CZ |A
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! b e
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FIG. 7.9 Centre distances for patterns of holes
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72 .

l
120+ 0,3

FIG. 7.10 Centre distance, ambiguities

Wrong: Correct:

80+0,2

— (2o BA[E[C]

280+£0,2

A ]
120103 [120] 8]

FIG. 7.11 Centre distance, position tolerancing

Wrong: Correct:

80+ 0,2

[c]

T m '
| 120:03 @ (8]

FIG. 7.12 Centre distance, profile tolerancing




230 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

&
Wrong > . :
60° + 30" ‘\\ i
D4
T ! T
|
f
(( Six possible theor. positions of the apex))
> -—J4|e01 M[A]B-C[D]
D [—4-= -
i
Correct . °cYy- |
-
N —

e

7,3';
|
|
|
.
;

@

FIG. 7.13 Angular location, ambiguities

Figure 7.14 shows a workpiece with multiple (six) median lines on the cen-
tre line. With =+ tolerancing, the smallest necessary tolerance must be indicated,
perhaps at the two bearing holes. Then this small tolerance applies to all centre
distances, and also for the chamber. This is expensive in production.

Wrong

e—80+0,05

Correct

FIG. 7.14 Different centre distances at the same location

2%
1'¢‘ QO|1
4006
2x
- - #]e03]
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Geometrical tolerancing allows specification of different tolerances to each
centre line, which may be cheaper in production.

7.3.3 Radii tolerances

According to ISO, =+ tolerances are undefined. The real form deviates from the
ideal form. According to ISO 14 405-2 they should no longer be used. Instead,
profile tolerancing should be used. It has a defined tolerance zone. See Fig. 3.26.

7.3.4 Contours

Figure 7.15 shows a contour of a cover plate that shall fit into a counter part.
Here + tolerancing is inappropriate because the effective length and height
can exceed the dimensional limits. The correct choice (according to the design
intention) is profile tolerancing.

Wrong >20,2
20+0,2

]

10,2
1002 — ‘ 102
Y
20,2
Corr
orrect 202

’

Y [——————— =1 [
A |, : i
!
|L

—_ i 10,2

G1=02¢zZ [A]

FIG. 7.15 Profile tolerancing of a cover plate (contour)

Figure 7.16 shows a more complicated workpiece that shall fit into a coun-
terpart. Because of the assumed tolerance accumulation, the & tolerances are
very small. However, although the tolerances are so small, the workpieces
may not fit, because there are orientation deviations which have not been taken
into consideration. The correct choice is profile tolerancing.

When, with profile tolerances, UZ with half of the tolerance is used, the part
and the counterpart can have the same theoretical contour.
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Wrong R 25+ 0,05

50 £ 0,05
Nodatum system N\
small tolerances 4 \\\ 45°£0,1°
geometrically complicated TN N 2
not completely toleranced ! 124005
not function appropriate ' i 30 4005
high cost ——1—— 1 '
lack of quality 55+ 0,5 —j= I

[=]0,5Uz-0,25 cz[A]
Correct

Datum system

large tolerances
geometrically simple 3
completely toleranced | [12,05
function appropriate
low cost
good quality

55,5

FIG. 7.16 Contour for fit

7.3.5 Chain dimensioning

Figure 7.17 shows chain dimensioning with = tolerances. Theoretically, the tol-
erances accumulate between the first and the last member of the chain. How-
ever, the accumulation practically does not happen, because the pattern for
the casting contains the chain members (approximately) at the exact location.
In machining, the CNC machine tool goes (approximately) to the correct loca-
tion. The correct dimensioning and tolerancing (with profile tolerances related

I J ISO 2768-m

1
50 (+0,3) 50 (+0,3)

- wle »l ||
I r

I
120 (£0,3) 50 (0,3) 50 (£0,3) 50 (£0,3)

[
Acc. to stack up calculation: 370 1,8 J
practically (acc. to pattern or NC machining): 370+ 0,3

FIG. 7.17 Tolerance accumulation with chain dimensioning
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to a datum system) are shown in Fig. 7.18. Figure 7.19 shows another possibility
with position tolerancing.

(=] 03 [R[S]
:

alo03]R

[120]] [50]
Surfaces without tolerance indication:| & | 0,3 [R[S]T]

FIG. 7.18 Correct profile tolerancing of a chain-dimensioned contour

|-—|o|o,3 R[s] @J-iﬂl 03] [=[03]R
50,3
= . - 503
! [T [T O
| | \ g
i | [oo]; i ||
= r~ > — [
3x 50 £0,3 Lehre 49,7
4| 0@ [R]s[T]
Surfaces without tolerance indication: E 0,3 E

FIG. 7.19 Correct position tolerancing of a chain-dimensioned contour

7.4 Profile tolerances, position tolerances instead of
+ tolerances, advantages

Profile tolerancing for integral features and position tolerancing for derived fea-
tures instead of + tolerancing for non-sizes (steps, centre distances, radii and
contours) have the following advantages:

— tolerance zones can be related to datum systems (Figs 7.11 and 7.12), and
unequivocal indication, function-related tolerancing with the largest possi-
ble tolerances is possible

— features with the same centre line can have different tolerances (Fig. 7.14)

— cylindrical tolerance zones can be used with 57% more tolerance (Fig. 5.12)

— possibility of taking advantage of @, ©, ® (Figs 5.16, 4.42 and 5.21),
correct functional tolerancing
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— no tolerance accumulation with chain dimensioning, larger tolerances
(Figs 7.18 and 7.19)

— simple presentation and calculation of functional relationship (Fig. 5.13)

— better quality, larger tolerances, lower costs

7.5 General tolerances

General tolerances according to ISO 2768 for metallic machined parts and ISO
8062-3 for castings contain =+ tolerances (with the disadvantages described pre-
viously) and geometrical tolerances which do not tolerance the workpiece
completely. Therefore, these general tolerances shall no longer be used, as they
are no longer state of the art; see ISO 14 405-2.

Instead, a profile surface tolerance, related to a general datum system RST, that
locks all the degrees of freedom of the workpiece and is rated to the size of the work-
piece (space diagonal, diameter of smallest enveloping sphere), ISO 20 170, shall
be used for surfaces without dimensional or geometrical tolerance indication.

The datum features shall be toleranced properly (form tolerance for primary
datum, secondary datum toleranced in relation to the primary datum, tertiary
datum toleranced in relation to the primary and secondary datum).

With that, the workpiece is already completely toleranced.

Figure 7.20 shows an example. It should be noted that the general tolerance
applies only to surfaces without tolerance indication. When there is a tolerance
indication, a tolerance directly or indirectly related to the general datum system
is to be indicated, even when it is equal to the general tolerance.

It is also possible to indicate general tolerances individually when they are
necessary for the main function.

Figure 7.21 gives an example in which a tolerance is indirectly related to the
general datum system.

10 H9 Tolerances 0,1; 8 0 (W
E} & E Tolerance datum features
Tolerances 0,2, 20,3 (W
/ ‘ \ &5 H9 Substitute general tolerance
| _|¢_| BO,3®|R|S|T| Tolerance 0,05
} Additional constraint
,@,
ol 01 [
| —f#T 0GR
f‘\ i
‘ r
|?3_‘| TEDs see CAD 12345
25
251 o 03 [R[S]T ;
=02 RIS[T =005 R Surfaces without

tolerance indication:

[2] 03 [R[S]T]

FIG. 7.20 Example of a general toleranced workpiece
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z12+0,1

3001 @[0@] ®

; (c)
|

&3|R|S(m
0,1

i
i 7| =l

28+0,1
[O}—4=—{¢][c02 ® [R][s[T]@

Surfaces without tolerance indication:
=] 03 [R[s[T]

(a),(c), (d) direct related to general datum system RST,
(b) indirect related to general datum system RST,
All degrees of freedom locked
Overruling the general tolerance
FIG. 7.21 Example with a tolerance indirectly related to the general datum

system

When tolerances other than the general tolerances are necessary, they are to
be indicated individually; see Fig. 7.20.

The general tolerance shall be large enough to be respected without any
additional effort and with a high probability. This can be derived from past mea-
surement results. See Fig. 7.22. Then manufacturing and inspection can focus
on the individually indicated tolerances.

General profile deviation limit

(0]
Q
2
o
f L]
s . .
“6"" . .
e
S0 . . &
g g * . ¢ '. a : e ..o' .
o E . o " . .
o = . . . e |*, -.:....' .
= L] . LI . *e .|,
A IR TR P R S LR
; ':'0'0::.:' R * B *
= % eetep e T, e Te e riee 0, W
(1] L ... - . . L .
=
35 100 350 1000 3500

Workpiece overall size (smallest enveloping sphere diameter)

FIG. 7.22 General tolerances derived from past measurements
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Figure 7.23 shows a proposal for general tolerances for machined metallic
workpieces. The tolerances are derived from ISO 2768-1.

Figure 7.24 shows how the general profile tolerances are derived from the
=+ tolerances of ISO 2768-1.

Surfaces without tolerance indication: [=] ... [R][s]T]

General surface profile tolerances

Overall size mm
(o of smallest envelope sphere of nominal model)
up to

30 | 120 | 400 | 1000 | 2000

f 0,1 0,15| 0,2 0,3 0,5
m|02| 03|05 ]| 08 1,2
¢c | 05| 08/ 1,2 2 3
v 1 1,5 25 4 6

FIG. 7.23 Proposal for general profile surface tolerances for metallic
machined workpieces

2200+ 1

0.5

Yy

O
—

Size tolerance + 1 does not limit form deviations
e.g. lobed forms may occur

100 £ 1

A A
=] 1 [R[s]T] [ 1 [R][s[T]

A A

Dimensional tolerance + 1 does not limit form deviations
FIG. 7.24 Comparison =+ tolerances and profile tolerances
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7.6 Further general tolerances
7.6.1 General tolerances for plastic parts

ISO 20 457 gives general (profile) tolerances for plastic parts. They are rated to
the Dp dimension; see Table 7.1. This is the nominal maximum special distance
of the toleranced surface from the datum system origin (Fig. 7.25). This distance
is important for the following reason. Plastic parts deform when cooling after
the manufacturing process (warping, distortion). In order to reduce this devia-
tion from the nominal shape, the die is designed deviating from the nominal
shape. The more the surface is away from the datum system origin, the more
deviation from the nominal shape is needed for the die.

TABLE 7.1 General profile tolerances for plastic parts
ISO 20457:2018 Table 10

General profile surface tolerances with general datum system
Dp <30 >30 <100 >100 <250 >250 <400 > 400 < 1000
Tolerance 0,5 1 2 4 6
Drawing indication:
Surfaces without tolerance indication: &~ x R S T
x see 1SO 20457:2018 Table 10

Datum system origin

FIG.7.25 General tolerances for plastic parts Dp dimension for surfaces (not
axes) nominally maximum spatial distance of toleranced feature from datum
system origin
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7.6.2 General tolerances for metallic castings

ISO 8062-4 gives general (profile) tolerances for metallic castings. There are 15
tolerance grades, each rated to the size of the casting (diameter of the smallest
envelope sphere); see Table 7.2.

TABLE 7.2 General profile tolerances for metallic castings

Moulded
space diagon.
above up to

General profile surface tolerances for tolerance grades P

1 2 3 4 5 6 T 8 9 10 11 12 13 14 15
40 0,09 0,14 0,19 0,27 0,37 0,53 0,76 1,1
10 3g 0,12 0,16 0,23 0,31 0,44 0,61 0,86 1,3
30 100 0,14 0,19 0,27 0,38 0,553 0,74 1,1 15 21 3
100 300 0,15 0,23 03505 07 1 14 2 284 56 8

300 1000 042 064 08 13 19 27 3855 75 11 15 19 23
1000 3000 16, 24 38 548 10 15 21 26 33
3000 6300 7 10| 13 | 19 |26 33 41
6300 10 000 11 16 23 32 40 50

Drawing indication, e.g.:
Surfaces without tolerance indication:

a 27 RST®
ISO/TS 8062-2

In addition, there is a constraint for wall thicknesses; see Table 7.3. It applies
only when indicated (see, e.g. Fig. 10.24) and the wall is not machined. Without
this constraint, the wall thickness may become too small for the function. See
also 10.4.

TABLE 7.3 General tolerances for wall thicknesses (additional constraint)
Dimensions in mm
Thickness *) General tolerances t for wall thicknesses , tolerance grades S, (+ t/ 2)
above wupto 1 2 3 4 5 6 (T G /N 0 IR 120 TG0 T S
- 10 0,05 0,06 0,1 0,12 0,17 0,25 0,35 0,5 0,7 1 28 B2
10 30 0,06 007 012 015 02 03 04 06 08 12 17 25 3 4 5
30 100 (0,07 0,1 0414 0,2 02504 05 08 1 15 2 3 4 5|7
100 300 0,08 0,12 0,17 025 035 05 07 1 142 3 4 5 T RS
*) Nominal wall thickness of moulded condition
Drawing indication, e.g.:

Wall thickness Wall thicknesses:
25103
35+ 04
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Tables 7.4 and 7.5 give information on which tolerance grades may be

achievable.

TABLE 7.4 General tolerance grades P and S for short series and single

production

Steel
Grey iron

S.G. iron

Malleable iron

Copper alloys

Zinc alloys

Light metal alloys

Nickel-based alloys

Cobalt-based alloys

Sand cast hand moulding

Clay-bounded

13-14
13-15
13-15
13-15
13-15

11-13
13-15
13-15

12-14
11-14
11-14
11-14

10-13

10-13
12-14

12-14

Chemically bounded

TABLE 7.5 General tolerance grades P and S for long series production

Steel
Grey iron
S.G. iron

Malleable
iron

Copper
alloys
Zinc
alloys

Sand cast
hand
moulding

11-14
11-14
11-14

11-14

10-13

10-13

Sand cast
machine
mould and
shell
moulding

8-12
8-12
8-12
8-12

Metallic
permanent
mould

7=9
7-9
7=9

7=9

7=9

Pressure

die

casting

6—8

3-6

Investment

casting

4-9
4-9
4-9
4-9

4-9

4-9

Continued
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TABLE 7.5 General tolerance grades P and S for long series
production—cont’d

Sand cast
machine
Sand cast mould and  Metallic Pressure
hand shell permanent  die Investment
moulding  moulding mould casting casting
Light 9-12 7-9 68 6—9 4-9
metal
alloys
Nickel- 11-14 8-12 4-9
based
alloys
Cobalt- 11-14 8-12 4-9
based
alloys

7.6.3 Multiple general tolerances on the same part

As the general tolerances are applied to the surfaces, it is possible to apply dif-
ferent general tolerances to the same part. The surface texture symbols give the
information on which general tolerance applies; see Fig. 7.26 for a machined
casting and Fig. 7.27 for a welded part.
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FIG. 7.26 Machined casting with general tolerances for moulded and
machined surfaces
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FIG. 7.27 Welded part with general tolerances for stock material, flame cut-
ting and machined surfaces

7.7 General size tolerances

ISO 22 081, on general tolerances, allows, in addition to the general profile
tolerance, the use of general linear and/or angular size tolerances. However,
in the most functional cases, size tolerances are to be complemented by geomet-
rical tolerances (specifications, e.g. @ or ®), and then the general tolerances do
not apply. Therefore it is not recommended to use general size tolerances. (See
also 5.4.) Instead, general position tolerances can be used; see Fig. 7.28.



+ Tolerancing, general tolerancing Chapter | 7 243

(=] 01]R]S] 015
— 2 10
|

al |l
| O

OB
P [ 7T Fret

[20] [22] [30][15][10]

Surfaces without
tolerance indication:

[=]o3]R]s|T]

Features of cylindrical size: Features of planar size:
+0,3 £0,3
[4[003®@[a]B|C] [¢] 03 ®@[A[B][C]

FIG. 7.28 General position tolerances

7.8 General tolerances according to ISO 2768

It was former practice to use general tolerances according to ISO 2768-1 and -2.
ISO 2768-2 is now withdrawn, ISO 2768-1 is intended to be withdrawn.

The = tolerances of ISO 2768-1 leads to ambiguities as shown before and in
ISO 14405-2. Further they could only be used when the dimensions are indi-
cated on the drawing. In 3D CAD systems, when no 2D drawing exists and
no dimensions are shown in the model, these tolerances cannot be used.

The general geometrical tolerances according to ISO 2768.2 were applied to
all possible combinations of features. When the features are too short, they are
not inspection appropriate and the general tolerances cannot be used. Further
the workpiece was not totally toleranced. Furthermore there was no datum sys-
tem involved, and it was difficult or impossible, to assess, which permissible
total shape was allowed to the workpiece.

Therefore the general tolerances according to ISO 2768 should not be used
anymore. Instead, general profile tolerances should be used, as described before.
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Chapter 8

Recommended Procedure
for Tolerancing

8.1 General

A distinction must be made between integral features (surfaces or lines on sur-
faces) and derived features (median lines or median surfaces of features of size
(e.g. cylinders and widths)). It is recommended to use the indications as shown
in Fig. 8.1.

Integral feature

Derived feature ——fj——-——-—- =

FIG. 8.1 Indication of integral and derived features

Figure 8.2 shows the recommended procedure for tolerancing.

First, the CAD model is established. Then an analysis of the main function is
conveyed with establishment of the main datum system. This datum system
shall be complete, i.e. locking all degrees of freedom. ISO 8062-4 recommends
using the datum letters RST.

Next, the datum features are toleranced, the primary datum feature with a
surface profile tolerance without datum, and the secondary and tertiary datum
features with surface profile tolerances related to the primary and to the primary
and secondary datum.

Then, a surface profile tolerance is indicated as a general tolerance. With
that, the part is then completely toleranced.

However, it should be investigated whether surfaces should be toleranced
(for functional reasons) with a smaller (or perhaps in special cases with a larger)

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection.
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1 CAD model
Establishment of the CAD model

2 Main function and main datum system
Analysis of the main function and
establishment of the main datum system

3 Tolerancing of the datum features

4 General tolerance (for surfaces without tol. indication)
Profile surface tolerance, related to general datum system,
to be indicated (with that, part completely toleranced)

5 Profile tolerancing overruling the gen. tolerance
If required by the function, other profile surface tolerances,
locking all degrees of freedom, are to be indicated individual-
ly; they overrule the general tolerance

6 Position tolerancing overruling the gen. tolerance
If required by the function, for features of size, position tole-

rances, locking all degrees of freedom, together with size
tolerances, are to be indicated individually; they overrule the

general tolerance ®®m O G

7 Further constraint tolerancing
If required by the function, additional and more constraint
tolerances are to be indicated individually, e.g.:

angd & ([]><UZ0Z SZCZSM==E MO @)
Then all necessary tolerances to be indicated individually
at the surface, even when identical to the general tolerance.

FIG. 8.2 Recommended tolerancing procedure

surface profile tolerance related to the general datum system. These tolerances
overrule the general tolerance.

Further, it should be investigated whether derived features (median lines or
median surfaces of features of size (cylinders or widths)) should be toleranced
with a position tolerance related to the general datum system and then combined
with a + size tolerance. With that, the combination with ®, ®, ©, ® may be nec-
essary. Fig. 5.26 shows the combination with @ for tolerancing of holes for
fasteners.

Finally, it should be investigated whether, in addition to these tolerances, fur-
ther tolerances as constraints are necessary for functional reasons. The integral
features shall be profile toleranced and derived features position toleranced.

All these individually indicted tolerances overrule the general tolerance.

When the symbol >< is indicated, only orientation, not location, applies.
See Fig. 3.24. The symbol CZ combines the tolerance zones of multiple integral
or derived features in orientation and location relative to each other; with ><
only orientation applies, not location, relative to the datum. See Table 3.4 and
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Figs. 5.8 and 6.4. The symbol SZ defines separate tolerance zones (without rela-
tion to other features), e.g. in Figs. 5.8(g) straightness and 6.4(g) flatness.
For surfaces with individually indicated tolerances, the general tolerance
does not apply. They must have a tolerance directly or indirectly related to
the main datum system; see Fig. 7.20.
It is possible to indicate the general tolerances individually for features that
have a main function.

8.2 Dimensioning
There are three types of dimensioning:

— function related (functional requirements directly indicated; the largest
tolerances occur)

— manufacturing related (dimensions, to be used by the manufacturer without
calculation, indicated)

— inspection related (dimensions, to be used by the inspector without calcula-
tion, indicated)

Fig. 8.3 (centre) shows, for the function of the step dimension, function-related
dimensioning. The tolerance (£0.1) for the step is as large as possible. The same
applies for the length of the adjacent threaded feature (tolerance £0.3).

Z}

—t«— Min. clearance

20+ 0,1 30%0,3 Function related

304005

Manufact. related
50 + 0,05

FIG. 8.3 Function-related and manufacturing-related drawings
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Figure 8.3 (bottom) shows the manufacturing-related dimensioning for the
turning process. The first cutting process starts at the right end, as well as the
second. The dimensions correspond to that. The tolerances have become much
smaller in order to meet the functional requirement at the step.

Designers should use the function-related dimensioning and tolerancing.
All other dimensionings and tolerancings derive from this. When manufactur-
ing-related drawings are necessary, they may be provided in addition. When the
tolerance of the manufacturing-related drawing is exceeded, with the function-
related drawing it can be investigated as to whether the workpiece is still
functioning. However, the contractual drawing, whatever it is, is decisive for
the acceptance or rejection of the workpiece.



Chapter 9

Tolerancing of Edges

9.1 Edges of undefined shape

For tolerancing the geometry (sharpness) of edges (within cross sections), a sep-
arate standard, ISO 13715, has been developed. Edges are intersections of two
surfaces. Edges always exhibit deviations from the ideal geometrical shape
(burr or undercut or passing) (Fig. 9.1). It may be necessary to tolerance the size
of these deviations for functional reasons (e.g. in hydraulic equipment) or out of
safety considerations.

Undercut

Undercut

FIG. 9.1 Edge deviations

A burr is a rough remainder of material outside the ideal geometrical shape
of an external edge, a residue of machining or of a forming process (Fig. 9.1).

An undercut is a deviation inside the ideal geometrical shape of an internal
or external edge (Fig. 9.1).

A passing is a deviation outside the ideal geometrical shape of an internal
edge (Fig. 9.1).

The edge deviation is illustrated in Fig. 9.2.

The tolerances for the deviations from the ideal geometrical shape of edges
within cross sections are to be indicated by the symbol shown in Fig. 9.3. The
indication + at the symbol means only deviations outside the material of geo-
metrical ideal form are allowed (burr or passing permitted, undercut not permit-
ted) (Fig. 9.5). The indication — at the symbol means only deviations inside the
material of geometrical ideal form are allowed (undercut permitted, burr or
passing not permitted) (Fig. 9.5). The indication + at the symbol means devi-
ations outside and inside the material of geometrical ideal form are allowed

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
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SRR k/\‘\3
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FIG. 9.2 Edge deviations

a Size of burr or undercut
a3
al No direction indicated
a2,a3 indicated direction of
a1 burr or undercut
a2

+ Burr (external adge)
passing internal edge

- Undercut (external or internal edge)

FIG. 9.3 Symbol for edge tolerances

(undercut or burr or passing permitted). When necessary, the upper limit of the
size of the deviation or the upper and lower limit of the size of the deviation is to
be indicated following the sign (Fig. 9.5). A sharp edge is an edge with an indi-
cation of a very small edge tolerance (e.g. —0.05 mm).

When it is needed to specify the direction of the burr on an external edge or
the undercut on an internal edge, this indication shall be placed in areas a2 or a3
(as shown in Fig. 9.3) and as shown in the examples in Fig. 9.4.
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L 4

4

FIG. 9.4 Examples of edge tolerances

|; |; b).s
T O

\_i_/
= S
FIG. 9.5 Examples of indication of edge tolerances applied to all edges around

the profile on both sides, front and back; applied to the edge of a feature (hole);
applied to edges vertical to the projection plane and without tolerance value

When the symbol points to a corner (point), the edge vertical to the projec-
tion plane (front view) or the edge of the feature (e.g. hole) is meant (Fig. 9.5).
When the symbol points to a line, this edge is meant; if only one view is repre-
sented and the outlines of both front and back are the same, the edges of the front
and back are meant (Fig. 9.5). When the symbol ‘all around’ is used, all edges
around the profile are meant (Fig. 9.5). In case of ambiguity, the indication may
be used at corners. The symbol ‘all around’ shall not be used in sectional
representations.

The edge tolerance indication may be applied
— as an individual indication for a single edge (Figs 9.5 and 9.6)

— as an individual indication for all edges around the represented profile

(Fig. 9.5)

|L0'5 |LQ,2

N B —,

FIG. 9.6 Example of indication of a collective edge tolerance (—0.5)
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— as a collective indication near the title block common to all edges without
individual edge tolerance indication (Fig. 9.6).

According to ISO 13715, without an indication of the state of the edges, the
parts may be delivered direct from the machine without an additional edge
treatment.

When the symbols and rules according to ISO 13715 (described previously)
are applied, it is recommended that reference be made to ISO 13715 — either
within or near the title block or within allocated documents, in the manner
shown in Fig. 9.7.

\_
S /—

FIG. 9.7 Reference to ISO 13715

9.2 Transitions (edges of defined shape)

The new standard ISO 21204 provides the possibility of the specification of
rather complicated edge forms (tolerancing of transition features) using short
symbols.

Figure 9.8 shows the transition specification indicator.

7N

FIG. 9.8 Transition specification indicator

Figure 9.9 shows the indication areas around the transition symbol.

4
th\ =2
6 L+ 1
P ==
5
7 Upper primary reference

section (4)

1 Centre indication

2 Upper main indication

3 Lower main indication

4 Upper primary reference section

5 Lower primary reference section

6 Adjacent feature that 2 and 4 refer to
7 Adjacent feature that 3 and 5 refer to

FIG. 9.9 Indication areas around the transition symbol
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Table 9.1 shows the symbols used for transition specifications.

TABLE 9.1 Symbols used for transition specifications

C
CF
CL
M
D

E
EF
EL
EM
P
PL
PM
R
RF
RL
RM
T
vz

Chamfer

Chamfer of fixed dimensions

Chamfer of least material boundary

Chamfer of maximum material boundary

Length extension of the tolerance feature from the specification origin
Ellipse

Ellipse of fixed dimension

Ellipse of least material boundary

Ellipse of maximum material boundary

Fixed profile defined by CAD

Profile defined by CAD least material boundary
Profile defined by CAD maximum material boundary
Radius

Radius of fixed value

Radius least material boundary

Radius maximum material boundary

Profile tolerance value

Unequally disposed zone

Figure 9.10 shows the dimensioning of a transition edge.

The transition specifications according to ISO 21204 are limited to edges
between two planes and between a plane and a cylinder perpendicular to each
other; see Fig. 9.11.

The edge transition tolerance defines the tolerance for a section line (line
profile tolerance) in a section plane. This section plane is perpendicular to
the section (ideal) line of the associated (ideal) features to the adjacent real fea-
tures. The association is according to Gauss (total least squares). See Fig. 9.11.

According to ISO 21204, in each section plane, the dimensions start from the
specification origin point; see Fig. 9.13. This point is the intersection point of
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RM3 T0,5

FIG. 9.10 Dimensioning of a transition edge

1 Norminally flat real feature

2 Nominally cylindrical real feature

3 Total least squares (Gaussian) planes associated to 1 independently

4 Total least squares (Gaussian) cylinder associated to 2

5 Intersection straight line or circle between 3 or 3 and 4

6 One of the infinite set of intersection planes perpendicular to 5

7 One of the infinite set of intersection planes perpendicular to 4 (containing the axis of 4)
8 One of the infinite set of profiles containing the toleranced feature

FIG. 9.11 Direction of the section planes

the two associated straight lines on the two adjacent surfaces. The straight lines
are to be found by an iteration process. In the first association iteration, a least
squares (Gaussian) straight line is associated to each adjacent feature line
profile (Fig. 9.12). If the lengths of the features allow, the length of the profile
shall be 3D; see Figs 9.16 and 9.14. The intersection between the bisector and
the real workpiece is the separation point between the two adjacent features for
further association purposes; see Fig. 9.13.

After the first iteration, the piece of the profile between the first separation
point and the first intersection is disregarded and the association is repeated.

Adjacent feature profile First intersection

To be disregarded
for next association

First separation point
Least squares (Gaussian) associated line

FIG. 9.12 TIteration process to find the specification origin point
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Specification origin

74:&-_/4-_\__/_1 f/

FIG. 9.13 Separation point and specification origin

This iteration continues until it does not result in any further portion of the pro-
file being disregarded. In some types of form deviations, there are always form
deviations to be disregarded, e.g. cylindrical form deviations. In these cases, it is
recommended to abort after the third iteration. The intersection of the associated
lines of the adjacent profile lines is the specification origin; see Fig. 9.13.
Figure 9.14 shows an edge transition specification according to ISO 21204.
Figure 9.15 shows an approximately equivalent specification according to ISO
1101. In Fig. 9.14 the references F and B are straight lines not necessarily
perpendicular to each other. In Fig. 9.15 they are perpendicular to each other.
In both cases, the straightness of the edge (perpendicular to the section

RM3 T0,5

Section plane

Reference s
 2xp=9 | IR
| . R3
TN
A Y
Extended transition|[ ) 05R
Material side o 2x D=9 reference
T0,5
Profile tolerance Y
/

References independent (not necessarily perpendicular to each other)

FIG. 9.14 Example of a transition specification according to ISO 21204
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[~Tos5uz-025 K| L] (F-B)[sL]

BN

—

DatumF 9 |15
auml_

R3

|
P

i /\ t 156
Extended transition|[ : L

Material side _ 9 Datum B

Profile tolerance T0,5 LJ_

Datums B & F perpendicular to each other, oriented acc. to Chebyshev

FIG. 9.15 Specification according to ISO 1101 approximately equivalent to
Fig. 9.14

planes) is not limited. The datums F and B in Fig. 9.15 are perpendicular to each
other, the two lines in Fig. 9.14 not.

Figure 9.16 shows a chamfered transition.

By default, the adjacent reference sections are fitted individually. If one
shall be fitted first and the other constrained by it to be in theoretically exact
orientation (similar to a primary and secondary datum) at the nominal angle
between the two features, a triangle shall be indicated either above or below
the transition symbol to indicate which reference section shall be primary;
see Fig. 9.9.

According to ISO 21204, various nominal shapes of transitions are possible;
see Table 9.1 and ISO 21204. The definitions of the transitions according to ISO
21204 are rather difficult and in some cases difficult to achieve in verification.
Therefore it is recommended to use tolerancing according to ISO 1101; for
example, see Fig. 9.15.
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CMTO,5

Z

Section plane

Reference
2xD=12 |2 4

Extended transition ; ¢
205 —8— 2

Material side 2 x D = 12 reference

Profile tolerance T0,5

References independent (not necessarily perpendicular to each other)
FIG. 9.16 Chamfered transition
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Chapter 10

Tolerancing of Metallic Castings

10.1 General

The tolerancing descriptions already provided in this book also apply to toler-
ancing of metallic castings. However, there are additional terms, symbols and
rules standardized in

ISO 10 135 Symbols for moulded parts

ISO 8062-1 Terms and definitions for metallic castings
ISO/TS 8062-2  Symbols and rules for metallic castings
ISO 8062-4 General tolerances for metallic castings

Another standard, ISO 8062-3, is applicable to general + tolerances for
metallic castings. This standard applies to =+ tolerances for non-sizes and is
no longer the state of the art.

10.2 Additional symbols and definitions
Table 10.1 shows additional symbols according to ISO 10 135.

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
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TABLE 10.1 Additional symbols for castings according to ISO

10 135, overview
Parting surface
Tool marking
Mismatch
Flash
Specification extend
Draft angle
Sink
Marking
Undisturbed surface

Ejector marks

Porosity
Surf. enlargem. ribs

Mould M Gate

Core C Ejector E

Slider S Riser
Vent

G Mismatch SMI

R Flash FL
V Flashfree FLF

<~ 4 M C s
at &a-

SMI M C s

FL FLF

== b EeD
= TP TM TF

~

C:3

@

¢

/_P_

@

Taperplus TP

Taper minus TM
Tapertofit TF

Table 10.2 shows the symbols for the surface texture according to ISO
1302. The symbols apply to the most advanced condition of the drawing
(moulded, intermediate machined, final machined).

TABLE 10.2 Symbols for the surface texture
according to 1ISO 1302

v/ Machined

Q/ Moulded

Applies for the most advanced condition
(moulded, intermediate machined, final machined)
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Table 10.3 shows the symbols for the identification of the workpiece con-
ditions according to ISO/TS 8062-2.

TABLE 10.3 Symbols for workpiece conditions according to
ISO/TS 8062-2

@ Moulded
@ Intermediate machined
& Final machined

Without identifier the dimension or tolerance applies for all conditions

Figure 10.1 shows the application of the workpiece condition symbols to
dimensions and tolerances.

|100:1:0,3@| |100i1 @l |100t2@| Sizes
|© | |@I | @ |Theor. exact dimensions

Workpiece condition identifier ISO/TS 8062-2 for geometrical tol.

[#] 200 [AlB|@
(#] 20® [A]B|©®
= 1 A @

al 05 |A|l@®@ Profile tolerances
=l 02 |A|Q

FIG. 10.1 Workpiece condition symbols applied to dimensions and tolerances

Position tolerances

On drawings it shall be indicated, in or near the drawing title block, which
workpiece conditions are dealt with on the drawing; see Table 10.4, Drawing
type identifiers.

TABLE 10.4 Drawing type identifiers

@ Moulded

\Jj Intermediate machined

\J] Intermediate machined by supplier
W/ Final machined

@ Final machined by supplier
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Figure 10.2 shows an example of indicating of parting surfaces.

A-A
d b
w w
. L sal .
N
A—= & o
w w w w

FIG. 10.2 Example of indicating of parting surfaces

Figure 10.3 shows the rules for indicating tapers according to ISO 10 135.

b2

1°TM
mgle inclination)) ((Combined inclination))

Rules: —Longer side paralel to dimensioned feature
—Hypothenuses define orientation
— Arrow at edge where nominal dimension applies

— Combined inclination: TM: nominal dimension at parting line
) TP: nominal dimension at edge of
TM Taper minus indicated side
TP Taper plus
TF Taper to fit

; 1° |
M | N i
| Viete
2 80x0,1 - 280 +0,1
FIG. 10.3 Rules for indicating tapers according to ISO 10 135

Y

Figure 10.4 shows a conical taper.
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2u
P

FIG. 10.4 Conical taper

263

Tapers (draft angles) are necessary to separate the pattern or the casting from
the mould. They are nominal values. They increase the tolerance or the nominal

shape; see Fig. 10.5.

L Tapers (drafts)
are nominal values;
they increase the
tolerance gradually

h Tapers (drafts)
are nominal values;
they increase the
nominal shape gradually

104 2 40 -_

[2[03 [R]S[T]

1°A 2 40

[=[03 [R]S[T]

0,15 —=H=— 0 40
]
ISO/TS 8062-2 {1 |
|
! i
|
0,55 —=|—#f= 0,15

FIG. 10.5 Indicators for tapers

0,15 —=H-= 2 40

1ISO 10 135

Not
._:_permitted

1 as tolerance
0,15 — 0,15

—2 40,8
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If not otherwise indicated, TP (taper plus, additional material) applies. In the
rarely occurring cases of moulded features with @, TM (taper minus, material
subtracted) applies.

When the taper is included in the CAD model, no taper symbol occurs, but it
should be stated on the drawing: “Taper in CAD model included, profile toler-
ance follows the model”.

A distinction must be made between internal and external tapers; see
Fig. 10.6. Internal tapers often require larger values than external tapers.

Taper

External: no other surfaces opposite material outward
within mould half

Internal:  other surfaces opposite material outward
within mould half

a a a b

It

=]

a bb b b a a

a External b Internal
FIG. 10.6 External and internal taper

ISO 8062-4 and ISO 8062-3 give values for recommended tapers, depending
on the manufacturing method and the feature length.

Figure 10.7 shows the types of mismatch and the indication when individ-
ually toleranced. According to ISO 10 135, mismatch must remain within the
size tolerance. It is recommended to state on the drawing: “Mismatch within
size or profile tolerance”.



mDimensional [(Slobal)
W’W | o, SMI 0,1

Linear
((Individual))
ﬁ Rotational SMI } SMI + 0,1
C—1

SMI + 0,1

max. 0,1

max. 0,1
SMI-0,1

FIG. 10.7 Rules for individual indication of mismatch

Figure 10.8 shows the tolerancing of flash according to ISO 10 135.

FL 0,2 Max. flash hight
FL0,2x0,05 Max. flash hight and width
FLF Flash free
(Global)) |~ FL1x02
FL1x0,2

((Individual))

Mismatch SMI

Max. flash width 0,2

FL1x0,2

-

Max. flash height 1
FIG. 10.8 Tolerancing of flash




266 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Figure 10.9 shows the tolerancing of tool marks according to ISO 10 135.

M + Flevation

AR - Depression

Gate marking
Riser marking
Vent marking
Ejector marking

m< 0O

A G+ o3x1

/ FL1,5x0,2

Max. Max.
flash height elevation
1,5 1

A

FIG. 10.9 Tolerancing of tool marks

2 3 max.

A G-2x3x1

/ FL0,5x0,1

Max. Max.
flash height depression
0,5 1

_7./% / -

2 max.

Figure 10.10 shows the drawing indications for multiple surface applica-
tions according to ISO 10 135. When using these symbols in CAD models
(together with the collection plane indicator, see Table 3.6), the interpretation
is not easy for complicated parts. In these cases the single indication is

recommended.
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All around | All about | All over

Global

LB e
Partial /B— /El— /B— =

parting surface

Chain orientat.
relative to Parallel | Perpendic. All

projection plane

¢ <\
Partial .’{a
all around - E

<

<P
Partial
all about

<

FIG. 10.10 Drawing indications of multiple surface applications

For datums the part condition of the toleranced feature applies; see
Fig. 10.11.

DD

05[A><

3 |A><|Q
@

N Ersle

Abave part condition final moulded @
Datum A e .
Below part condition final machined €

FIG. 10.11 Part conditions for datums

Figures 10.12 to 10.14 show examples of the application of datums.
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Drawing indication

S
al 3 [A|@
=[o05 [A|®
] i

mly

v = VRa20@ Rz25@

Interpretation

(a) Final moulded part

(b) Intermediate machined part

(c) Datum A of final moulded part

(d) Datum A of intermediate machined part

FIG. 10.12 Datums in different conditions
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FIG. 10.13 Datums in different conditions

Drawing indication
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Interpretation

(a) Final moulded part

(b) Intermediate machined part

(c) Datum A of final moulded part

(d) Datum B of intermediate machined part

FIG. 10.14 Datums in different conditions
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Required machining allowance (RMA) is a layer of material to be
removed in order to reach sound material on machined surfaces. Sound material
on machined surfaces refers to: layer of machining tolerance without shrinkage
cavities and without slag inclusions.

The RMA is a cutting depth: i.e. for a diameter it is to be taken into account
twice. The RMA applies to all surfaces to be machined with the same value, if
not otherwise indicated according to ISO 1302; see Fig. 10.15.

3V

A

e

ISO 8062 — RMA 1,5 (F)
overall dimension 150

FIG. 10.15 RMA, general and individual

The RMA values are standardized in ISO 8062-4. They are rated in grades
according to the overall dimension (diameter of the smallest envelope sphere,
space diagonal). See Table 10.5. Table 10.6 provides guidance as to which
grades are usually applied.

TABLE 10.5 Required manufacturing allowances (RMA) according to 1ISO
8062-4

Overall dim.

Above Up to A B C D E F G H J K

= 40 0.1 0.1 02 03 04 05 05 07 1 2
40 63 0.1 02 03 03 04 05 07 1 1.4 3
63 100 02 03 04 05 07 1 1.4 2 28 4
100 160 03 04 05 08 1.1 1.5 22 3 4 6
160 250 03 05 07 1 1.4 2 28 4 55 8

Continued
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TABLE 10.5 Required manufacturing allowances (RMA) according to ISO
8062-4—contd

Overall dim.
Above Upto A B C D E F G H J K
250 400 04 07 09 13 18 25 35 5 7 10
400 630 05 0.8 1.1 1.5 22 3 4 6 9 12

630 1000 06 09 12 18 25 35 5 7 10 14
1000 1600 0.7 1 1.4 2 28 4 55 8 11 16
1600 2500 0.8 1.1 16 22 32 45 6 9 13 18
2500 4000 09 13 18 25 35 5 7 10 14 20
4000 6300 1 1.4 2 28 4 55 8 11 16 22
6000 10,000 1.1 1.5 22 3 45 6 9 12 17 24

TABLE 10.6 RMA grades usually applied

Sand cast
machine
Sand cast mould and Metallic Pressure
hand shell permanent die Investment
moulding moulding mould casting casting
Steel GtoK FtoH [E
Grey iron FtoH Eto G DtoF E
S.G. iron FtoH Eto G DtoF E
Malleable FtoH Eto G DtoF
iron
Copper alloys FtoH Eto G DtoF B to D E
Zinc alloys FtoH Eto G DtoF AtoD
Light metal FtoH Eto G DtoF B to D E
alloys
Nickel based GtoK FtoH E
alloys
Cobalt based GtoK FtoH

alloys
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10.3 Calculating of the moulded nominal dimension

Figures 10.16 to 10.18 show the default calculation of the moulded nominal
dimension starting from the machined nominal dimension. In these figures
the cutting depths are shown. Other methods of calculation need an agreement
between the parties on the casting tolerance and/or the RMA.

o) Tr |[RI@
al| Tm |R|©

| |
e |LiT_|Q’

Cutting depth contribution:
| Cast.tol. Tr/2 @

L@ RMA
i st s — Mach. tol. Tm /2 &

Datum R

L@ =L@+ Tm/2@+ RMA + Tr/2®@
FIG. 10.16 Calculation of the moulded nominal dimension
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[Lr]@ [tm] @

[D]@
ol Terofr |R|S|T| @
I I a| Tprofm |R|S[T| &
oD |
Lr@=m®@
o Dr© oD@ > oD®
Cutting depth contribution: L Lr @
Tprofr/ 2 @ I Lm &
RMA —
Tprofm/ 2 @

jfe—————=t- @ Dm@
D@ = 8D +2 cutting depth contribution
FIG. 10.17 Calculation of the moulded nominal dimension

e

oD@ +tTe/2® @

| 4| eTposr |R|@
! 4| eTposm [R|©
eDQ tTe/2 ® @

L@ =L
5D@ oD@ > s DO
Cutting depth contributtions: L@
Te/4
Tposr/2 @¥ - -
RMA — : -
Tposm /2 & f
Te /4 }_E|
[Q

oD@ = oD +2 cutting depth contributions
FIG. 10.18 Calculation of the moulded nominal dimension
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10.4 Calculation of the minimum wall thickness

Figure 10.19 shows the calculation of the minimum wall thickness when one
side is machined. The minimum wall thickness may be increased by increasing
the nominal wall thickness or decreasing the casting profile tolerance or by the
use of the unequally disposed modifier UZ.

Walll thickness

([ ]@)
Y

Min. wall thickn.

_L“_
'R

[ ]

)

]

'
Y
i

Y

Profile @ —-

- Profile € —»
tol. I

tol.

Profile @
tol.

[ ]

i
i
|
j
i

I

\
‘ RMA
|fw

FIG. 10.19 Calculation of the minimum wall thickness when one side is
machined

Figure 10.20 shows the minimum wall thickness when both sides are
moulded and the wall thickness is limited by an additional + tolerance.

/3
y: Wall thickness 20 +1 Z

f " !
: I

Profile tol.—™ \\
A
\

<— Profile tol.

—1 -

\
(Wall thickness ) 1
[

FIG. 10.20 Minimum wall thickness when both sides are moulded and the
wall thickness is additionally limited by a + tolerance
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10.5 Calculation of the moulded nominal dimensions when
the datum system is changed for the machined surfaces

Figure 10.21 shows the effect of height offset or inclination on the tolerance of
the machined primary datum feature A relative to the originally (moulded) pri-
mary datum feature R. Additional material is required. Figure 10.22 shows the
effect of offset on the tolerance of the machined secondary datum feature B rel-
ative to the originally (moulded) secondary datum feature R. Additional mate-
rial is required.

N

9 (v) —la[ [r]©

I
) i Ay,

Height offset or inclination between datums A and R
require additional material

FIG. 10.21 Influence of different primary datums
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7 ot
A Datum | | Datum
Forrrr A

2] Y
7 3 2

T
- »l la e

Due to offset datum B against datum S additional material
e =Tb/2 & necessary

FIG. 10.22 Influence of different secondary datums

Figure 10.23 shows the combined effect of changing both datums.

The tolerances at the machined datum features should be small, because the
change of the datum system requires additional material at the other machined
surfaces. The calculation of the nominal dimensions of the moulded features (to
be machined) can be simplified as follows:

1. Calculate the nominal moulded dimensions as shown in Figs 10.16 to 10.18.
2. Estimate conservatively the required additional material ci due to the

change of the datum system.
3. Add to ci

— for planes: profile tolerance/2 &)

— for sizes: profile tolerance/2€) or

position tolerance /2&) + size tolerance/4 &)

— Conservatively rounded to the sum C.

4. Calculate the moulded dimension by the following cutting depths:
C +RMA +moulded profile tolerance/2



276 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Additional required material due to change of datum system

ci=Ta@li/la +Tb/26
FIG. 10.23 Combined effect of changing the datum system

Figure 10.24 shows an example of dimensioning a casting without changing the
datum system. Figure 10.25 shows an example involving changing the datum
system, where C is estimated as 1.
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FIG. 10.24 Casting without changing the datum system
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FIG. 10.25 Casting with changing the datum system

10.6 General tolerances for castings

See 7.6.2.

10.7 Drawings for ordering castings
10.7.1 Castings remaining as moulded

There is no machining planned. See Fig. 10.26 for an example.
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TEDs see
CAD model 12345

Surfaces without tolerance indication:

227 [R[s[T] Rz 160
Wall thicknesses: 0,5
Mismatch within size or profile tolerance

Tapers in CAD model included
(profile tolerances follow CAD model)

ISO/TS 8062-2 @
FIG. 10.26 Casting remaining as moulded

10.7.2 Casting ordered as moulded, planned machining later

The surfaces planned to be machined later, e.g. machining by the purchaser,
should be identified by phantom lines. The machining allowance, RMA, shall
be indicated. See Fig. 10.27 for an example.

The purchaser is responsible for ensuring that the machined part is achiev-
able. The supplier is responsible for ensuring that, after removing the RMA
material, the surfaces are on sound material.
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FIG. 10.27 Casting ordered as moulded, planned machining later

10.7.3 Casting ordered as premachined

The drawing shows the premachined condition with tolerances for surfaces
remaining as moulded and tolerances for surfaces premachined. See
Fig. 10.28 for an example.

The purchaser is responsible for ensuring that the final machined part is
possible.

This method is recommended, because it gives the foundry the option of
using the experience to minimize the metal to be removed.
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FIG. 10.28 Casting ordered as premachined

10.7.4 Casting ordered as moulded by final machined drawing

The drawing shows the final machined condition, including the tolerances for
the surfaces remaining as moulded, the tolerances for the machined surfaces and
the machining allowance (RMA). The dimensions for the moulded surfaces to
be machined later are to be calculated by the foundry, as described in 10.3. See
Fig. 10.29 for an example.
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FIG. 10.29 Casting ordered as moulded by final machined drawing

10.7.5 Casting ordered as moulded by combined drawing for
moulding and machining

The drawing shows both conditions, moulded and machined; see for example
Figs 10.24 and 10.25.

This method leads to very complicated drawings and therefore it is not recom-
mended for industry. Single drawings should be used for the moulded part and the
machined part, i.e. for ordering the drawing according to 10.7.2 or 10.7.4.

10.8 General tolerances ISO 8062-3

For old drawings, mainly for drawings without CAD models, there are general
tolerances according to ISO 8062-3. This standard uses = tolerances for centre
distances, step dimensions and contour dimensions. The disadvantages of these
dimensions are described in 7.3. However, the general tolerances for orientation
(parallelism, perpendicularity) together with the + tolerances give limitations
for these dimensions.

The = tolerances for the linear dimensions are shown in Table 10.7. They
are grouped in tolerance grades DCTG (dimensional casting tolerance grade)



TABLE 10.7 General dimensional tolerances

Moulded dim.
Above Up to
- 10
10 16
16 25
25 40
40 63
63 100
100 160
160 250
250 400
400 630
630 1000
1000 1600
1600 2500
2500 4000

DCTG 16 for wall thicknesses only.
For wall thickness one grade coarser applies.

1
0.09
0.1
0.11
0.12
0.13
0.14
0.15

0.13
0.14
0.15
0.17
0.18
0.2

0.22

0.24

0.18
0.2
0.22
0.24
0.26
0.28
0.3
0.34
0.4

0.26
0.28
0.3
0.32
0.36
0.4
0.44
0.5
0.56

0.64

5
0.36
0.38
0.42
0.46
0.5
0.56
0.62
0.7
0.78
0.9

6
0.52
0.54
0.58
0.64
0.7
0.78

0.88

1.1
1.2
1.4
1.6

7
0.74
0.78
0.82
0.9

1.1
1.2
1.4
1.6
1.8

2.2
2.6

DCTG"

8

1

1.1
1.2
1.3
1.4
1.6
1.8

2.2
2.6
2.8
3.2
3.8
4.4

9
1.5
1.6

1.8

2.2
2.5
2.8
3.2
3.6

4.6
5.4
6.2

2.2
2.4
2.6
2.8
3.2
3.6

4.4

© o N O

2.8

3.2
3.6

4.4

5.6
6.2

10
12

12

4.2
4.4
4.6

5.6

13

10
11
12
14
16
18
21
24

10

12
14
16
18
20
23
26
30

15

10
11
12
14
16
18
20
22
25
29
33
38

14
16
18
20
22
25
28
32
37
42
49
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and rated to the nominal dimensions. For wall thicknesses, when they are
explicitly dimensioned, one grade coarser applies.

There are general tolerances on form (straightness of median lines, round-
ness of integral surfaces, flatness of integral surfaces), on orientation (parallel-
ism, perpendicularity, angularity tolerances are not covered of median lines and
planar integral surfaces), on coaxiality and symmetry. See Table 10.8. They do
not apply to tapered features. Tapered features shall be toleranced individually.

TABLE 10.8 General geometrical tolerances

Geometrical tolerance in mm
for tolerance grade GCTG

Staightness
2 3 4 = a | 7| &

Flatness
2 3 4 5 6 7 8

Roundness, parallelism, perpendicularity, symmetry

Feature 2 S 4 5 6 7 8
length 1) Coaxiality
Above To 2 3 4 d g i 2

10 0,08 0,12 0,18 0,27 04 06 09 14 2 3
10 30 0,12 0,18 0,27 04 06 09 14 2 3 4,5
30 100 0,18 0,27 04 06 09 14 2 3 a5 | i
100 300 0,27 04 06 09 14 2 3 45 7 10
300 1000 04 OB 09 14 2 3 A | g [l |TE
1000 3000
3000 6000 See Tables in ISO 8062-3
6000 10000

1)Raw casting nominal length

The general tolerances on orientation for cylindrical features apply to the
median lines.

The datums for orientation tolerances are to be indicated on the drawing.
The datums for coaxiality and for symmetry are not indicated. When a cylin-
drical or plane pair feature extends over the whole workpiece, this is the datum.
Otherwise a common datum applies composed of the most outward features.
When there are two features, the outer applies. See Figs 10.30 and 10.31.
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FIG. 10.30 Datums for general coaxiality tolerances
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FIG. 10.31 Datums for general symmetry tolerances

The general tolerances for coaxiality and symmetry apply also to the datum
features themselves, if a common datum applies. See Figs 10.30 and 10.31.

The nominal dimension to be used in Table 10.8 shall be the longest dimen-
sion of the considered integral surface, disregarding fillets or chamfers that are
not individually indicated.

For the selection of the tolerance grades, see Tables 10.9 to 10.11. These are
possible tolerance grades. The actual tolerance grade is to be agreed upon with
the foundry.
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TABLE 10.9 General dimensional casting tolerance grades (DCTG) for short
series and single production

Sand cast hand moulding

Clay-bounded Chemically bounded

Steel 13-15 12-14
Grey iron 13-15 11-14
S.G. iron 13-15 11-14
Malleable iron 13-15 11-14
Copper alloys 13-15 10-13
Zinc alloys

Light metal alloys 11-13 10-13
Nickel based alloys 13-15 12-14
Cobalt based alloys 13-15 12-14

The values in this table apply to nominal dimensions >25mm.
For smaller dimensions, finer tolerances can be held as follows:
nominal dimensions <10mm, three grades finer;

nominal dimensions >10mm to <16 mm, two grades finer;
nominal dimensions >16mm to <25mm, one grade finer.

TABLE 10.10 General dimensional casting tolerance grades (DCTG) for long
series production

Sand cast
machine
Sand cast mould Metallic Pressure
hand and shell permanent  die Investment
moulding  moulding  mould casting casting
Steel 11-14 8-12 2
Greyiron  11-14 8-12 7-9 2
S.G. iron 11-14 8-12 7-9 2
Malleable 11-14 8-12 7-9
iron
Copper 10-13 8-10 7-9 6-8 2

alloys
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TABLE 10.10 General dimensional casting tolerance grades (DCTG) for long
series production—cont’d

Sand cast
hand
moulding
Zinc 10-13
alloys
Light 9-12
metal
alloys
Nickel 11-14
based
alloys
Cobalt 11-14
based
alloys

YFor the largest overall dimension (diameter of envelope sphere):

<50mm
>50mm to
>180mm to

>500mm

PFor the largest over all dimension (diameter of envelope sphere):

>100mm to

>400mm

Sand cast
machine
mould
and shell
moulding

8-10

8-12

Metallic
permanent
mould

7-9

6—8

<180mm

<500mm

<100mm

<400 mm

Pressure
die
casting

3-6

Investment
casting

DCTG 6
DCTG 7
DCTG 8
DCTG 9

DCTG 4-6
DCTG 4-8
DCTG 4-9
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TABLE 10.11 General geometrical casting tolerance grades (GCTG)

Steel
Grey iron
S.G. iron

Malleable
iron

Copper
alloys

Zinc
alloys
Light
metal
alloys

Nickel
based
alloys

Cobalt
based

alloys

DFor the largest overall dimension (diameter of envelope sphere):

>100mm to

>400mm

Sand cast
hand
moulding

6—8
5-7
5-7

5-7
5-7

5-7

6—8

Sand cast
machine
mould
and shell
moulding

5-7
4-6
4-6

5-7

5-7

<100mm

<400mm

Metallic
permanent
mould

3-5

Pressure
die Investment
casting casting
1
3-5
3-5
3-5
2-4 3-5
2-4 2-4
2-4 3-5
0
1
GCTG 4-6
GCTG 4-8
GCTG 4-9

Figure 10.32 shows the limitation of the deviation of the cylinder by the
+ diameter tolerance and the straightness tolerance t, of the cylinder

median line.
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dmax

max.D = dnaxy + tm

FIG. 10.32 Maximum envelope cylinder D, £ diameter tolerance and
straightness tolerance t,, of the median line

Mismatch (see Fig. 10.7) as a default condition is controlled by the
tolerances applied to the linear dimensions according to Table 10.7. The size
tolerance shall be respected.

For the required machining allowance (RMA) the same applies as in ISO
8062-4; see Tables 10.2 and 10.3.

Figure 10.33 gives an example of a casting toleranced according to ISO
8062-3. The parting surface (taper) is not considered in this example.

@ 60 2110 N
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@ 80
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|
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¥ — 1 200

‘ o 5 i .
_i_ I |
|
i a8 90

@ 240
- -»>—8]
ISO 8062-3: DCTG 12, GCTG 6
m DS

FIG. 10.33 Drawing with general tolerances according to ISO 8062.3

Figure 10.34 shows the datum system. The three situation features (datums A,
B, C) form three datum planes perpendicular to each other (Figs 10.38 and 10.39).
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FIG. 10.34 Datum system for orientation tolerances according to ISO 8062-3
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FIG. 10.35 General tolerances for straightness of median lines
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General tolerances for roundness
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t9 = 2 (longest dimension = @ 80)
t10 = 2 (longest dimension = @ 80)

FIG. 10.38 General tolerances for parallelism
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FIG. 10.39 General tolerances for perpendicularity
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t1 = 4,5 (longest dimension = @ 240)

t2 = 4,5 (longest dimension = @ 176)

t3 = 4,5 (longest dimension = 200 — 30 = 170)
t4 = 3 (longest dimension = & 80)

t5 = 3 (longest dimension = & 60)

t6 = 3 (longest dimension = & 48)

t7 = 4,5 (longest dimension = @ 110)

t8 = 3 (longest dimension = & 60)

t9 = 3 (longest dimension = & 80)

FIG. 10.40 General tolerances for coaxiality
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@ 200

@ 240

t1 = 3 (longest dimension = @ 200)
FIG. 10.41 General tolerance for symmetry

As the datums are perpendicular to each other and the tolerances for
parallelism and perpendicularity are the same amount, they are equal.
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Chapter 11

Tolerancing of Movable
Assemblies

11.1 Symbols

For movable assemblies (parts which can move relative to each other), e.g.
roller bearings, additional symbols have been standardized according to ISO
17863; see Table 11.1.

TABLE 11.1 Symbols for movable assemblies

Description Symbol
Force indicator
with direction of the force Qrl<«[AalB[cK
Complementary AV

force indicator

Gravity direction

Flag note @
—_—
N

MP

Mobility, translational

Mobility, rotational

Movable part

Fixed part FP
Translational mobility, positive direction T+
Translational mobility, negative direction T-
Rotational mability, positive direction R+
Rotational mability, negative direction R-
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11.2 Rules

Force shall be applied on the movable part. (Force may also be applied on the
fixed part to maintain a stable location.)

The direction of the force is to be indicated by the symbols //, L, <, = in the
force indicator.

All degrees of freedom that are not necessary for the concerned character-
istic shall be locked.

By default, the part with tolerance indications is considered the movable part
and the part with datum(s) is considered the fixed part.

Locking degrees of freedom shall be realized by application of forces.

By default, the force is evenly distributed at the integral feature. The force
can be the force of gravity; see the symbol in Table 11.1.

If the force is restricted to a point, the force indicator line terminates at a
cross, dimensioned by TEDs relative to a datum system.

If the force is restricted to a straight line, the line is indicated by a long
dashed narrow line between crosses, dimensioned by TEDs relative to a datum
system.

If the force is restricted to a restricted area, this area shall be indicated as a
hatched area surrounded by long-dashed narrow lines, dimensioned by TEDs
relative to a datum system. The force indicator line terminates at a point within
the area.

By default, the force direction is perpendicular to the concerned feature.

If necessary, the direction of mobility shall be indicated; see Table 11.1.

The velocity of mobility may be indicated:

translational mobility with the symbol v, e.g.: v =15m/s,
rotational mobility with the symbol w, e.g.: ® =3rad/s,
or with the symbol RPM, e.g.: RPM=500min .

11.3 Examples

Figure 11.1 shows the indication of the direction of force by using a force
indicator in combination with a complementary force indicator. Figure 11.2
shows an example of the indication of the direction of rotational mobility.
Figure 11.3 shows an example of the indication of force indicators for a roller
bearing.
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45°

FIG. 11.1 Direction of force indicated by using a force indicator in combina-
tion with a complementary force indicator

FIG. 11.2 Example of indication of the direction of rotational mobility of the
movable part relative to the fixed part

(D[ Jo0]A] ‘
(Al [ [7To0.005]8](2)
L [ 710,005[B](2)

0 @ EEEo
JO

{F2]//]8

) = FP@— MP@, F1=500 N
@ - @-w(), F2= 500N

FIG. 11.3 Example of indication of forces in the case of a roller bearing,
according to ISO 17863
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Chapter 12

Respecting Geometrical
Tolerances During
Manufacturing

12.1 Manufacturing influences

Geometrical deviations are influenced by the following, which are sometimes
referred to as the ‘5 Ms’.

Material — Rigidity of the workpiece (shape)
— Material
— Stress in the material
Machine — Precision of the machine tool, bearing play
(tool) — Static and dynamic rigidity of the machine tool

— Thermal properties of the machine tool
— Maintenance
— Environment (e.g. vibrations)
Method — Tool
— Chuck, fixing, clamping method
— Processing data (e.g. cutting speed, thickness of cut,
cutting pressure, cooling)

Measuring — Uncorrected systematic measuring deviations
— Random measuring deviations
Manufacturer — Education, skill, precision of re-chucking

— Environment

The following figures show some results of investigations in the field of
metal removal processes. These results are only examples and are not general.

Figure 12.1 shows the mean values x and the variations of measured round-
ness deviations of workpieces made from steel, 8 20 mm, manufactured with
certain machine tools.

Figure 12.2 shows the ability of manufacturing devices to respect tolerances
of roundness, cylindricity and coaxiality by turning and grinding.

The machine tools are to be classified according to their abilities. The abil-
ities related to the workpiece material and shape and process data (e.g. cutting
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speed, thickness of cut, chucking method) are to be recorded for manufacturing
planning.

N
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Machine tool

FIG. 12.1 Ability of machine tool, mean values and variations of roundness
deviations of workpieces made out of steel @ 20mm, example

——= Deviation in (um)
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Turning AT AN |y
// P // ©

[ # “ o

Grinding .

FIG. 12.2 Ability of manufacturing devices in a particular workshop,
example

Figure 12.3 shows, as an example, the typical dependence of roundness
deviation on cutting speed.

Figure 12.4 shows the result of chucking and cutting pressure influence on
the workpiece form.

The largest geometrical deviations occur in general as a result of re-chucking
the workpiece. Therefore special care should be taken in re-chucking. Whenever
possible, toleranced features and datum features related by tolerances of orien-
tation or location should be manufactured without re-chucking.
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Roundness deviation (pm)

N

Cutting speed (m/s)

FIG. 12.3 Roundness deviation as a function of cutting speed

Cause Effect

FIG. 12.4 Influence of chucking and cutting pressure on the workpiece form

12.2 Recommendations for manufacturing

In order to respect geometrical tolerances, the abilities of the machine tools
should be assessed and classified. In order to respect narrow geometrical toler-
ances by the classification, the process data (e.g. cutting speed) and workpiece
properties (e.g. wall thickness) must be taken into account. Because re-chucking
strongly influences the geometrical deviations, it should be specified in the
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manufacturing planning whether the workpiece is to be re-chucked and, if so,
then when, where, how and with what precision.

With regard to respecting the general geometrical tolerances, see 13.

In order to respect the envelope requirement (), it is recommended that
the tolerance specified in the drawing at the maximum material limit be
reduced by the expected form deviation, i.e. the actual sizes must differ from
the maximum material size at least by the amount of the expected form deviation."

In order to respect the maximum material requirement @ at the toler-
anced feature, the following are recommended:

— with drawing indication 0 @): the same applies as for €

— with drawing indication t @ (where t >0): Manufacture as if @ is not indi-
cated. Only when the specified geometrical tolerance is exceeded, it is nec-
essary to check according to the maximum material requirement. - »

In order to respect the maximum material requirement @ at the datum fea-
ture, the following is recommended:

when at the datum letter in the tolerance indicator the symbol () is indicated but
the datum feature itself has no geometrical tolerance with specified @:

— when it is a primary: datum the same applies as for ©).

— when it is a secondary or tertiary datum: reduce the size tolerance at the

maximum material limit by the expected perpendicularity deviation.

When the datum feature itself has a geometrical tolerance with specified ():
Manufacture as if @ is not indicated. Only when the specified geometrical tol-
erance of the datum feature is exceeded, it is necessary to check according to the
maximum material requirement.

In order to respect the least material requirement ©, proceed in the same way
as with the maximum material requirement, but reduce the size tolerance at the
least material limit (see 4.6.3).

In order to respect the projected tolerance zone (), it is recommended that
the positional tolerance be reduced by twice the expected angularity deviation
related to the projected length (Fig. 12.5).

With the reciprocity requirement ®), it is assumed that in the manufactur-
ing process selected, the tolerances are respected without any special effort.

Figure 12.6 gives a synopsis of these recommendations. However, for the
decision as to whether the workpiece meets the drawing specifications, the def-
initions of the requirements must be observed.

1) If appropriate, a manufacturing drawing should be issued using the reciprocity requirement
(see 4.4.3.6 and 4.6.4).

2) Features related by relatively small tolerances of orientation or location (toleranced feature(s) and
datum feature(s)) should be manufactured without re-chucking.
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FIG. 12.5 Recommendation for manufacturing in order to respect the pro-
jected tolerance zone €)

10 H8 © For the toleranced feature reduce the size tolerance at
max. mat. limit by the expected form deviation

For the toleranced feature reduce the size tolerance at
max. mat. limit by the expected form deviation,
by the expected orientation, or location deviation

For the datum A feature see ®
or see 0,1 when at the datum feature a geom.
tolerance followed by () is indicated

For the datum B feature reduce the size tolerance at
max. mat. limit by the expected perpendicularity
deviation related to A

Manufacture the toleranced feature as without (3
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For the toleranced feature reduce the the size tol. at
least mat. limit by the expected form deviation,
by the expected orientation, or location deviation

For the datum A feature reduce the size tolerance
at least mat. limit by the expected form deviation

For the datum B feature reduce the size tolerance at
least mat. limit by the expected perpendicularity
deviation related to A

Manufacture the toleranced feature as without (O
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Features related by relatively small tolerances of orientation or location (toleranced
feature(s) and datum feature(s)) should be manufactured without re-chucking

FIG. 12.6 Recommendations for manufacturing in order to respect ®, @,

©®
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The drawing tolerance is to be diminished by the measurement uncer-
tainty; see Fig. 2.20.

12.3 Process capability

It is assumed that the considered characteristic within a lot (population) has a
Gaussian distribution. Then for the lot, the following are defined according to
ISO 22514-2:

Arithmetical mean : p=Xx/n
Standard deviation: 6 = \/([x —p*/n— 1} )

where

x =single values of the characteristic,
n=number of parts.

When samples are used, calculations should be made, according to the rules of
statistics, of | and o, from X (arithmetical mean of the sample) and s (standard
deviation of the sample).

Then the following can be defined:

Process capability : C, =T/6c
where T =tolerance.
Process capability index : Cpx = Dyin /30

where Dy, is the smaller distance of i to the upper or lower tolerance limit.
When D, >T/3 (i.e. offset p < +1.50) and Cp, >1.33:

6ST/(3e3e1.33)=T/12

which is to be proofed (in addition to the proof of D,,,;, >T/3). See Fig. 12.7.

In order to assess s or o, the characteristic must be a variable. Therefore,
when () is used, the mating size can be used, in order to proof the process capa-
bility. The mating size is the diameter of smallest circumscribed cylinder with
shafts, the diameter of largest inscribed cylinder with holes, the width of smal-
lest circumscribed cuboid with tabs, and the width of largest inscribed cuboid
with slots.

When the mating size cannot be measured, an approximation can be taken.
In the case of a cylindrical feature of size, the component two-point size devi-
ations and the cylindricity deviations can be measured. This cylindricity devi-
ations are the location deviations (points) of the toleranced feature from the
reference cylinder. The standard deviation of the convolution (sum of distribu-
tions) can be estimated according to the propagation law by:
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c=T/12
FIG. 12.7 Process capability
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In the case of a planar feature of size, the component two-point size devi-
ations and the flatness deviations of the derived features can be measured. This
flatness deviations are the location deviations (points) of the derived tolerance
feature from the reference plane. The standard deviation of the convolution
(sum of distributions) can be estimated according to the propagation law by:

0= \/ (Gsizg + Gﬂa%)

When one of the members in this formula is much smaller than the other, e.g.
Gsize = 0.5 and 6.y =0.1, the smaller one can be omitted, because 0.5 =0.25,
0.1> =0.01 and \/ 0.26 is practically equal to \/ 0.25. Then the proof of Cpy
becomes easier.

When a related position tolerance with @ is indicated, the related mating
size can be measured, in order to proof the process capability. See Fig. 4.59.

With geometrical deviations (tolerances of form, orientation, location),
there is one specification limit=0. The deviations are close to this limit. The
farther away from this limit the deviation is, the less often it occurs. The
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distribution of the deviations is theoretically log-normal (not normal, Gauss-
ian), which has to be considered when estimating Cpy.

Computer programs are available which transform the data (deviations) to a
normal distribution. They use the normalized data for the calculation of Cp as
defined earlier.



Chapter 13

Inspection of Geometrical
Deviations (Verification)

13.1 General

This section deals with generalities of the inspection of geometrical deviations.
A synopsis of inspection methods is given in ISO TR 5460. More detailed
descriptions of inspection methods are given in the former East German Stan-
dards TGL 39 092 to TGL 39 098, TGL 43 041 to 43 045, TGL 43 529 and TGL
43 530.

Geometrical tolerances are geometrically exactly defined. They determine
geometrical zones within which the surface of the feature must be contained.
There are several methods for inspecting whether the geometrical tolerances
have been respected. These methods are more or less precise. The drawing indi-
cations according to ISO 1101 do not prescribe a particular (certain) inspection
method. According to ISO 14 253-2, the Procedure for Uncertainty Manage-
ment (PUMA) method should be used in order to optimize manufacturing
and inspection (see 13.11.3).

In industrial practice the inspection of geometrical deviations is often only
economical with less precise inspection methods, which are normally less time
consuming and less costly. In contrast, more precise inspection methods are
normally more time consuming and more costly. Therefore it is often advisable
to start the inspection with a cheaper but less precise method and to switch to a
more precise (and more expensive) method only in those cases where the mea-
surement result is near the limit given by the tolerance (see, for example,
13.7.9.3.6).

A prerequisite is that the possible errors of the inspection methods must be
known. Information on systematic errors of inspection methods are given in ISO
14 253-2 (see 13.11).

Specifications for the necessary sample sizes (number of traces, number of
probed points) are not internationally standardized. They depend on the size of
the feature to be inspected and on the ratio between form deviation and geomet-
rical tolerance. The measurement result shall be representative of the feature.
Some hints are given in 13.9.
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Particular inspection methods should not be prescribed by the drawing
indication for the following reasons:

— The type and frequency of inspection to be used depend on the control of the
manufacturing process (reliability).

— There are often different but equivalent correct inspection methods. Pre-
scription of particular inspection methods would force the manufacturer
to provide inspection devices prescribed by the customer, even though other
sufficient inspection devices may already be available.

— Prescribing inspection methods that differ in assessment from the precise
tolerance zone requires further specifications of the measuring conditions.
Inspection methods that differ from the precise tolerance zone and different
measuring conditions would make the inspection of geometrical deviations
obscure and prone to mistakes.

Therefore the ISO standards do not recommend the indication of a particular
inspection method. The drawing shall only specify the geometrically exact
defined requirement (tolerance zone) (see 3).

However, ISO has prepared standards on the measurement of form devia-
tions. The standards specify the ideal operators (nominal properties of the ref-
erence measuring process) that are as close as practically possible to the
geometrically exact definition of the deviation. These standards are:

ISO 12 780-1  Measurement of straightness deviations, terms and
definition

ISO 12 780-2  Measurement of straightness deviations, measurement

ISO 12 781-1  Measurement of flatness deviations, terms and
definition

ISO 12 781-2  Measurement of flatness deviations, measurement

ISO 12 181-1 Measurement of roundness deviations, terms and
definition

ISO 12 181-2  Measurement of roundness deviations, measurement

ISO 12 180-1 Measurement of cylindricity deviations, terms and
definition

ISO 12 180-2  Measurement of cylindricity deviations, measurement

These methods are then the bases to which the measurement uncertainties
refer. A measurement with an ideal operator would have a measurement uncer-
tainty of zero. (But this measurement is impossible to achieve in reality because
each realization of a measuring instrument has deviations from the ideal oper-
ator (properties) and therefore produces a measurement uncertainty).

Form measuring instruments measure the form of cylindrical features but
no diameters. This measurement (verification method) is (depending on the
number of extracted points and the tracing strategy) near to the correct defini-
tion of the deviation (tolerances). See 3 to 6.
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Coordinate measuring systems (CMSs) extract (probe) points of the work-
piece surface. These points are stored in a computer with their coordinates x, y, z.
Everything that follows is performed by the computer. This measurement (veri-
fication method) is (depending on the number of extracted points and the tracing
strategy) near to the correct definition of the deviation (tolerances). See 3 to 6.

In the following paragraphs, other inspection (verification) methods are
described. They can be used when CMSs are not available or too costly. How-
ever, often these alternative inspection methods have relatively large measure-
ment uncertainties, which must be observed.

13.2 Terms

Embodiment: Measuring is comparing. In order to measure geometrical devi-
ations, the workpiece surface must be compared with a geometrically ideal fea-
ture. But geometrically ideal features cannot be manufactured. Therefore,
almost geometrically ideal embodiments of geometrically ideal features (e.g.
straight lines, planes, circles, cylinders, spheres) are used. They are called
embodiments in the following descriptions.

These embodiments can be surfaces of measuring devices (e.g. straight-
edges, measuring tables, solid angles, sliding guides of measuring devices)
or can be established by the movements of precision guides (e.g. by rotating
the workpiece or the measuring device).

Datum: Theoretically exact geometrical reference (such as an axis, plane or
straight line) to which toleranced features are related. Datums may be based on
one or more datum features of a workpiece (ISO 5459); see 3.3.

Datum system: Group of two or more separate datums, used as a combined
reference for a toleranced feature (ISO 5459); see 3.3.

Datum feature: Real feature of a workpiece (such as a straight edge, a pla-
nar surface or a cylindrical hole) that is used to establish the location of a datum
(ISO 5459); see 3.3.

Datum target: Point, line or limited area on the workpiece to be used for
contact with the manufacturing and inspection equipment, to define the required
datums in order to satisfy the functional requirements (ISO 5459); see 3.3.2.

Simulated datum feature: Real surface of sufficiently precise form (such as a
surface plate, a bearing, or a mandrel) contacting the datum feature(s) and used to
establish the datum(s). Simulated datum features are used as the practical emb-
odiment of the datums during manufacture and inspection (ISO 5459); see 3.3.

Reference feature: Geometrically ideal element (straight line, circle, line of
any form defined by theoretically exact dimensions, plane, cylinder, surface of
any form defined by theoretically exact dimensions) relative to which the geo-
metrical deviations are evaluated.

The reference feature is established by or derived from the embodiment at
the measured (toleranced) feature. When the reference feature is calculated (e.g.
using a coordinate measuring system), the reference feature may differ from the
embodiment in orientation, location and size.
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The orientation and location of the reference feature depend on the charac-
teristic to be measured (deviations of unrelated form, related form, orientation,
circular or total axial run-out, circular or total radial run-out), location; see 3.2.

Coordinate measuring systems and form measuring instruments often approx-
imate the reference feature by the (Gaussian) least-squares substitute element. The
substitute element (see 3.5) intersects or contacts the workpiece surface, but the
reference feature need not (see Table 13.1). In cases of a straight line or plane,
the minimum zone (Chebyshev) substitute element and the reference feature have
the same orientation but not necessarily the same location. In cases of a circle or
cylinder, the minimum zone (Chebyshev) substitute element and the reference fea-
ture have the same location and orientation but not necessarily the same size.

New coordinate measuring systems and form measuring instruments can
normally work to the ISO defaults, i.e. according to the Chebyshev criterion.

Geometrical deviation: The definitions of geometrical deviations are not
yet internationally standardized (international standards on this subject are
planned). However, they can be derived from the definitions of geometrical tol-
erances according to ISO 1101. The geometrical deviation is the deviation of a
workpiece feature (axis, section line, edge, surface, median surface) from the
(geometrically ideal) reference feature (embodiment).

The reference feature is

— oriented according to the minimum requirement (minimax, Chebyshev)
(13.3.2) for the measurement of deviations of unrelated form;

— oriented according to the datum (13.3.4) or datum system (3.3) for the mea-
surement of deviations of orientation;

— oriented and located according to the datum (13.3.4) or datum system (3.3)
and to the theoretically exact dimensions for the measurement of deviations
of location.

In the cases of circular radial run-out or total radial run-out, the theoretically
exact dimension between the axes of the toleranced feature and the datum fea-
ture is zero.

For the evaluation of the geometrical deviation to be compared with the geo-
metrical tolerance, see 13.6.

With profile deviations (of form and location of integral features) and with
position deviations (of form and location of derived features), a distinction must
be made between local deviations (deviation of a point of the surface or derived
feature from the reference feature) and the global deviation (peak-to-valley
deviation T, corresponding to the tolerance zone). Further, there are global ori-
entation and location deviations in specified directions of x, y, z; see 3.5,
Decomposition.

There are further standardized form deviations:

— reference-to-peak deviation, P
— reference-to-valley deviation, V
— root-mean-square deviation, Q
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See ISO 12 780-1, ISO 12 781-1, ISO 12 181-1, ISO 12 180-1 and Table 3.8.

Coordinate measuring system, CMS, is a measuring device that measures
the geometry of physical objects by sensing discrete points on the surface. The
former term used was coordinate measuring machine (CMM).

13.3 Alignment of the workpiece
13.3.1 General

Most important for measurement is the alignment of the workpiece in the mea-
suring device. Misalignment can cause large errors in measurement, so that
workpieces that actually comply with the specification may appear as not com-
plying, or, more seldom but possible in principle, workpieces that actually do
not comply with the specification may appear as complying. E.g. a cylindricity
measurement measured in sections inclined to the median line.

For the measurement of form deviations, the minimum requirement
(minimax, Chebyshev) must be respected (see 13.3.2 and 13.3.3).

For the measurement of deviations of orientation, location and run-out
(related geometrical deviations), the minimum rock requirement must be
respected for the datum(s) (see 13.3.4).

For the measurement of roundness or cylindricity, additional alignment
requirements must be respected (see 13.3.3).

13.3.2 Minimum requirement

The minimum requirement (minimax, Chebyshev) defines the orientation or
location of the form tolerance zone. With straightness and flatness, this requires
that the parallel straight lines or parallel planes enclosing the toleranced feature
be directed so that their distance is a minimum (Fig. 13.1, §;); ISO 1101. With
roundness and cylindricity, this requires that concentric circles and coaxial
cylinders enclosing the toleranced feature be located so that their radial distance
is a minimum (Fig. 13.2, §;); ISO 1101.

Deviations from the minimum requirement (e.g. alignment according to the
Gaussian regression line) simulate larger form deviations.

e

82

b

81 = min.

FIG. 13.1 Minimum requirement for straight lines (Chebyshev)
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FIG. 13.2 Minimum requirement for circles

13.3.3 Additional alignment requirements for the measurement
of roundness or cylindricity deviations

13.3.3.1 Axis of measurement

The axis of measurement is a straight line relative to which the measurement is
performed and established by the measuring device. The measurements are
considered to be perpendicular and centred on the axis of measurement.

a)

b)

This axis may be defined (established) as follows:

A straight line such that the root-mean-square value of the distances from it
to the defined centres of a representative number of cross sections has a
minimum value.

The defined centres may be the centres of the

— (total) least-squares circle (LSC) (according to Gauss, the circle for
which the sum of the squares of the radial distances to the circumfer-
ence is a minimum, regression circle);

— minimum zone circle (MZC) (according to the Chebyshev circle, for
which the maximum radial distance to the circumference is a
minimum);

— contacting circle (maximum inscribed circle for holes (MIC);
minimum circumscribed circle for shafts (MCC), sometimes referred
to as plug gauge circle (PGC); and ring gauge circle (RGC)).

A straight line passing through the defined centres of two separated and

defined cross sections. For the defined centres see a).

A straight line passing through the defined centre of one defined cross sec-

tion and perpendicular to a defined shoulder. For the defined centres see (a).

The defined shoulder may be determined by the.

— (total) least-squares plane (according to Gauss, plane for which the sum
of the squares of the distances to the actual feature (shoulder) is a min-
imum, regression plane)
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— minimum zone plane (according to Chebyshev, plane for which the max-
imum distance to the actual feature (shoulder) is a minimum)
— datum plane (according to the minimum rock requirement; see 13.3.4)
d) A straight line passing through two support centres (centre bores).

If not otherwise specified (agreed upon) according to ISO 1101, the definition a)
LSC applies.
The straightness tolerance indication of a cylinder axis is shown in Fig. 13.3.

Y

FIG. 13.3 Straightness tolerance indication

13.3.3.2 Inclination of the axis

If the axis of measurement is inclined to the ideal reference axis, a measurement
of a round workpiece feature may appear oval and an oval workpiece feature
may appear round (Fig. 13.4).

@0 .

. Recorded
Axis of . profile
measurement g -

Wrong
/
Axis of ) Recorded
measurement profile
= — - -
Ideal Correct
reference axis

FIG. 13.4 Roundness measurement: false measurement caused by a plane of
measurement not perpendicular to the ideal reference axis

It is good practice for the measurement of roundness and cylindricity that the
levelling (alignment) be performed at the top and bottom of the workpiece fea-
ture until the least-squares centres (LSCs) at these two levels coincide with a
value better than 10% of the roundness or cylindricity tolerance.

13.3.3.3 Offset of the workpiece axis

Some form measuring instruments strongly magnify the form deviations but not
the radius itself. When these instruments are used and when in the measuring
plane the centre of the workpiece cross section line (profile) differs from the axis
of measurement, distortions of the profile occur (limagon effect) (Fig. 13.5).
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(Distorted) diagram _ True profile (round)
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FIG. 13.5 Distortion of the profile diagram caused by an offset of the true
workpiece centre (ideal reference circle) from the axis of measurement
(limagon effect)

Itis good practice to centre the workpiece at each level that is measured indi-
vidually until a measuring range can be used (i.e. the profile is fully contained in
this range) that results in a resolution of the instrument smaller than 1% of the
roundness tolerance.

13.3.4 Minimum rock requirement

In the measurement of deviations of orientation, location and run-out, the
minimum zone (minimax, Chebyshev) outside material criterion applies to
the alignment of the datum feature. In the past was and often today still is
the minimum rock requirement used.

When the minimum rock requirement is used and the datum is not stable
(e.g. a convex datum feature) relative to the contacting surface (simulated
datum feature, e.g. measuring table or mandrel), it shall be arranged so that
the possible movement (inclination) in any direction is equalized, i.e. that
the maximum possible inclination to the extreme position is a minimum (min-
imum rock requirement) (Fig. 3.81). In other words, the datum feature shall be
aligned relative to the simulated datum feature into a median position. See also
2.4, Datums.

In the case of a planar datum feature, an approximation to the Chebyshev or
minimum rock requirement is to place three equal-height supports between the
datum feature and the simulated datum feature at the same distances from the
end of the datum feature.

In the case of a cylindrical datum feature, the datum is the axis of the con-
tacting cylinder (the maximum inscribed simulated datum cylinder for a datum
feature that is a hole, and minimum circumscribed simulated datum cylinder for
a datum feature that is a cylindrical shaft) arranged according to the minimum
rock requirement, i.e. in a median position.

When the datum feature is the common axis of two cylindrical shafts of dif-
ferent nominal sizes, the common axis is the axis of two contacting coaxial cyl-
inders where the maximum distance to the filtered datum feature is minimized;
see Fig. 13.6.
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Datum features —

a = minimized max. distance Datum

Simulated datum features = contacting surfaces
FIG. 13.6 Common axis as a datum, ISO 5459

An approximation of acommon axis of two or more datum features is the axis of
the smallest imaginary cylinder containing the actual axes of the datum features.

Often the connection of the centres of the cross sections at half the length of
the datum features is used to establish the common axis (Fig. 13.7) (measure-
ment with form measuring instrument or support in edge V-blocks). See also
13.7.10.1.

150 150 150 150

FIG. 13.7 Common datum axis established by the centres of two specified
sections

For more information about datums, see 2.4.

For the alignment of the datum features according to the three-plane con-
cept, see 3.3.

ASME Y14.5-2009 defines the candidate datum method. This method
selects contacting planes which contact the actual datum feature to a certain
extent and give possible orientations relative to which all related tolerances
are to be respected.

13.4 Interchanging of the datum feature and toleranced
feature

With related geometrical tolerances, the drawing distinguishes between toler-
anced features and datum features. When, for the inspection, the toleranced
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feature and datum feature are interchanged, completely different values of the
geometrical deviation may be obtained from the same workpiece (Fig. 13.8).

l——]

P R U S S H——" a

l—

—]

FIG. 13.8 Change in geometrical deviation caused by interchanging of toler-
anced feature and datum feature

Therefore, for the inspection the toleranced feature and datum feature must
not be interchanged. When the datum feature indicated on the drawing is not
suitable for inspection purposes (e.g. because it is too short), a change in the
drawing is necessary.

13.5 Simplified inspection method

The inspection of certain types of geometrical tolerances (e.g. coaxiality toler-
ance) is relatively costly. Often in such cases, in the first step a “quick” (but less
precise) inspection is chosen and only in case of doubt is the more precise (and
more costly) inspection executed in a second step. For example, in the cases of a
coaxiality tolerance or a common straightness tolerance zone of axes, the
inspection in the first step is performed as if there were a run-out tolerance
of the same value. Only when this tolerance is exceeded is a more precise
method used to determine whether the coaxiality tolerance or the straightness
tolerance of the axis is exceeded.

A similar situation applies in the case of a cylindricity tolerance. In the first
step, the check of total run-out may be executed.

A similar situation also applies in the case of a roundness tolerance. In the
first step, the check of run-out may be executed.

Often with related geometrical tolerances, the precise verification of the
Chebyshev or minimum rock requirement is very costly. Therefore approximate
inspection methods are used with the aid of V-blocks, mandrels, centre bores, etc.
Using V-blocks, the form deviation of the datum feature leads to simulation of a
larger related geometrical deviation than actually exists (according to the defini-
tion). Depending on the shape of the form deviation and the angle of the V-block,
the increase can be equal to or less than the form deviation of the datum feature
(see 13.7.4.3).
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A similar consideration applies with the use of centre bores. There the
eccentricity of the centre bore relative to the datum feature increases the result
of the measurement of the related geometrical deviation.

Mandrels for inspection purposes are normally rated in diameter in units of
0,01 mm. The largest mandrel that fits into the hole is to be used. In cylindrical
holes, the mandrel can be inclined by 0.01 mm at most (Fig. 13.9), and thereby
can give an incorrect measuring result. In very rare cases of very detrimental
form deviations, larger inclinations may occur (Fig. 13.10).

V max. 0,01

FIG. 13.9 Mandrel, possible inclination

max. > 0,01

FIG. 13.10 Mandrel, possible deviation from the minimum rock requirement

Pneumatic mandrels are self-centring, as are expanding mandrels and con-
ical mandrels.

13.6 Evaluation of measurement

Evaluation of a measurement can be executed manually by calculation, or
graphically or automatically by suitable computer programs (e.g. in a form
measuring instrument or in a coordinate measuring system). In the following
sections the principles for the evaluation by calculation are described.

In many cases a cylindrical tolerance zone is derived from the function and
is indicated in the drawing. When during inspection the deviations in Cartesian
(rectangular) coordinates are assessed, they can be compared with the tolerance
diameter with the aid of the diagram in Fig. 13.11.
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FIG. 13.11 Diagram to compare assessed coordinates with cylindrical or cir-
cular tolerances

Figure 13.12 shows a typical method for the assessment of related geomet-
rical deviations (here, parallelism deviations of an axis relative to a datum axis)
by detecting rectangular coordinates 8, 8, and calculating the cylindrical coor-
dinate d,.

Often the tolerance applies over the length 1 of the feature, whereas for prac-
tical reasons the measurement was applied to the length I,,,. The measured
values are to be corrected by the ratio /1, i.e.

8, =8, (1/1)
where

8, =orientation deviation
6, =measured deviation over the length 1.,
1=length of the feature.

The geometrical tolerances t are defined as widths or diameters of tolerance
zones within which the toleranced feature must be contained. Geometrical devi-
ations §, however, are measurable deviations from the geometrical ideal form
Oy, orientation O, or location J.
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FIG. 13.12 Measuring of the radial deviation of parallelism by detecting the
deviations in rectangular coordinates

The maximum permissible radial deviation from orientation can be
calculated from the deviations in the x and y directions; see Figs 13.13 and
13.48 to 13.50. A similar technique applies to deviations of location, but here
8, and 6, must be multiplied by 2; see Table 13.1, Figs 13.13 and 13.52 to 13.54.

210+ 0,1 Location deviation Orientation deviation
'® 02| A B 5
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4| 20,1 A><|B><
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J i i Sox
- ST [
sy '3 5
(T2 - s
!
|
| Actual axis Actual axis

= ']

FIG.13.13 Radial deviation of location deviation 8, and orientation deviation
8, by measuring deviations in rectangular coordinates 6, and &,

Reference feature

Table 13.1 gives a synopsis of geometrical deviations 6 in comparison to
geometrical tolerances t.
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TABLE 13.1 Synopsis of geometrical deviations §, comparison with
geometrical tolerances t

Reference: —- —- — Toleranced element:

Anmin T'_'TAmax '_‘ky_'
Y

Ht
Form = E = M — Ami e e
max min min f‘\ \
{
Amax t
\___/
Amax ¢ -
Orientation t =8 = Amax — Amin |
Amin e—=
L N
Location t>2286 = 2 Amax
t
Mo P Y
min /’\ \
Run-out t > 8 = Amax — Amin [ ]
Amax ‘ 7‘,\ t
S -~

13.7 Methods of inspection

The following provides a survey of the most relevant inspection methods when
coordinate measuring systems are not available.

13.7.1 Assessment of straightness deviations of lines of surfaces

13.7.1.1 Definition

The deviations of the line of the workpiece surface from an (almost) geomet-
rically ideal reference straight line (embodiment, e.g. established by a straight-
edge) are measured. The line of the workpiece surface and the reference line are
contained in a section plane (Fig. 3.18).
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When the reference line does not intersect (but eventually touches) the
workpiece line, the straightness deviation 8, according to ISO 1101 is the dif-
ference between the largest and smallest distances between the workpiece line
and the reference line (Fig. 13.16). When the reference line does intersect the
workpiece line, the straightness deviation according to ISO 1101 is the sum of
the largest distances of the workpiece line from the reference line on both sides
of the reference line (Table 13.1), i.e. the range of the local deviations of the
workpiece line from the reference line (Fig. 13.15).

The reference line is to be aligned according to the minimum requirement
(Fig. 13.1).

The straightness deviation 8., must not exceed the straightness tolerance t,,:
O <tpm-

There are standards for straightness deviations: ISO 12 780-1 for terms and
definitions and ISO 12 780-2 for measurement.

13.7.1.2 Type of detecting
The deviations can be detected by

1. continuously probing and recording;
2. consecutive probing (sampling, approximation) and recording

while

a) measuring the distance to the reference line (embodiment)
b) measuring the inclination of a two-point bridge on the surface relative to the
reference line (embodiment)1

13.7.1.3 Measuring methods
The reference line (embodiment) may be established by:

— straight guides (of a form measuring instrument)
(of a coordinate measuring instrument);
— measuring plate  (with length measuring instrument, e.g. dial gauge)
(optical flat with evaluating of contour lines);
(with length measuring device, e.g. dial gauge or
feeler gauge);
— measuring wire  (with measuring microscope);

— straightedge

— straight line (within profile projector);
marking
— optical axis collimating microtelescope with targets)"’

autocollimator and test mirror)?’

laser beam with photoelectric detector)’’

(
(
( -
(laser interferometer with two-point bridge)”’
(
(

— earth curvature liquid surface of a hose levelling instrument)'?)
two-point bridge with inclinometer)”’

"Height measurement.

ZInclination measurement.

JWith long reference lines, the curvature of the earth must be taken into account; see Fig. 13.14 and
Table 13.2.
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Reference line

R =6,371,000 m

h=c2/2R
Earth surface

FIG. 13.14 Height correction h in the distance c for eliminating the effect of

the earth’s curvature

TABLE 13.2 Height correction h over a distance c for eliminating the effect of
the earth’s curvature (see Fig. 13.14)

c (m)
1
2

3
4
5
6

h (pm)

0,08
0,31
0,71
1,3
2,0
2,8
3,8
5,0
6,4

7,9

c (m)

11
12
13
14
15
16
17
18
19
20

h (um)
9,5
11
13
15
18
20
23
25
28
31

c (m)

25
30
35
40
45
50
60
70
80
100

h (um)
49
71
9%
126
159
196
283
385
507
785

When the reference line of the profile is cut, the minimum requirement
(Chebyshev, minimax, minimum zone) applies and the form deviation is the
sum of the distances to the highest and the lowest points of the profile

(Fig. 13.15).

Reference

Ap

Y7 '

/7

;.4. ..~

Ay

Om

FIG. 13.15 Measurement of straightness deviation, reference element within

the tolerance zone
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When the workpiece has two highest points far apart (Fig. 13.16) or two low-
est points far apart (Fig. 13.17), the longer distance applies; these two points
define the orientation of the reference line of a form deviation measurement,
according to the minimum requirement.

Reference

Ami A
(embodlirnent) min max
. |
— A
Om

FIG. 13.16 Measurement of straightness deviation; alignment according to
the minimum requirement (minimax, Chebyshev), two highest point

Reference A A
(embodiment) o max
/ Y
i
A \---.._‘
. T //" ‘K‘ /
Om

FIG. 13.17 Measurement of straightness deviation; alignment according to
the minimum requirement, two lowest points

When form measuring instruments or coordinate measuring systems are
used, the alignment, as an approximation, is often performed according to
the Gaussian regression line (sum of squares of the distances to the regres-
sion line is a minimum). Then the obtained value of the straightness devi-
ation can be larger than the value according to ISO 1101 (minimax,
Chebyshev).

When the toleranced length is longer than the straightness embodiment, the
embodiment (e.g. straightedge with height adjustable supports) is used in con-
secutive measuring positions without a) or with b) overlapping.

a) When the straightness embodiment is used in positions without overlap-
ping, it is to be adjusted according to a levelling instrument. The first
height indication of the following position is to be adjusted according
to the last height indication of the preceding embodiment position (Figs
13.18 and 13.20).
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FIG.13.18 Consecutive measurement of straightness deviation with adjusted

straight edge without overlapping, example with measured values in parenthe-
ses, according to TGL 39 093
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FIG. 13.19 Measurement of straightness deviation with overlapping straight-

edges, example with measured values in parentheses, according to TGL 39 093

b) When the straightness embodiment is used in overlapping positions, at least
two measuring positions must overlap. The two overlapping height indica-
tions of the following position must be adjusted according to the height indi-

cations

of the preceding embodiment position (alignment of the

straightedge) (Figs 13.19 and 13.20). The measurement uncertainty is lower
the more the measuring positions overlap.

When the angle a (inclination) of the connection of adjacent measuring
positions relative to the reference line (straightness embodiment) is measured
in seconds, the height difference is h=c tan a in pm, where c is the distance
in m between the measuring positions (tan 1”=4,848 um/1000 mm ~ 5 pm/
1000mm) (Figs. 13.21 and 13.22).
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FIG. 13.20 Graphical evaluation of the straightness deviation for consecutive
measurement of the deviations using overlapping positions of the straightedge,
example with measured values, according to TGL 39 093
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FIG. 13.21 Inclination o along a distance ¢ converted to height deviation h
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FIG. 13.22 Graphical evaluation of the straightness deviation form consecu-
tive measurement of the deviation from the horizontal orientation

13.7.2 Assessment of straightness deviations of axes

13.7.2.1 Definition

With cylindrical features, the actual axis can be taken as a sequence of centres
of circles that can be defined as follows:

a) (total) least-squares circle (LSC) (according to Gauss, a circle of which the
sum of the squares of the radial distances to the circumference is a mini-
mum, regression circle)

b) minimum zone circle (MZC) (according to Chebyshev, a circle of which the
maximum radial distance to the circumference is a minimum)

c) contacting circle (maximum inscribed circle for holes (MIC), minimum cir-
cumscribed circle for shafts (MCC), sometimes referred to as plug gauge
circle (PGC), and ring gauge circle (RGC)

in cross sections perpendicular to the axis of the following reference cylinders:

a) (total) least-squares cylinder (according to Gauss, a cylinder of which the
sum of the squares of the radial distances to the actual cylinder surface is
a minimum)

b) median cylinder of minimum zone cylinder (according to Chebyshev, a cyl-
inder of which the maximum radial distance to the actual cylinder surface is
a minimum)

¢) contacting cylinder (maximum inscribed cylinder for holes, minimum cir-
cumscribed cylinder for shafts)

d) two cross section cylinders, defined by the least-squares circles or the min-
imum zone circles or the contacting circles of two cross sections near the
ends of the feature

ISO 17 450-3 defines as a default the Gauss solution a) a); see Fig. 4.8.
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Coordinate measuring systems normally apply the least-squares cylinder
and the least-squares circle and, if optionally available, the minimum zone cir-
cle and the contacting circles. Form measuring instruments normally apply the
two cross sections cylinder defined by the least-squares circles or minimum
zone circles or contacting circles. (But so far with coordinate measuring sys-
tems, the reference cylinder is predominantly the least-squares cylinder,
because the mathematical techniques were developed early. With form measur-
ing instruments, it is normally the two cross sections cylinder.)

The least-squares circle and the least-squares cylinder are the only methods
that are always unique and that need the least number of measurements (probes,
measured points) to be sufficiently stable in size and in location. Therefore they
have become the default case (to be applied if not otherwise specified) accord-
ing to ISO 17 450-3.

The deviations of the actual axis from an (almost) geometrically ideal ref-
erence straight line (embodiment) are measured. The deviations have to be cal-
culated in relation to an (imagined) reference line to which the minimum
requirement applies, i.e. the maximum local deviation e shall be a minimum
(Figs 13.1). The straightness deviation &, is the range of the local deviations
e; Om=2 emax (Fig. 13.23). The straightness deviation must not exceed the
straightness tolerance t,,, i.e. the maximum local straightness deviation e,,x
must not exceed one-half of the straightness tolerance t,,:

6m =2 €max < tm

There are standards for straightness deviations: ISO 12 780-1 for terms and
definitions and ISO 12 780-2 for measurement.
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FIG. 13.23 Assessment of coordinates of an actual axis (centres of cross
sections)

13.7.2.2 Assessment of the coordinates of axes

For the cylindrical tolerance zone, i.e. to assess the straightness deviation
(curvature) in the space, it is normally measured in each cross section in two
mutually perpendicular directions (coordinates X;, y;, z;, as in Fig. 13.23).



330 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

The smallest cylinder containing all assessed centres is to be determined. There
are approximations for this purpose.

One approximation is to define a reference line (z direction) to align the
workpiece in this coordinate system, to assess the actual axis (coordinates)
and to calculate the distances between the coordinates of the actual axis and
the reference line. The local distance in space is ej = \/ (xi2 +y;2), where

x; is the distance in the xz plane (x-direction)
y; is the distance in the yz plane (y-direction)

The diameter of the smallest cylinder containing all centres (points of the actual
axis) is O, =2 €max < ty. Its axis is the reference line (Fig. 13.23).

Often the reference line is established by the centres of the first and last cross
sections. With coordinate measuring systems, the reference line is the axis of the
substitute cylinder (least-squares cylinder) (see 13.7.2.1 and 13.3.3).

When the reference line is not exactly parallel to the z axis, but only approx-
imately so, the measured coordinates x; can be recorded in a xz coordinate sys-
tem and y; in a yz coordinate system (Fig. 13.24). For an approximation in each
coordinate system, the reference line is to be determined so that the maximum
deviation is a minimum (parallel to the two parallel straight lines of minimum
distance that enclose all points of the actual axis; see 13.24). The deviations p
and q of the points from the reference line are to be determined. The local actual
deviations in space from the reference line are e; = \/ (p;2 +q;%), and the diam-
eter of the smallest cylinder that contains all centres e; (points of the actual axis)
is the straightness deviation ,,,. The straightness deviation §,,, must not exceed
the straightness tolerance t;,: Om < ty,.

Reference Om
X »|
tp
-
Z -
|
S’ =t -
b N 9
g
\ €max
z Axis of smallest cylinder
Reference (') — Enclosing all deviations (8m)

FIG. 13.24 Evaluation of the straightness deviation of an axis in space

An approximation, easy to calculate, is 8, ~ 8, =2 €nax < tm (Fig. 13.24).
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13.7.2.3 Assessment with one dial indicator

A simple approximate method for assessing the straightness deviation of an axis
is shown in Fig. 13.25. The workpiece has to be supported centrally (e.g. in the
centres of the measuring positions z; and z,,).

§m=\ﬁ(6x2+8y2) < tm 8y= w_dfz
A 00
i @— ¥
H-—-—1—-1+-— 270° 90°
| X
b m 180°
Z1 Z\ Zn

FIG. 13.25 Assessment of the straightness deviation of an axis with one dial
indicator

In each cross section (measuring position), the coordinates of the centres are
to be determined by probing at the angle positions 0° and 180°, 90° and 270°.
The coordinates of the centre (observing the signs + and —) are to be introduced
into a polar diagram (in the x direction x; = (Ao — Ag0)/2 and in the y direction
Vi=(Agp — Az70)/2) (Fig. 13.23). The diameter of the smallest circle enclosing
the centres of all cross sections corresponds to the straightness deviation 9.

With this method, problems arise with positioning the axis of revolution
(reference line) according to the minimum requirement and with the assessment
of the actual centres according to the definition given in 13.7.2.1.

13.7.2.4 Assessment with two dial indicators

Another simple approximation method for assessing the straightness deviation
of an axis is shown in Fig. 13.26. The workpiece axis has to be aligned parallel
to the reference line (embodiment, e.g. measuring table), for example through
the centres of the measurement positions z; and z,, with the same distance from
the measuring table.

Ao (D Bm =V (8¢ +82) < tm

5, = (Po=Au Ao = Ay
'}

Ay () l

) max — ( ) min

FIG. 13.26 Assessment of the straightness deviation of an axis with two dial
indicators
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In each longitudinal section (containing the axis) of, for example, four sec-
tions, the values R=(A, — A,)/2 are to be determined at several (at least three)
measuring positions. The difference between R,,,x and R,;, within one section
represents the straightness deviation of the axis in this section. The straightness
deviation of the axis of the cylindrical feature is the maximum of the straight-
ness deviations of the sections (Fig. 13.27). The straightness deviation of the
axis 9y, is shown in Fig. 13.26. As the directions of measurement are opposite,
it is the difference of half the sums of the distances from the measuring plate that
is determined.

3, =0,03 - (- 0,03) = 0,06
-003 0 +003 0

| (i) @ﬁ @ @ 0.03

0,03 y
[ ~——
A
= -_“‘_-.__\_‘ _____ 5 MG W 0,06
0,03 ] R y
A
A
@ @ gé @ 0,03

0 +0,03 0 =003 0
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(Ao—Ay)/2:0 -003 0 +003 0 crersnee

Straight line
FIG.13.27 Example of the assessment of the straightness deviation of an axis
with two dial indicators

For the measurement of the straightness deviations of generatrixes (gener-
ator lines) or axes of cylindrical or conical shafts (or edges), cylindrical or flat
anvils should be used (see Fig. 13.117c).

13.7.2.5 Assessment with form measuring instrument or with
coordinate measuring system

The instruments assess the coordinates of points of the actual circumference in
cross sections approximately perpendicular to the axis and calculate the coor-
dinates of the actual centre points of which the actual axis is composed. From
the points of the actual axis, they calculate the local straightness deviations, tak-
ing into account the minimum requirement. Twice the value of the maximum
local straightness deviation corresponds to the straightness deviation &,
according to ISO 1101 (see 13.7.2.2).
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The instruments allow measurements close to the definitions. For the defi-
nition of the actual axis, see 13.7.2.1.

13.7.3 Assessment of flatness deviations
13.7.3.1 Definition

The deviations of the surface from an (almost) ideal reference plane (embodi-
ment, e.g. established by a measuring plate) are measured. When the reference
plane does not intersect (but eventually touches) the workpiece surface, the flat-
ness deviation d,, according to ISO 1101 is the difference between the largest
and smallest distances between the workpiece surface and the reference plane
(Table 13.1). When the reference plane does intersect the workpiece surface, the
flatness deviation 8, according to ISO 1101 is the sum of the largest distances
between the reference plane and the workpiece surface above and below the
reference plane (Table 13.1).

The reference plane is to be aligned according to the minimum requirement
(Fig. 13.1). The flatness deviation 8, must not exceed the flatness tolerance
tm: O <tg.

There are standards for flatness deviations: ISO 12 781-1 for terms and
definitions and ISO 12 781-2 for measurement.

13.7.3.2 Type of detection and measurement methods

These are similar to those used for the assessment of straightness deviations (see
13.7.1.2). When the deviations are assessed in lines with the aid of straightness
embodiments (e.g. with a straightedge), the embodiment must remain in the
same plane (inclination, height level) or the measured values must accordingly
be corrected by calculation.

Figure 13.28 shows a measuring device in which the alignment is controlled
by an inclination measuring instrument.

Workpiece

Straight edge
Straight edge
Adjustable supports
Inclinometer

Dial gauge
Adjustable supports

Ve

~N oo W=

6

FIG.13.28 Assessment of flatness deviation of a workpiece (1), with straight-
edges (2,3); adjustable supports (4); inclinometer (5); and dial gauge (6)
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However, it is difficult to align the workpiece surface relative to the plane
embodiment so that the largest measured deviation is a minimum. Often, as an
approximation, the distances between workpiece surface and plane embodi-
ment are equalized at three ends (points) of the surface (e.g. three supports
of equal height). Another approximation, when a computer is used (e.g. with
coordinate measuring systems) is alignment parallel to the least-squares plane
(plane for which the sum of the squares of the distances to the actual surface is
a minimum). With the approximations, there are always larger estimations of
the deviations than according to the minimum requirement according to
ISO 1101.

The plane embodiment according to the minimum requirement has one of
the following positions (alignments):

a) it touches the three highest points (concave form)

b) it touches the three deepest points (convex form)

¢) it touches the two highest points and is parallel to the straight line touching
the two deepest points (saddle form, Fig. 13.29).

Om

FIG. 13.29 Flatness deviation 8, of a saddle form surface

The former East German Standard TGL 39 094 describes a graphical method
ZNIITM for the assessment of the flatness deviation close to the definition
(minimum requirement) as follows:

The distances of the workpiece surface from the plane embodiment are
measured. The inclination of the embodiment relative to the workpiece sur-
face should be small. The measurement positions (points) are enumerated
and plotted on a scale, ® in Fig. 13.30, measuring points Al to C5. At each
point, the measured value is indicated. In the view ® the height differences
from the plane embodiment are plotted on the scale. The straight line P,
touches the points from above and is aligned with respect to the points accord-
ing to the minimum requirement. P, determines one direction of the reference
plane.
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FIG. 13.30 Assessment of the flatness deviation according to the method
ZNIITM

In an inclined plane ©, perpendicular to the straight line P, (connection
B1-A4), the distances of the surface points from P, (in view ®) are plotted
(e.g. a). The straight line Py touches the highest point and is directed according
to the minimum requirement (8, = 8. = min). P, determines the other direction
of the reference plane. The point with the largest distance (in the direction of Py,
B1-A4) to Py corresponds to the flatness deviation 6,, = . (point Al). (The
reference plane in Fig. 13.30 is determined by the points B1, C3, A4).

Another method according to TGL 39 094 for the assessment of the flatness
deviation close to the definition uses analogue mechanical devices (Fig. 13.31).

The pins are movable and are to be aligned on a larger scale according to the
measured deviations. As all pins are of equal length, the other side exhibits a
mirror image of the measured form. By inclining the device on a measuring
plate, the position is to be determined in which the pin with the largest distance
to the measuring plate has the least distance. This distance corresponds to the
flatness deviation &,.
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1 Plate
2 Adjustable pins
3 Workpiece

FIG. 13.31 Analogue mechanical device for the assessment of the flatness
deviation

13.7.3.3 Assessment of the flatness deviation with straightedge and
dial indicator

The procedure for the assessment of the flatness deviation with straightedge and
dial indicator (Fig. 13.32) is as follows:

1. straightedge in position C1-AS, supports adjusted to O;

2. centre point B3 measured and registered;

3. straightedge in position A1-C5, value of B3 from step 2 aligned and
straightedge at the ends aligned to equal distances; the two diagonals define
the plane embodiment; measurements Al and C5 registered;

4. straightedge in position A1-C1 aligned to the already registered measured
values Al and C1, B1 measured and registered, etc.

Workpiece

Straight edge

w N =

Adjustable supports

S

Dial gauge

FIG. 13.32 Assessment of the flatness deviation with straightedge and dial
indicator
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13.7.4 Assessment of roundness deviations
13.7.4.1 Definition

The deviations of the workpiece circumference from an (almost) ideal reference
circle (embodiment, e.g. established by a circular movement) are measured in
cross sections perpendicular to the axis (see 13.3.2 and 13.3.3).

When the reference circle does not intersect (but eventually touches) the
workpiece circumference line, the roundness deviation d,, according to ISO
1101 is the difference between the largest and smallest radial distance of the
workpiece circumference from the reference circle (Fig. 13.33 and Table 13.1).

: Amin

ISR

Reference

FIG. 13.33 Roundness measurement with reference circle that does not inter-
sect the workpiece circumference line: 8,, = Apnax — Amin <tm

When the reference circle does intersect the workpiece circumference line, the
roundness deviation &, according to ISO 1101 is the sum of the largest radial
distances of the workpiece circumference line from the reference circle on both
sides of the reference circle (Table. 13.1), i.e. the range of the local deviations e of
the workpiece circumference line from the reference circle (Fig. 13.34).

— €max + emax
Avmax Apmax Smax

Reference Reference

FIG. 13.34 Roundness measurement with reference circles that intersect or
touch the workpiece circumference line: 8, = Ayax + Amin < tm
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The reference circle is to be aligned according to the minimum requirement
(Fig. 13.2). See also 13.3.2 and 13.3.3.

The roundness deviation 8., must not exceed the roundness tolerance t,,:
O <tp-

For the assessment of the roundness deviation with coordinate measuring
systems or with form measuring instruments, the following reference circles
are standardized according to ISO 4291:

a) (total) least-squares circle (LSC), basis for tolerance or deviation zone Zy
b) minimum zone circle (MZC), basis for tolerance or deviation zone Z,
¢) contacting circle (MIC, MCC), basis for tolerance or deviation zone Z; or Z,

These reference circles intersect or touch the workpiece circumference line.

According to ISO 1101, the minimum zone circle (minimax, Chebyshev)
applies. However, for practical reasons the other definitions are sometimes
applied.

The minimum zone circle leads to the smallest values of roundness devia-
tion. According to TGL 39 096, the (random) differences in the values of the
roundness deviation caused by the different definitions of the reference circle
are up to +15%.

The least-squares circle needs fewer measuring points than the other refer-
ence circles to be sufficiently stable. Therefore the least-squares circle is pre-
ferred in the measurement technique.

For the definition of the cross sections perpendicular to the axis, see 13.7.2.1
and 13.3.3.

There are standards for roundness deviations: ISO 12 181-1 for terms and
definitions and ISO 12 181-2 for measurement.

13.7.4.2 Measuring methods

The reference circle (embodiment) may be established by:

— high-precision circular (form measuring instrument)
movement
(measurement while workpiece
mounted in centres or in a chuck);
— high-precision straight (coordinate measuring systems);
guides perpendicular to each
other and calculation of circles
— revolving on a measuring plate
— revolving in a V-block
— circular device
— circular marking

measurement of diameters);
three-point measurement);
measurement in a ring or on a plug);
profile projector).

—~ o~ —~ —

When polar diagrams are used, it should be noted that the form in the profile
diagram looks quite different from the form of the real profile, because of the
amplification of radial distances (Fig. 13.35).
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i

FIG. 13.35 Distortion of a profile diagram caused by the amplification in the
diagram: left, without amplification and without distortion; right, with amplifi-
cation and distortion

13.7.4.3 Two-point measurement, three-point measurement
For the methods, see Figs 13.36 and 13.37.

8m=AI’k=(Amax —Amin)/ks th

? 9 Q9
()

FIG. 13.36 Oval and lobed forms

.

FIG. 13.37 Assessment of form deviations of lobed forms in V-blocks;
summit method

With two-point measurements (measurements of diameter), lobed forms
cannot be detected (Fig. 13.36). When lobed forms are possible (e.g. with cen-
treless grinding, reaming), in addition to the two-point measurement other
inspections (e.g. three-point measurements, shown in Fig. 13.37) are necessary.
With three-point measurements (e.g. in V-blocks, as in Fig. 13.37), the possi-
bility of detecting the different types of lobed forms and other forms differs,
depending on the type of form deviation (e.g. type of lobed form) and on the
type of measuring method. Table 13.3 gives correction values k. The measured
values A =A,.x — Amin are to be divided by k in order to correspond to the
roundness deviation J,,:

SmZA/k: (Amax _Amin)/kgtm'



TABLE 13.3 Correction values k for the measurement of form deviations by two-point measurements and three-point
measurements n is the order of the harmonics (nhumber of undulations) to be assessed

Angles a and « /p of measuring methods (Figs 13.38 to 13.40)

Summit method Ryder method

n 60° 72° 90° 108° 120° 180° 60°/30° 120°/60° 60° 72° 90° 108° 120°
2 = 0,47 1 1,4 1,6 2 1,4 2,4 2 1,5 1 0,62 0,42
3 3 2,6 2 1,4 1 = 2 2 3 2,6 2 1,4 1

4 = 0,38 0,41 = 0,42 2 1,4 1 2 2,4 2,4 2 1,6
5 — 1 2 2,2 2 — 2 2 — 1 2 2,2 2

6 3 2,4 1 = = 2 0,73 0,42 1 0,38 1 2 2

7 — 0,62 — 1,4 2 — 2 2 — 0,62 — 1,4 2

| |

8 = 1,5 2,4 1,4 0,42 2 1,4 1 2 0,47 0,4 0,62 1,6
9 3 2 - - 1 - 2 2 3 2 - - 1

10 = 0,70 1 2,2 1,6 2 1,4 2,4 2 2,7 1 0,24 0,42
11 = 2 2 = = = = = = 2 2 = =
12 3 1,5 0,41 0,38 2 2 0,73 1 1 0,47 2,4 0,62 =
13 = 0,62 2 1,4 = = = = = 0,62 2 1,4 =

14 = 2,4 1 = 1,6 2 1,4 0,42 2 0,38 1 2 0,42



15
16
17
18
19
20
21
22

180° is two-point measurement.

0,38
2,6
0,47
2,7

0,47

0,42

2,2

1,4

0,62

0,24

0,62
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With three-point measurements, a distinction must be made between the
summit method (V-support, two fixed anvils on one side and the measuring
anvil, indicator, on the other side of the workpiece; see Figs 13.37 to 13.39)
and the rider method (two fixed anvils and the measuring anvil, indicator, on
the same side of the workpiece; see Fig. 13.40).

p v=180° — o

FIG. 13.39 Three-point measurement: summit method, asymmetrical setting

~

FIG. 13.40 Three-point measurement: rider method, symmetrical setting
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The number of sides n of the lobed form (number of undulations) may be
detected by counting the significant maximum (or minimum) indications during
one revolution of the workpiece in the V-block (e.g. in the 72-degree V-block).
When there is a superposition of harmonics (undulations) (see Figs 13.113 and
13.115), selection of the proper correction value is impossible to achieve real-
istically. The correction value must be estimated. For this case, TGL 39 096
recommends the asymmetrical summit method (Fig. 13.39) a=120°/p=10°
and the average correction value 1.2.

In order to cover all possible form deviations and numbers of undulations,
BS 3730: Part 3: 1982 recommends that one two-point measurement and two
three-point measurements be taken at different angles between fixed anvils
and angles be selected from the following:

symmetrical setting: «=90° and 120° or a=72° and 108°;
asymmetrical setting:a=120°, f=60° or a=60°, §=30°;

where

a=the angle between fixed anvils
p=the angle between the direction of measurement and the bisector of the
angle between fixed anvils (Fig. 13.39).

The measuring anvil shall be selected from Table 13.4. ISO 4292 has a similar
table but does not specify spherical or cylindrical anvils.

TABLE 13.4 Types of anvil

Surface form Anvil radius in mm Surface radius in mm
Convex surface Spherical: 2,5 All

Convex edge Cylindrical: 2,5 All

Concave surface Spherical: 2,5 >10

Concave edge Cylindrical: 2,5 >10

Concave surface Spherical: 0,5 <10

Concave edge Cylindrical: 0,5 <10

It is further recommended that the following fixed anvils be used:
Measurement:

— for external measurement: V-support; the median plane of the V-support
should be in the same plane as the plane of measurement

— for internal measurement: spheres with a small radius; the median plane of
the spheres should be in the same plane as the plane of measurement.
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FIG. 13.41 Combination of two-point and three-point measurement accord-
ing to U. Barth for the determination of the smallest actual size, the mating size
and the roundness deviation

With a combination of two-point measurement, three-point measurement and
evaluation by calculation according to U. Barth (see Ref. [3]) (Fig. 13.41),
approximations of the smallest diameter, the mating size and the roundness
deviation can be made. This method can assess form deviations up to the
10th harmonic (e.g. number of sides of the lobed form). It is not necessary to
know the number of the harmonic.

The actual sizes are detected by the dial indicator A,. The mating size P and
the roundness deviation 8,," are to be calculated as follows:

When the indicator reading is AA| < A;:

P~ Aomin + AA2 = Aonax
O~ AA /2 <ty
When the indicator reading is AA; > AA;:
P Apmin + AA /2
3~ AA /2 <ty

This method is relatively precise for short (disk-shaped) workpieces (which
are practically not bent along the axis).

13.7.4.4 Assessment with measuring ring or measuring plug

Figure 13.42 shows a measuring ring according to the former East German Stan-
dard TGL 39 096. The inner ring surface establishes the circle embodiment. The
diameter is adjustable within the range of the size tolerance. For the assessment

1) Applicable to disk-shaped workpieces or when the straightness and the parallelism deviations are
negligible.
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1  Workpiece
2 Embodiment (ring)
3 Dial gauge

FIG. 13.42 Assessment of roundness deviations with a measuring ring

of the roundness deviations of holes, a similar method with measuring plugs can
be used. These assessments are close to the definition of the roundness deviation
according to ISO 1101.

13.7.4.5 Simplified inspection

The deviations are typically much smaller than the tolerances. Then, instead of
roundness, the easy-to-measure circular radial run-out deviations can be mea-
sured. When this is within the tolerance, the roundness deviation is also within
the tolerance.

13.7.5 Assessment of cylindricity deviations
13.7.5.1 Definition

When the reference cylinder does not intersect the workpiece surface (but eventu-
ally touches it), the cylindricity deviation 8, =9,, according to ISO 1101, is the
difference between the largest and smallest radial distances of the workpiece sur-
face from the reference cylinder. It is calculated using 8,,=08, = Amax — Amins
similarly to the roundness measurement shown in Fig. 13.33.

When the reference cylinder does intersect the workpiece surface, the cylin-
dricity deviation, according to ISO 1101, is the sum of the largest radial dis-
tances of the workpiece surface from the reference cylinder on both sides of
the reference cylinder (Table 13.1), i.e. the range of the local deviations e of
the workpiece surface from the reference cylinder are measured (Fig. 13.34).

The reference cylinder is to be aligned according to the minimum require-
ment (Fig. 13.2). When methods a), b), c), e) of 13.7.5.2 (measurement in
sections) are used, the alignment of the workpiece according to 13.3.2 and
13.3.3 must be observed.
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The cylindricity deviation 9,,=9, must not exceed the cylindricity
tolerance t,,: O, =0, <tp

For the assessment of the cylindricity deviation with coordinate measuring
systems or form measuring instruments, the following reference cylinders are
used:

a) (total) least-squares cylinder (by Gauss, cylinder for which the sum of the
squares of the radial distances to the surface is a minimum, regression
cylinder);

b) minimum zone cylinder (by Chebyshev, cylinder for which the maximum
radial distance to the surface is a minimum);

¢) contacting cylinder (maximum inscribed cylinder for holes, minimum cir-
cumscribed cylinder for shafts).

These reference cylinders intersect or touch the workpiece surface. According
to ISO 1101, the minimum zone cylinder (minimum requirement) applies.
However, for practical reasons sometimes the other definitions are applied.

The minimum zone cylinder leads to the smallest values of cylindricity devi-
ation J,,.

The least-squares cylinder needs fewer measuring points than the other ref-
erence cylinders to be sufficiently stable. Therefore the least-squares cylinder is
preferred in the measurement technique.

There are standards for cylindricity deviations: ISO 12 180-1 for terms and
definitions and ISO 12 180-2 for measurement.

13.7.5.2 Measuring strategies
The following measuring strategies are to be distinguished:

a) radial section method; d) helical method;
b) generatrix method; e) extreme positions method;
c) generatrix and radial section method;  f) point method.

In all methods the measured profiles or points must be related to the same
coordinate system. The workpiece (feature) axis must be aligned parallel to the
straight-line guidance of the measuring device. This alignment can also be
replaced by calculation. For the definition of the axis, see 13.7.2.1. See also
13.3.3.

(@) Radial section method

The profile lines (circumferences) of several cross sections perpendicular to the
reference cylinder (axis of measurement) are to be plotted in one common polar
diagram and evaluated according to the minimum requirement (Fig. 13.43).
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FIG. 13.43 Radial section method

Contacting circle

Z centre of contacting circle

b) Generatrix method

In several sections containing the reference cylinder axis (axis of measurement),
the two always-opposite profile lines (generatrixes) are assessed, plotted in one
common diagram and evaluated according to the minimum requirement
(Fig. 13.44).

(%] Cy

>0 cp=07
FIG. 13.44 Generatrix method

c¢) Generatrix and radial section method

This is a combination of the generatrix method and the radial section method. It
gives the smallest measurement uncertainty, because in both directions (axial
and radial) the deviations are assessed with small sampling intervals (e.g.
according to the Nyquist theorem) (see 13.9.1). Therefore this method is
recommended.

d) Helical method

The profile lines assessed by a helical probing trace, probing perpendicularly to
the reference cylinder axis (axis of measurement), are plotted in one common
diagram and evaluated according to the minimum requirement (Fig. 13.45).
Eventually the profiles of two cross sections at the features end perpendicular
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to the reference cylinder (axis of measurement) will also be assessed and
included in the diagram and evaluation.

/‘_I:\ Contacting circle
: —

[T Radial section

ot Helical

4 4 —="—_ Radial section
E_/

Z centre of contacting circle

FIG. 13.45 Helical method

e) Point method

Randomly distributed points of the workpiece surface are assessed, plotted in
one common polar diagram perpendicular to the reference cylinder (axis)
and evaluated according to the minimum requirement (Fig. 13.46).

FIG. 13.46 Point method

f) Extreme positions method
According to TGL 39 097, the following are assessed and plotted:

— generatrix in one section containing the reference cylinder axis (generator
lines at 0° and 180°)

— circumference lines in cross sections perpendicular to the reference cylinder
axis in the positions where the largest (max) and the smallest (min) distances
of the generator lines occur (cross sections a) and b).

The evaluation is shown in Fig. 13.47. Z, cnax and Z;, i, in the section 0° to
180° are the same in both top and bottom sections of Fig.13.47. The cylindricity
deviation is 'y - Timin-

The cylindricity deviation is

6m:Fmax —Din <ty
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FIG. 13.47 Extreme position methods, evaluation, (A) and (B) show two pos-
sibilities of the radial sections

13.7.5.3 Measuring methods
13.7.5.3.1 Measuring the cylindricity deviation
The reference cylinder (embodiment) may be established by:

- high precision circular movement  (form measuring instrument)

and high precision straight guides (measuring while workpiece is in
perpendicular to the circular centres or in a chuck)
movement

- high precision straight guides (coordinate measuring system)

perpendicular to each other and
cylinder calculation
- revolving in V-block and parallel  (three-point measurement with
straight guides V-block, straight edge, dial
indicator and measuring table)

The three-point measurement does not allow establishing a stable workpiece
coordinate system (the workpiece axis has no stable position in the coordinate
system of measurement). Therefore this method is a rough approximation
(see 13.7.4.3).
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13.7.5.3.2 Assessment by measurement of components

a) Approximate evaluation of the cylindricity deviation 8, from the roundness
deviation 8, and the parallelism deviation 8,” of the generator lines:
8,~08,+0,<t, =ty

b) Approximate evaluation of the cylindricity deviation 8, from the total run-
out deviation 9, relative to another cylindrical feature: 5,~0,<t,=t,,

The total run-out deviation &, is always larger than the cylindricity deviation J,,
because o, comprises the cylindricity deviation and the coaxiality deviation.

13.7.5.3.3 Simplified inspection

The deviations are mostly much smaller than the tolerances. Then instead of
cylindricity the easy to measure total radial run-out deviations can be measured.
When this is within the tolerance, the cylindricity deviation is also within the
tolerance.

13.7.6 Assessment of profile deviations of lines
13.7.6.1 Definition

The deviations of the workpiece section (profile) line from an (almost) ideal
reference line (embodiment) are measured in cross sections, the orientation
of which is defined by the datum system (related profile tolerance) by the sec-
tion plane indicator (see Fig. 6.15) or for surfaces of revolution containing the
workpiece established axis (of another feature), as described in 13.3.3.1.

The location and orientation of the reference line are defined relative to the
datum system (related profile tolerance), as explained in 13.7.9, or are defined
by the minimum requirement, i.e. the maximum distance of the surface line
from the reference line shall be a minimum (unrelated profile tolerance).
(Regarding the alignment of the workpiece established axis, in principle similar
effects occur as explained in 13.3.3.2 and 13.3.3.3.)

The profile deviation d,, is the maximum distance of the workpiece section
(profile) line from the reference line, measured perpendicular to the reference
line (Table 13.1).

The profile deviation d,, must not exceed half of the profile tolerance t,,.

B <tm/2

2) The cylindricity deviation comprises deviations of roundness, straightness and parallelism As the
parallelism deviation 8y, according to ISO 1101, comprises the deviations and the inclinations of the
generator lines relative to each other, the cylindricity deviation §, cannot be larger than the sum of
the roundness deviation 8, and the deviation &,. In most cases it is smaller.
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13.7.6.2 Measuring methods
The reference line (embodiment) may be established by:

- profile template copying system”

- profile marking profile projector

- high precision straight guides perpendicular  coordinate measuring
to each other and calculation of the system

reference line

13.7.7 Assessment of profile deviations of surfaces

13.7.7.1 Definition

The deviations of the workpiece surface from an (almost) ideal reference sur-
face (embodiment, e.g. established by a form template or by calculation in a
coordinate measuring system) are measured. For the location and orientation
of the reference feature (alignment of the workpiece), the same applies as to
the assessment of profile deviations of lines (see 13.7.6.1).

The profile deviation d,, is the maximum distance of the workpiece surface
from the reference surface, measured perpendicular to the reference surface
(Table 13.1).

The profile deviation §,, must not exceed half of the profile tolerance t,,:
Om <tm/2.

13.7.7.2 Measuring methods

The reference line (embodiment) may be established by:

— surface template copying system”

— high-precision straight guides coordinate measuring system perpendicular
to each other and calculation of the reference line

— profile template rotating profile template device (for surfaces of
revolution only)

13.7.8 Assessment of orientation deviations
13.7.8.1 Definition

The deviations of the workpiece surface or the workpiece line (axis, generator
line) from an (almost) geometrically ideal reference feature (plane or straight-
line embodiment) are measured. The reference feature is to be aligned accord-
ing to the datum or datum system (parallel, perpendicular, in the specified
angle).

When the reference feature does not intersect the workpiece feature (but
eventually touches it), the orientation deviation d, according to ISO 1101 is

3) The copying system probes the workpiece and the template with the same tip radius and records
the deviations of the workpiece from the template
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the difference between the largest and smallest distances of the workpiece fea-
ture from the reference feature (Table 13.1).

When the reference feature does intersect the workpiece feature, the orien-
tation deviation 9§, according to ISO 1101 is the sum of the largest distances of
the workpiece feature from the reference feature on both sides of the reference
feature (Table 13.1).

The orientation deviation 8, must not exceed the orientation tolerance t,:
80 <t,.

Note that this definition is in accordance with ISO 1101 and ISO 5459. The
orientation deviation encloses the flatness deviation of the surface to be mea-
sured or the straightness deviation of the axis or line to be measured.

13.7.8.2 Combination of features

There are possible deviations of parallelism, perpendicularity or angularity:

— of a plane surface relative to a plane surface;

— of a plane surface relative to a straight line (axis, generator line);

— of a straight line (axis, generator line) relative to a plane surface;

— of a straight line (axis, generator line) relative to a straight line (axis,
generator line).

13.7.8.3 Measurement methods
13.7.8.3.1 General

For the reference straight line (embodiment of a straight line) see 13.7.1.3, and
for the reference plane (embodiment of a plane) see 13.7.3.2.
The reference angle (embodiment of angle) may be established by:

— high-precision divided (dividing head)
circle
— high-precision straightness  (form measuring instrument)
— guides, perpendicular (coordinate measuring system)
— to each other
— solid angle (measuring plate with measuring
angle)
(sine bar rule)
— optical beam (pentaprism)

With the use of mandrels, the cylindricity deviation of the workpiece hole to
be measured is eliminated from the measurement. Therefore this method is an
approximation according to ISO 1101.
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13.7.8.3.2 Assessment of orientation deviations of straight generator
lines or plane surfaces by measuring distances

For the measuring method, see Fig. 13.48.

The orientation deviation &, (deviation of parallelism, deviation of perpen-
dicularity) is the difference between the largest distance A, and the smallest
distance A,;, (indicator reading) of the workpiece feature from the measuring
table or from the solid angle, and must not exceed the orientation tolerance
to: Oy <t,.

8o = Amax— Amin< to

o to | B><
4
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FIG. 13.48 Assessment of the orientation deviation 8, of a surface or
generator line

13.7.8.3.3 Assessment of the orientation deviation of an axis by
measuring distances

For the measuring method, see Fig. 13.49.

The differences of the distances from the measuring plate are to be mea-
sured. During the measurements, the indicators must keep their adjustment,
but need not be calibrated in height. As the measuring directions are opposite,
the difference of half the sums of the distances from the measuring plate is
assessed.

Aol — Ay
do = ( 012 L“)max min <to

_ (Aoi ;Aui )

8o

FIG. 13.49 Assessment of the parallelism deviation §, of an axis, evaluated
from measurement of distances
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Figure 13.50 shows the assessment of the orientation deviation with two
parallel measuring plates. Fig. 13.51 shows the assessment by distance and
diameter measurements.
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FIG. 13.50 Assessment of the perpendicularity deviation §, of an axis, eval-
uated from measurements of distances from parallel planes
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FIG. 13.51 Assessment of the perpendicularity deviation §, of an axis, eval-
uated from measurements of distances and diameters

When the tolerance zone is cylindrical, the orientation deviations are to be
assessed in two mutually perpendicular axial sections. The cylindrical orienta-
tion deviation in this case is

0= V/(5:7+5,2)
(see 13.6).

13.7.8.3.4 Assessment of orientation deviations with form measuring
instruments or coordinate measuring systems

For the assessment of the orientation deviation of a plane surface or a straight
generator line, see 13.7.8.3.2.
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The orientation deviation of an axis can be assessed by measurements of dis-
tances, as described in 13.7.8.3.3, or by the centres of cross sections assessed
from the circumference lines in cross sections perpendicular to the axis.

For the assessment of cross section centres, see 13.7.2.1.

13.7.9 Assessment of location deviations

13.7.9.1 Definition

The deviations of the workpiece surface (planar surface) or the workpiece line
(axis) from an (almost) ideal reference feature (plane or straight line embodi-
ment) are measured. The reference feature (embodiment) is to be aligned
according to the datum or datum system (parallel, perpendicular, in the speci-
fied angle). The distance between the reference feature and the datum (theoret-
ically exact location of the embodiment) is zero (coaxiality, symmetry) or
specified by theoretically exact dimensions (in rectangular frames). The same
applies to the distances of the reference features between each other, if
applicable.

The embodiment can be located apart from the theoretically exact location,
but then the measured values have to be corrected accordingly.

The location deviation & according to ISO 1101 is the largest distance of
the workpiece feature (surface, axis) from the reference feature (which is or
is considered to be in the theoretically exact location and orientation)
(Figs 13.52 and 13.53, Table 13.1), and must not exceed half of the location
tolerance tg: O <ty /2.

Note that this definition is in accordance with ISO 1101 and ISO 5459. The
location deviation encloses the form and the orientation deviation of the surface
to be measured or the straightness deviation of the axis to be measured.

13.7.9.2 Combination of features

There are possible deviations of location:

— of a point relative to a plane surface;

— of a point relative to a straight line (axis, generator line);

— of a point relative to a point;

— of a straight line (axis, generator line) relative to a plane surface;
— of a straight line (axis, generator line) relative to a straight line;
— of a plane surface relative to a plane surface;

— of a surface relative to a datum system;

— of a line relative to a datum system;

— of a point relative to a datum system;

— of a straight line (axis) relative to a straight line (axis) (coaxiality);
— of a centre point relative to a straight line (axis) (coaxiality);
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— of a straight line (axis) relative to a plane surface (symmetry surface®);
— of aplane face (symmetry face) relative to a plane face (symmetry surface®).

13.7.9.3 Measuring methods
13.7.9.3.1 General

For the reference feature (embodiment of straight line or plane), see 13.7.8.1.
For the embodiment of the orientation, see 13.7.8.1.

The embodiments are to be located in the theoretically exact distance (zero
or specified theoretically exact dimension) from the datum, or the measured
values are to be corrected accordingly.

13.7.9.3.2 Assessment of the location deviation of a straight generator
line or a plane surface by measuring distances

For the measuring method, see Fig. 13.52. The location deviation d is the abso-
lute value of the maximum difference between the measured distance A and the
theoretically exact distance Ay, and must not exceed half of the location toler-
ance tg: Oy <ty /2.

8s =| A=At Imax<ts/ 2

= ts | B
@

! Os Ai

|B] Ath L Y \

FIG. 13.52 Assessment of location deviation of a generator line or a surface

Ath

13.7.9.3.3 Assessment of the location deviation of an axis relative to
plane surface by measuring distances

For the measuring method, see Figs 13.53 and 13.54. Both dial indicators are
calibrated to the distance from the measuring plate. In each section, the arith-
metical mean of the distances from the measuring plate (A,;+ Ay;)/2 is assessed.
The location deviation O is the largest absolute value of the difference between
the arithmetical mean and the theoretically exact distance, and must not exceed
half of the location tolerance t;: &,<ty/2.

4) Median surface of a plane pair
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FIG. 13.53 Location deviation & of the axis of the hole calculated from dis-
tance measurements
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FIG. 13.54 Assessment of the location deviation d (here coaxiality devia-
tion) of a shaft by measuring distances

When the tolerance zone is cylindrical, the values A;=(Aq+Ayu)/2 —An
(Fig. 13.54) must be assessed in each axial location in sections perpendicular
to each other, Aj, and A;,. The cylindrical location deviation &; is the largest
value of \/ (Aix2 +Aiy2) and must not exceed half of the location tolerance
te Oy <ty/2.

When the theoretically exact distance from the datum is specified by theo-
retically exact dimensions arranged in a chain, the sum of these dimensions
applies to the distance of the tolerance zone and reference feature from the
datum (Fig. 13.55).
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FIG. 13.55 Addition of theoretically exact dimensions arranged in a chain

13.7.9.3.4 Assessment of location deviations with form measuring
instruments or coordinate measuring systems

For the assessment of the location deviation of a plane surface or a straight gen-
erator line, see 13.7.9.3.2.

The location deviation of an axis can be assessed by measurements of dis-
tances, as described in 13.7.9.3.3, or by the centres of cross sections assessed
from the circumference lines in cross sections perpendicular to the axis.

For the assessment of cross section centres, see 13.7.2.1.

13.7.9.3.5 Assessment of coaxiality deviations or symmetry deviations
by measuring distances

The coaxiality deviation &, and the symmetry deviation & are half of the largest
absolute value of the difference of opposite distances (Figs 13.56 and 13.57),
and must not exceed half of the coaxiality tolerance t, or half of the symmetry
tolerance t,:
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FIG. 13.56 Assessment of the coaxiality deviation d; by measuring distances
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FIG.13.57 Assessment of the symmetry deviation d; by measuring distances

Figure 13.58 shows the inspection of a keyway for a key assembly with
interference fits at the key and at the shaft and hub (see also 13.7.8.1).
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FIG. 13.58 Measurement of the symmetry deviation of a keyway (toleranced
regardless of feature size)

13.7.9.3.6 Inspection of coaxiality deviations by measuring run-out
deviations

Measuring the coaxiality deviation is often complicated and costly. Therefore,
for the inspection of the workpiece, often the simpler run-out deviations are
assessed (see 13.7.10.2.1) and compared with the value of the coaxiality toler-
ance. Only when the run-out deviation exceeds the coaxiality tolerance is it
checked to determine whether twice the coaxiality deviation exceeds the coaxi-
ality tolerance (or whether the larger run-out deviation is caused by roundness
deviations only, which is permissible).

13.7.9.3.7 Assessment of coaxiality deviations or symmetry deviations
with form measuring instruments or coordinate measuring systems

The coaxiality deviations and symmetry deviations can be assessed by measure-
ments of opposite distances, as described in 13.7.9.3.5. The coaxiality deviation
can also be assessed by the centres of cross sections assessed by the
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circumference lines in cross sections perpendicular to the axis. For the assess-
ment of cross section centres, see 13.7.2.1.
For the definition of median surfaces” see Fig. 4.9.

13.7.10 Assessment of run-out deviations
13.7.10.1 Datums

For the assessment of the run-out deviation, the workpiece is to be aligned
according to the datum axis, or the coordinates are to be transformed accord-
ingly by calculation.

For the datum, the minimum rock requirement according to ISO 5459
applies (see 3.3.1).

The following practical solutions are available:

a) Mandrel

The mandrel should fit into the hole without clearance. If the mandrel rocks, the
minimum rock requirement applies.

b) Centre bores

This is according to the definition when the drawing indicates the centre bores
as datum. When the drawing indicates the axis of a cylindrical feature (not the
centre bores) as the datum, the measurement is made incorrect by the form devi-
ations and the eccentricity of the centre bores relative to the correct datum axis
(of the cylindrical feature).

c¢) Chuck

The chuck must have a small run-out deviation in comparison with the run-out
tolerance. The suitability can be checked prior to the measurement by measur-
ing the run-out deviation of an almost-perfect cylinder embodiment in the
chuck. If necessary and possible, the workpiece datum feature is to be aligned
within the chuck with the aid of an indicator to indicate the least possible indi-
cation difference.

d) Revolving table

The datum feature is to be aligned with the aid of an indicator in two cross sec-
tions, (e.g. 1/8 of the datum feature length apart from the ends) according to the
least possible indication difference. This alignment deviates from the theoret-
ically exact datum according to ISO 5459, when the datum feature axis deviates
from straightness.

5) Similar to the way in which the actual axis deviates from a straight line according to the form
deviations of the cylindrical surface, the actual median surface deviates from a plane according
to the form deviations of the planar surfaces establishing the plane pair
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e) Coordinate measuring system

From the assessed (probed) points of the datum feature surface, the contacting
cylinder (see 13.7.2.1) must be determined. When the contacting cylinder can
rock, the minimum rock requirement according to ISO 5459 applies (see Fig.
3.81). However, in a practical sense the contacting cylinder is aligned coaxial
to the regression cylinder (because the appropriate mathematical technique has
been developed).

f) Form measuring instrument
Depending on the type of instrument procedure, d) or e) applies.
g) V-blocks, measuring table

This method should be applied only when the cylindricity deviation of the datum
feature is small in comparison with the run-out tolerance. In other cases the mea-
surement is made considerably inaccurate by the form deviations (see 13.7.4.3).

13.7.10.2 Measuring methods of circular run-out

The deviations of the workpiece surface section line from an (almost) geomet-
rically ideal reference circle (circle embodiment) coaxial (concentrical) with
the datum axis are measured in sections which are plane and perpendicular
to the datum, or conical or cylindrical and coaxial to the datum. The circle
embodiments are established by revolving the workpiece (Fig. 13.59) or the
indicator (Fig. 13.60) using:

— length measuring instrument and workpiece support by
mandrel between centres,
centres,
chuck,
revolving table;
— form measuring instrument.

In coordinate measuring systems, the circle embodiment is established by cal-
culation relative to the almost straight and perpendicular axes of the coordinate

measuring system.

1 D

FIG. 13.59 Measurement of the run-out deviation with revolving workpiece
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P

FIG. 13.60 Measurement of the run-out deviation with revolving indicator

13.7.10.2.1 Assessment of radial run-out deviations

The deviations of the workpiece circumference line of cylindrical features in
sections perpendicular to the datum axis from an (almost) geometrically ideal
reference circle (circle embodiment, simulated circle, ISO 5459) are measured.
The circle embodiment is coaxial (concentrical) to the datum axis (Fig. 13.61).

Reference circle
(embodiment)

Datum axis

Workpiece section line

FIG. 13.61 Assessment of circular radial run-out deviation

When the reference circle does not intersect the workpiece circumference
line, the circular radial run-out deviation 9, is the difference between the largest,
Annax, and the smallest, A,;,, distances of the workpiece circumference line
from the reference circle, and must not exceed the run-out tolerance t,. Using
dial indicators, this is the difference between the largest and smallest indication
during one revolution:

6r = Amax - Amin <t

Each section is to be considered independently from the others.
The radial run-out tolerance and deviation is only applicable to cylindrical
or sectors of cylindrical features relative to cylindrical datum features.
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Note that the circular radial run-out deviation comprises the eccentricity and
parts of the roundness deviation of the feature to be measured. When (theoret-
ically) the roundness deviation is zero, the circular radial run-out deviation is
twice the eccentricity (Fig. 13.62).

)

O = A <t Eccentricity = A/2

FIG. 13.62 Assessment of circular radial run-out deviation

When the workpiece feature to be measured is not very short (so that one
measurement is not sufficient), the circular radial run-out deviation should
be measured at least in the centre and near the ends of the workpiece feature.

13.7.10.2.2 Assessment of circular axial run-out deviations

The deviations of (circular) section lines of the (planar) workpiece surface in
cylindrical sections coaxial with the datum axis (measuring cylinders) from
an (almost) geometrically ideal reference plane (with the datum concentric cir-
cle in the reference plane, circle embodiment) are measured. The circle embodi-
ment is coaxial (concentric) with the datum axis (Fig. 13.63).

@ of measuring cylinder

coaxial to datum axis

— Amax

Reference
circle

B I S o -4k

—Plane

Datum axis Amin

FIG. 13.63 Assessment of circular axial run-out deviation
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When the reference plane does not intersect the workpiece section line, the
circular axial run-out deviation 9, is the difference between the largest, A .x,
and smallest, A,;,, distances of the workpiece section line from the reference
plane (reference circle within the reference plane concentric to the datum), and
must not exceed the run-out tolerance t,.. Using dial indicators, this is the dif-
ference between the largest and smallest indications during one revolution:

8r = Amax - Amin <t

Each cylindrical section is to be considered independently from the others.

Note that the circular axial run-out deviation is equal to the perpendicularity
deviation of the circular section line of the surface, but may be smaller than the
flatness deviation and the perpendicularity deviation of the entire surface
(Fig. 3.67).

The circular axial run-out deviation should be measured at ~1, 0,75 and
0,5 times the outer diameter. With surfaces manufactured by metal removing,
the measurement near the outer diameter is in general sufficient, because here
the largest run-out deviation occurs.

During measurement of the circular axial run-out deviation, the workpiece
and indicator must be fixed in the axial direction by using.

— a chuck,

— an axial support against an auxiliary datum surface that is plane, perpendic-
ular to the axis and with a diameter no less than the measured surface,

— an axial support coaxial to the datum axis,

— a support at the surface to be measured (Fig. 13.64).

26r = Amax 8r = Amax /12 <t

Or

Axial support

FIG. 13.64 Assessment of the circular axial run-out deviation dr with axial
support at the outer diameter of the surface to be measured
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Support at a surface different from the surface to be measured, where the sup-
port is apart from the datum axis, should be avoided, because deviations of form
and orientation of the surface invalidate the measured result. When the support
is at the surface to be measured and near the outer diameter, twice the value of
the circular axial run-out deviation is indicated (Fig. 13.64).

13.7.10.2.3 Assessment of circular run-out deviations in any or in a
specified direction

The deviations of (circular) section lines of the workpiece surface (of rotation-
ally symmetric features) in conical sections coaxial with the datum axis from an
(almost) geometrically ideal reference circle (circle embodiment) within the
conical section and coaxial with the datum are measured. If not otherwise spec-
ified, the conical section (measuring cone, measuring direction) is perpendicu-
lar to the surface to be measured (Figs 13.65 and 3.69).

/

Measuring direction

Reference circle
(embodiment)

Measuring cone

B

FIG. 13.65 Assessment of circular run-out deviation §; in any directions

When the reference circle does not intersect the workpiece section line, the
circular run-out deviation (in any direction or in the specified direction) §, is the
difference between the largest, A .., and smallest, A,,;,, distances of the work-
piece section line from the reference circle, and must not exceed the run-out
tolerance t,.

Using dial indicators, this is the difference between the largest and smallest
indication during one revolution:

6r = Amax - Amin <t

Each conical section is to be considered independently from the others.

When the workpiece feature to be measured is not very short (so that one
measurement is not sufficient), the circular run-out deviation (in any direction
or in the specified direction) should be measured in the centre and near the ends
of the workpiece feature. For axial support of the workpiece the same applies as
with the circular axial run-out deviation (see 13.7.10.2.2).
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Note that the circular run-out deviation in any or in the specified direction is
composed of the eccentricity and parts of the roundness deviations of the work-
piece feature to be measured.

13.7.10.3 Assessment of total run-out deviations

The total run-out deviations

— total radial run-out deviation
— total axial run-out deviation

are to be distinguished from the circular run-out deviations. With total run-out
deviations, the measuring sections are to be considered as dependent from each
other. The circle embodiments establish the following:

— with the assessment of the total radial run-out deviation, one reference cyl-
inder coaxial with the datum axis (i.e. using length measuring instruments,
the instrument is to be guided along a straight line parallel to the datum axis)
(Fig. 13.66);

— with the assessment of the total axial run-out deviation, one reference plane
perpendicular to the datum axis (i.e. using length measuring instruments, the
instrument is to be guided along a straight line perpendicular to the datum
axis) (Fig. 13.67).

When the reference feature (cylinder, plane) does not intersect the workpiece
surface, the total run-out deviation §, is the difference between the largest, A ,ax,
and smallest, A,,;,, distances of the workpiece surface from the reference fea-
ture, and must not exceed the total run-out tolerance t,. Using dial indicators,
this is the difference between the largest and smallest indications during several
(all) revolutions along the workpiece feature:

6r = Amax — Amin <t

27| t |B] Reference cylinder

A

Datum axis
FIG. 13.66 Assessment of the total radial run-out deviation
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27| t [B]

Datum axis
FIG. 13.67 Assessment of the total axial run-out deviation

13.7.11 Inspection of the envelope requirement

13.7.11.1 Definition

It must be determined if the surface of the workpiece feature (cylindrical surface
or plane-pair surfaces) is contained within the (almost) geometrically ideal
envelope of maximum material size (embodiment, reference feature).

13.7.11.2 Inspection methods

The embodiment of the envelope of maximum material size may be estab-
lished by:

— functional gauge (gauge covering the entire length of the feature, e.g. plug,
ring, squared block out of gauge blocks);

— calculation of the rectangular coordinates related to the straight and perpen-
dicular guides of the coordinate measuring system (simulated gauge);

— calculation of the cylinder coordinates related to the straight and perpendic-
ular guides of the form measuring instrument (simulated gauge);

— revolutions on a revolving table, (solid) straight and perpendicular guides
and length measuring instrument;

— revolutions between centres, measuring table and length measuring
instrument;

— revolutions in a chuck, measuring table and length measuring instrument;

— revolutions in V-block, measuring table and length measuring instrument;

— measuring table and length measuring instrument (for plane pairs).

13.7.11.2.1 Inspection with functional gauge

When the gauge covers the entire surface of the workpiece feature, this is an
inspection close to the definition (Fig. 13.68).
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FIG. 13.68 Inspection of the envelope requirement with a functional gauge

13.7.11.2.2 Inspection with coordinate measuring system

When computer programs are applied to simulate the functional gauge, and suf-
ficient points of the feature’s surface are assessed (probed), this is an inspection
close to the definition.

13.7.11.2.3 Inspection with form measuring instrument

When computer programs are applied to simulate the functional gauge, and suf-
ficient sections of the workpiece feature are assessed, this is an inspection close
to the definition. But form measuring instruments normally cannot measure
diameters and therefore cannot inspect the envelope requirement.

13.7.11.2.4 Inspection with length measuring instrument and
measuring table, centres or chuck or revolving table

The inspection method is shown in Fig. 13.69. The reference cylinder is estab-
lished by the axis of revolution parallel to the measuring table (e.g. established
by centres, one of which is adjustable) and a length measuring instrument cal-
ibrated to a distance (radius) from the axis of revolution of half the maximum
material size (e.g. calibrated with a disc of known diameter).

Ot
220 02@3

FIG. 13.69 Inspection of the envelope requirement: length measuring instru-
ment, measuring table and centres
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When sufficient points of the workpiece feature surface are assessed and the
workpiece is correctly adjusted (e.g. with an adjustable support in order to avoid
the effect shown in Fig. 13.70), this is an inspection close to the definition.

Simulated max. diameter —
Actual max. diameter

FIG. 13.70 Inspection of the envelope requirement: failure caused by insuf-
ficient adjustment of the workpiece feature

13.7.11.2.5 Inspection with length measuring instrument, measuring
table and/or V-block

Revolutions of the workpiece feature in V-blocks or revolutions (rolling) on a
measuring table cannot detect certain types of form deviations (oval and lobed)
and should be applied only when these types of form deviations are not dom-
inant (see 13.7.4.3).

13.7.11.2.6 Inspection with measuring table or measuring plate
and length measuring instrument

The inspection method is shown in Figs 13.71 and 13.72, which show that it is
necessary to inspect from both sides. With outer dimensions (Fig. 13.71), the
method with the smaller maximum indication applies and with inner dimension
(Fig. 13.72), the method with the larger minimum indication applies.

B
0
S I .

T
A<B

Smaller value (A) applies

FIG. 13.71 Inspection of the envelope requirement of two parallel opposite
plane surfaces on a measuring table with length measuring instrument: A <B,
smaller value (A) applies
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FIG. 13.72 Inspection of the envelope requirement of a plane-pair with a
measuring plate (e.g. gauge block) and a length measuring instrument:
A < B, larger value B) applies

When sufficient points of the workpiece feature surfaces are assessed, this is
an inspection close to the definition.

13.7.12 Inspection of the maximum material requirement
13.7.12.1 Definition

It must be determined whether the surface of the workpiece feature (cylindrical
surface or plan-pair surfaces) is contained in the (almost) geometrically ideal
boundary of maximum material virtual size (embodiment, reference feature).

The reference features at the toleranced feature and at the datum feature
have the (almost) geometrically ideal orientation (parallel, perpendicular, in
specified angle) and, when the maximum material requirement is applied to
a location tolerance, are located (almost) at the theoretically exact (geometri-
cally ideal) location.

The reference feature at the toleranced feature is to be adjusted according to
the datum or datum system (parallel, perpendicular, in specified angle). The ori-
entation of the datum is defined by the minimum rock requirement at the datum
feature of the workpiece (see Fig. 3.81) or by the adjustment of the workpiece in
the datum system (see 3.3). The distance between reference feature and datum
(theoretically exact location of the reference feature) is zero (coaxiality, sym-
metry) or specified by a theoretically exact dimension. The same applies to the
distances between the reference features.

When the maximum material requirement is applied to the datum feature,
the reference feature at the datum feature has (almost) geometrically ideal form
at maximum material virtual size (see 4.4.3.5) and replaces the datum.
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13.7.12.2 Inspection methods

The reference feature (embodiment of the boundary of maximum material
virtual size) may be established by

— functional gauge;

— calculation of the rectangular coordinates related to the straight and perpen-
dicular guides of the coordinate measuring system;

— calculation of the cylinder coordinates related to the straight, perpendicular
and circular guides of the form measuring instrument (occurs with coaxial-
ity tolerances to which the maximum material requirement is applied). Nor-
mally form measuring instruments cannot measure diameter and therefore
cannot proof the maximum material requirement.

As an approximation, the actual sizes of the features and the actual distances of
the features can be assessed for the inspection.

13.7.12.2.1 Inspection with functional gauge

For sizes and forms of the gauges, see 4.4.3.5. When the gauge covers the entire
surfaces of the workpiece features, this is an inspection close to the definition
(Fig. 13.73).

Drawing indications:

e
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- — J .
— MMVS — MMVS — MMVS
—— Mating size — MMS

Expandable mandrel

FIG. 13.73 Inspection of the maximum material requirement with functional
gauges
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13.7.12.2.2 Inspection with form measuring instrument or with
coordinate measuring system

When computer programs are applied to simulate the functional gauge, and suf-
ficient sections or points of the feature surfaces are assessed (probed), this is an
inspection close to the definition.

13.7.12.2.3 Approximate inspection by measuring sizes and distances

When the deviations of form and orientation of the features are negligible com-
pared with the location tolerances, the maximum material requirement applied
to the location tolerance can be inspected by measuring the actual sizes of the
toleranced feature(s), the actual sizes of the datum feature(s) and the actual dis-
tance(s) of the features.

The location tolerance may be exceeded by the difference between maxi-
mum material size and actual size (when the actual size does not take full advan-
tage of the size tolerance).

13.7.12.2.3.1 Position tolerances without datum

Figure 13.74 shows an example of four holes related to each other by posi-
tion tolerances but without datum. Fig. 13.75 shows the relevant functional
gauge (embodiments). Fig. 13.76 shows the tolerance zones for the case
when all actual sizes are at the maximum material size (¢ 8,1) (and the
holes almost of geometrically ideal form and orientation related to each
other). Fig. 13.77 shows the dynamic tolerance diagram. It shows the per-
missible deviation of the actual axes from the geometrically ideal location
depending on the (for all holes equal) actual sizes. The same information is
given in Table 13.5.

+0,2

4xz8 +0.1

FIG. 13.74 Example of drawing indication, position tolerancing
without datum
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FIG. 13.75 Functional gauge according to the example in Fig. 13.74
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FIG. 13.76 Tolerance zones for the maximum material condition according
to the example in Fig. 13.74
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FIG. 13.77 Dynamic tolerance diagram for the example in Fig. 13.74
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TABLE 13.5 Position tolerances for the example in Fig. 13.74

Diameter Position tolerance
8,10 0,10
8,12 0,12
8,14 0,14
8,16 0,16
8,18 0,18
8,20 0,20

Measurements and graphical evaluations are as follows:

— specify the coordinate system for the measurement, e.g. the actual axis (cen-
tre) of the hole, left below, as coordinate origin, and the actual axis (centre)
of the hole, right below, to determine the x axis (Fig. 13.78);

— assess the position deviations of the holes in this coordinate system;

— plot the tolerance zone in this coordinate system

— if a point remains outside the tolerance zone, measure the actual size of the
feature (hole), enlarge the tolerance zone concentrically by the difference
between maximum material size and actual size, and check whether the
point is contained within this zone (Fig. 13.79).

FIG.13.78 Coordinate system for the measurement of the workpiece accord-
ing to Fig. 13.74
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Tolerance zone & 0,1

Enlarged tolerance zone & 0,14

FIG. 13.79 Measured points (position deviations) and tolerance template of
the workpiece according to Fig. 13.74

13.7.12.2.3.2 Position tolerances with datum

When the maximum material requirement applies to the datum, the pattern of
tolerance zones (as a whole) may deviate from the theoretically exact location
(relative to the datum axis) by the difference between the maximum material
size and the actual size of the datum feature (this does not influence the location
of the tolerance zones relative to each other).

Figure 13.80 shows an example of four holes related to each other by posi-
tion tolerances and related to a datum hole. The maximum material requirement
applies to all five holes. Fig. 13.81 shows the relevant functional gauge
(embodiment). Fig. 13.82 shows the location and magnitude of the tolerance
zones when

the toleranced holes  are at maximum material size,
are at least material size;

the datum hole is at maximum material size,
is at least material size.
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FIG. 13.80 Example of drawing indications, position tolerancing with datum
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FIG. 13.81 Functional gauge according to the example in Fig. 13.80
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FIG. 13.82 Tolerance zones for the maximum material condition and for the
least material condition of the example in Fig. 13.80

Table 13.6 gives the position tolerances of the toleranced features (four
holes) depending on their actual sizes, and the floating zone of the datum
feature, depending on its actual size.
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TABLE 13.6 Position tolerances” for the example in Fig. 13.80

Diameter of Position tolerance Diameter of Floating zone
toleranced hole of all holes datum hole of datum

8,1 MMS 0,1 10 MMS 0

8,12 0,12 10,05 0,05

8,14 0,14 10,1 0,1

8,16 0,16 10,15 0,15

8,18 0.18 10,2 LMS 0,2

8,2 LMS 0,2

"Each combination of the values in the 2. and 4. columns is possible. The values of the 2. and 4.
columns cannot be added, because they have different effects. Some extreme combinations are shown
in Fig. 13.82.

Measurements and graphical evaluations are as follows:

— specify the coordinate system for the measurement, e.g. the actual axis (cen-
tre) of the datum feature as coordinate origin, and the connection of the actual
axes (centres) of the two holes below as the direction of the x axis (Fig. 13.83);

— assess the position deviations of the holes in this coordinate system (in an
enlarged scale), Fig. 13.84

— use a transparent sheet (template) in the same scale with concentric;

tolerance zone;
floating zone (difference between maximum material size and actual size
of the datum feature);

— and move it around until, if possible, all points are enclosed in the tolerance
zone and the coordinate origin is still within the floating zone (Fig. 13.84);

— if a point remains outside the tolerance zone, measure the actual size of the
feature (hole), enlarge the tolerance zone concentrically by the difference
between maximum material size and actual size, check whether the point
is contained within this enlarged zone while the other points are contained
in the (concentric) original tolerance zone and the coordinate origin in the
floating zone (Fig. 13.84).

Yi
LY
i A

O[O

FIG. 13.83 Coordinate system for the measurement of a workpiece according
to Fig. 13.80
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Enlarged tol. zone

Tol. zone

Floating zone
for datum feature

FIG. 13.84 Position deviations and tolerance template for a workpiece
according to Fig. 13.80; the point is to be accepted

13.7.12.2.3.3 Position tolerances with and without datum

Figure 13.85 shows an example of four holes related to each other by rather
small position tolerances and related to the datum features A and B (datum sys-
tem) by rather large position tolerances.
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FIG. 13.85 Example of drawing indication, position tolerances with and

without datum

Figure 13.86 shows the relevant functional gauge (embodiment).

Figure 13.87 shows the tolerance zones when all actual sizes are at the max-
imum material size (¢ 6). Dynamic tolerance diagrams or tables containing the
position tolerances depending on the actual sizes of the holes, similar to
Fig. 13.77 and Table 13.6, could also be shown.
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FIG. 13.86 Functional gauges according to the example in Fig. 13.85
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FIG. 13.87 Tolerance zones for the maximum material condition of the
example in Fig. 13.85

Measurements and graphical evaluations are as follows:

— assess the position deviations of the holes in the coordinate system AB;

— plot the position deviations in an enlarged scale (Fig. 13.88);

— use atransparent sheet (template) in the same scale with the tolerance zone ¢
0,05 (Fig. 13.88); the procedure is the same as described in 13.7.12.2.3.1;

— use atransparent sheet (template) in the same scale with the tolerance zone @
0,2 with centre located at the coordinate origin, check whether all points are
contained within this zone; if not, measure the actual size of the concerned
hole, enlarge the tolerance zone by the difference between the maximum
material size and the actual size, and check whether the point is within this
zone (Fig. 13.88).

Tol. zones and actual positions

A
L 2009

hole & 6,04
20,24 / M
B
0,05

FIG. 13.88 Position deviations and tolerance templates for a workpiece
according to Fig. 13.85; the part is to be accepted

\j

13.7.12.2.3.4  Position tolerances for key ways

When gauges or coordinate measuring systems are not available, the part may
be inspected similarly to the method shown in Fig. 13.89, by simulating the
gauge using a measuring plate, a measuring right angle and a dial gauge.
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FIG. 13.89 Inspecting a keyway by simulating the gauge

13.7.12.2.4 Simplified inspection

When no functional gauges are available and coordinate measuring systems are
not currently used, the workpieces may be inspected in the first step as if the
maximum material requirement were not applied. Only if in this inspection
the location tolerance is exceeded should it be checked in the second step,
by a suitable method (e.g. by a coordinate measuring system), whether the max-
imum material requirement is violated.

A prerequisite for this procedure is that the total tolerance is split into a size
tolerance and a location tolerance (and is not indicated as size tolerance together
with a zero location tolerance).
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13.7.13 Inspection of the least material requirement
13.7.13.1 Definition

This inspection is made to determine whether the surface of the workpiece feature
(cylindrical surface or plane-pair surfaces) violates the (almost) geometrically
ideal boundary of least material virtual size (embodiment, reference feature).

The reference features of the toleranced feature and of the datum feature
have the (almost) geometrically ideal orientation (parallel, perpendicular, in
specified angle) and, when the least material requirement is applied to a location
tolerance, are located (almost) at the theoretically exact (geometrically ideal)
location.

The reference feature at the toleranced feature is to be adjusted according to
the datum or datum system (parallel, perpendicular, in specified angle). The ori-
entation of the datum is defined by the minimum rock requirement at the datum
feature of the workpiece (see Fig. 3.81) or by the adjustment of the workpiece in
the datum system (see 3.3). The distance between reference feature and datum
(theoretically exact location of the reference feature) is zero (coaxiality, sym-
metry) or is specified by a theoretically exact dimension. The same applies to
the distances between the reference features.

When the least material requirement is applied to the datum feature, the ref-
erence feature at the datum feature has (almost) geometrically ideal form at least
material virtual size (see 11.3). The surface of the datum feature must not vio-
late this boundary (Fig. 13.90).

o 50
(LMVS)
i
]
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@ 40 =1
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FIG. 13.90 Least material requirement applied to the toleranced feature and
to the datum feature
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13.7.13.2 Inspection methods

The reference feature (embodiment of the boundary of least material virtual
size) may be established by

— calculation of the rectangular coordinates related to the straight and perpen-
dicular guides of the coordinate measuring system;

— calculation of the cylinder coordinates related to the straight, perpendicular
and circular guides of the form measuring instrument (with coaxiality tol-
erances to which the least material requirement is applied). Normally form
measuring instruments cannot measure diameter and therefore cannot proof
the least material requirement.

As an approximation, the actual sizes of the features and the actual distances of
the features can be assessed for the inspection.

Since it must be checked as to whether the reference feature is entirely
within the material of the workpiece feature (whether the workpiece feature’s
surface violates the reference feature), gauging is not possible.

13.7.13.2.1 Inspection with coordinate measuring systems

When computer programs are applied to simulate the geometrically ideal
boundary of least material virtual size, and sufficient points or sections of
the feature’s surfaces are assessed, this is an inspection close to the definition.

13.7.13.2.2 Approximate inspection by measuring sizes and distances

When the deviations of form and orientation of the features are negligible com-
pared with the location tolerances, the least material requirement applied to the
location tolerance can be inspected by measuring the actual sizes of the toler-
anced feature(s), the actual sizes of the datum feature(s) and the actual distances
of the features.

The location tolerance may be exceeded by the difference between the least
material size and the actual size (when the actual size does not take full advan-
tage of the size tolerance).

Figure 13.91 shows an example of application of the least material require-
ment. Fig. 13.92 shows the relevant geometrically ideal boundary at the least
material virtual size that is coaxial to the datum A (reference feature).
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FIG. 13.91 Example of drawing indication, position tolerancing applied to
the least material requirement



384 Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection

Least mat. virt. size, @58

| i
770
R

FIG. 13.92 Geometrically ideal boundary at least material virtual size for the
example in Fig. 13.91

Figure 13.93 shows the position tolerance zone at least material size and at
maximum material size. Table 13.7 lists the diameters of the position tolerance
zones of the outer cylindrical feature depending on its actual sizes.

l Pos. tol. at LMS

L o1
Y

Pos. tol. at MMS

A
23

Y
FIG. 13.93 Position tolerance zones at maximum material size and at least

material size according to the example in Fig. 13.91

TABLE 13.7 Position tolerances for
the example in Fig. 13.91

Diameter of Position tolerance
cylinder of cylinder

59 LMS 1

60 2

61 MMS 3
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13.7.14 Assessment of the position deviation for projected tolerance
zones

13.7.14.1 Definition

The deviations of a specified extension (projection) of the feature axis from an
(almost) geometrically ideal reference straight line (embodiment, simulated
straight line, ISO 5459) that is in the (almost) geometrically ideal orientation
and location are measured. The position deviation 8, is the largest distance
(within the specified length) of the extension of the axis from the reference
straight line and must not exceed half the position tolerance t,: 8, <tp/2.

13.7.14.2  Measuring methods

For the measurement, the extension of the axis to be assessed can be established,
for example by.

— fitting, as far as possible without clearance, with an (almost) geometrically
ideal counterpart (conical threaded mandrel, screw, bolt);

— simulation of the fitted counterpart (by calculation) in the coordinate mea-
suring machine.

The position deviation along the specified extension of the feature axis is mea-
sured as described in 13.7.9.3.
See also 5.5.

13.8 Assessment of geometrical deviations of threaded
features

If not otherwise specified, the tolerances of orientation, location or run-out of
threaded features apply to the pitch diameter (ISO 1101). For the measurements,
the following are used:

— form measuring instruments®
— coordinate measuring systems
— special devices (see, e.g. Figs 13.94 to 13.97).

6)

When measuring deviations of orientation, location or run-out, special measur-
ing devices are to be applied for the support in the thread with or without clear-
ance (with or without application of the maximum material requirement) or
probing or tracing of threaded features.

6) If suitable probes and computer programs are available or if measured together with special
devices as described in this section
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For the support in the thread without clearance (datum without application
of the maximum material requirement), the following may be used:

— conical threaded mandrel (e.g. with a cone angle of 0,5°);

— mandrel or ring with two parts of thread that can be adjusted in radial or axial
direction in order to contact the thread flanks without clearance;

— two thread ring gauges screwed against each other

with surfaces to be supported and sufficiently cylindrical and coaxial with
the thread.

The same devices may be used at the toleranced threaded features to assess
the deviations of orientation or location or run-out by measurement at the cylin-
drical surfaces (see 13.7.8, 13.7.9 and 13.7.10).

Instead of expandable or conical or parted thread devices (mandrels), the
revised standard ISO 4759-1 on tolerances for fasteners will probably recom-
mend the use of (lubricated) spring washers to support the proper alignment
of go gauge thread devices along the workpiece thread flanks (see Figs
13.94, 13.95, 13.97 and 13.99).

For probing at the pitch diameter by a self-centring probing mode, the fol-
lowing may be used:

— ball of diameter suitable for the thread pitch (Fig. 13.98 and Table 13.8);

— notch and/or measuring cone suitable for the thread pitch (median diameter
of the truncated cone =P/2) (see Fig. 13.98);

— thread segments.

When deviations of orientation or location are to be measured with a probing
ball by a self-centring probing mode, the probing ball should contact the thread
flanks near the pitch diameter. Table 13.8 gives the ball diameters when the con-
tact points are theoretically.

— between 0,75H and 0,375H of the thread profile (see Fig. 13.98);
— at the pitch diameter (0,5H).

Dy in Table 13.8 refers to probing ball diameters that ensure contacts within
this range.

When the deviation is measured (probed) directly at the pitch diameter, the
stylus must be guided parallel and symmetrical with the pitch diameter axis, i.e.
the probing direction line (axis) must meet the pitch diameter axis. With coor-
dinate measuring systems, this guidance is not necessary when it is replaced by
appropriate calculations.

When coordinate measuring systems and a small ball probe (smaller than
according to Table 13.8) are used, the thread flanks are to be assessed in order
to calculate the associated thread flanks. The line of intersection of two adjacent
associated thread flanks is used in order to calculate the pitch diameter line
according to the theoretical thread configuration (Fig. 13.98).
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FIG. 13.94 Assessment of the coaxiality deviation of a threaded ring
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FIG. 13.95 Assessment of the coaxiality deviation of a threaded ring
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FIG. 13.96 Gauge for the inspection of the symmetry deviation of the slot
relative to the thread of a nut



FIG. 13.97 Assessment of the axial run-out deviation of a nut
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FIG. 13.98 Metrical thread, configuration, probing ball radius r for probing

near the flanks (using a self-centring probing mode)

TABLE 13.8 Recommended probing ball diameters D, in millimetres for
probing at the pitch diameters of metric threads according to ISO 261
(P pitch in mm)

P
0,5
0,6
0,7
0,75
0,8

1
1,25
1,5
1,75

D0.5H
0,29
0,35
0,40
0,43
0,46
0,58
0,72
0,87
1,01

D0.375H
0,22
0,26
0,30
0,32
0,35
0,43
0,54
0,65

0,76

DO0.75H
0,43
0,52
0,61
0,65
0,69
0,87
1,08
1,30
1,51

Drec
0,3
0,3
0,5
0,5
0,5
0,5
0,8
0,8

1

ISO metric screw threads
M3

M3.5

M4

M4.5

M5

M6M7

M8M9

M10M11

M12
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TABLE 13.8 Recommended probing ball diameters D, in millimetres for
probing at the pitch diameters of metric threads according to 1SO 261
(P pitch in mm)—cont'd

P
2
2,5
3
3,5
4
4,5
5
5,5
6
8

DO0.5H
1,15
1,44
1,73
2,02
2,31
2,60
2,89
3,18
3,46

4,62

D0.375H
0,87

1,08

D0.75H

1,73
2,16
2,60
3,03
3,46
3,89
4,33
4,76
5,19

6,92

ISO metric screw threads
M14M16
M18M20M22
M24M27
M30M33
M36M39
M42M45

M48 M52
M56M60

M64 to M120
M125 to M180

For the inspection of threaded features to which the maximum material
requirement is applied, gauges with threads (almost) at the maximum material
size are to be applied (Fig. 13.99), or, when coordinate measuring systems are
applied and appropriate software is available, the gauges may be simulated.
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FIG. 13.99 Threaded part with maximum material requirement applied to
achieve suit-ability for a stud function, drawing indications and gauges
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13.9 Tracing and probing strategies
13.9.1 General
The workpiece features can be inspected by

— gauging, e.g. with a functional gauge (covering the entire feature);

— areal contacting, e.g. with a measuring plate or mandrel;

— tracing, scanning (continuously, consecutively), e.g. with a dial gauge or
form measuring instrument;

— probing (assessment of a number of points) (discontinuously), e.g. with a
coordinate measuring system.

With tracing, scanning and probing, the surface is assessed by sampling at
selected sections or points. Therefore these methods are approximate. The more
sections or points assessed, the more realistically are the geometrical deviations
assessed and the smaller is the measurement uncertainty.

Figure 13.100 shows form deviations whose amplitude cannot be fully
assessed because the spacing of probing (assessed points) is too wide.

In order to assess a certain bandwidth of deviations, the Nyquist theorem
should be respected in all directions of the surface, i.e. the spacing of the
assessed points including the distances of sections to be traced or scanned
should be not more than one-half (better not more than one-seventh) of the devi-
ation wavelength to be assessed.

— Form deviation CMM

~—True form deviation

FIG. 13.100 Incomplete assessment of form deviations because of too wide
spacing of assessed points

Figure 13.101 shows the effect of the spacing ¢ of the assessed points on a
surface exhibiting sinusoidal form deviations of the wavelength A. When the
spacing c is greater than half the wavelength A, the wavelength of the sine wave
cannot be assessed (Fig. 13.101a)). When the spacing is 0,4 A, the wavelength of
the sine wave will be assessed, but some amplitudes will be considerably
reduced (Fig. 13.101b)). When the spacing c is 0,2 A, the true shape of the sine
wave (wavelength and amplitudes) is almost obtained (Fig. 13.101c)).
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a) True profile Recorded profile

———Sampling interval ¢ = 0,4 A A

b) True profile Recorded profile

Sampling interval ¢ = 0,2 A

True profile Recorded profile

c)

FIG. 13.101 Assessment of sinusoidal form deviations depending on the
spacing ¢ of assessed points relative to the wavelength A of the sine wave

With present techniques, this would lead to very time-consuming and costly
inspections. Therefore, for economic reasons, the number of selected sections
and the number of probed points are normally reduced, but should be distributed
in an optimized way. The necessary numbers of points and sections to be
assessed and their optimized distribution depend on:

— the type (shape) of the form deviation (depending on the type of manufactur-
ing process);

— the magnitude of the form deviation;

— the ratio form deviation to geometrical tolerance;

— the geometrical characteristic to be assessed.

Normally for the assessments of, for example, a datum axis or circular run-out
deviations, fewer sections are necessary than for the assessments of cylindricity
or total run-out deviations. International Standards on this subject do not yet
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exist. However, the British Standard BS 7172 and former East German Stan-
dards TGL 39 093 to TGL 39 098 and TGL 43 041 to 43 045 give some rec-
ommendations, which are included in the following summary. They may
serve as a guide in cases where there is no specific information available on
the features to be measured that would lead to different strategies (e.g. informa-
tion on the manufacturing process and on the type and magnitude of the form
deviations).

13.9.2 Tracing strategies

Flatness: Fig. 13.102 shows recommended traces for the assessment of flatness
deviations.

FIG. 13.102 Traces for the assessment of flatness deviations

Roundness: Table 13.9 gives the recommended number and location of
radial sections (measuring sections) for the assessment of roundness deviations,
according to TGL 39 096.

TABLE 13.9 Recommended number and location of measuring sections for
the assessment of roundness

Length 1 of surface mm <50 > 50 < 250 > 250

Ratio I/d of length / diameter <1 >1 >3 <1 >1 >3 <1 >1 >3
<3 <3 <3

Number nc of sections 1 2 3 2 3 4 3 4 5

Cylindricity: Table 13.10 gives the recommended number of sections and
number of traces for the assessment of cylindricity deviations, according to
TGL 39 097.
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TABLE 13.10 Minimum number of sections and traces for the assessment
of cylindricity deviations

Measuring strategy Minimum number of sections Lines
Radial section method 3 Radial sections 3
Generatrix method 3 Axial sections 6
Helical method 2 Radial sections +1 helical line of 2 pitches 3
Extreme positions method 1 Axial section +2 radial sections 4

Datum axis: Table 13.11 gives the recommended number and location of
radial sections (measuring sections) for the assessment of datum axes, accord-
ing to TGL 43 043.

TABLE 13.11 Recommended number and location of the measuring sections
for the assessment of datum axes

Length Ls

of datum

cylinder mm <50 > 50 < 250 > 250

Ratio L / dB of <3 >3 <1 >1 >3 <1 >1 >3
datum cylinder <3 <3

Number of 2 3 2 3 4 3 4 5
radial sections nc

Face distance of Le/8 Ls/12 Ls/8 Le/12 LB/16 L/12 Le/16 LB/20

radial sections mm

Distance between 3Ls/4 5L8/12  3Le/4 5L8/12 7Ls/24  5L8/12 7LB/24 9LB/40
radial sections mm

13.9.3 Probing strategies

The points should be distributed over the entire surface, but not so that they could
follow systematic periodic form deviations. For example, six points equally
spaced on the circumference of a cylinder cannot detect three lobed form devi-
ations (Fig. 13.103). However, seven points equally spaced on the circumference
of a cylinder can assess these form deviations by 79% of their amplitudes.

- - S e

FIG. 13.103 Distribution of points with lobed form deviations
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Straight line: The length is to be divided into 3n—2 subintervals, with
points placed in the 1st, 4th, 7th, ..., (3n —2) subintervals, at random positions
(Fig. 13.104), where n is the number of points.
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FIG. 13.104 Distribution of n=5 points on a straight line

Plane: The area is to be divided into Ny x N, rectangles (squares, if possi-
ble). Within each rectangle, one point is placed at a random position
(Fig. 13.105).
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FIG. 13.105 Distribution of n=20 points on a plane surface

When only a small number of points are to be measured, these points may be
placed in alternate rectangles in a “chessboard” fashion (Fig. 13.1006).

*
I

FIG. 13.106 “Chessboard” fashion distribution of n=10 points on a plane
surface

Circle: n equally spaced points are used, where n is, if possible, a prime
number and greater than the expected number of lobes (if a lobed form is to
be expected) (Fig. 13.103).

Sphere: For a sphere sector between two parallel planes, n points are dis-
tributed over n. sections parallel to the end faces and equally spaced with np
points each (Fig. 13.107), where

h  height of sphere section in millimetres,

r  sphere radius in millimetres,

nc  number of sections parallel to the end faces (including the latter),
np number of points in each section,

n  total number of points,

ne ~ \/[nh/(an)]

np, ~n/n
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FIG. 13.107 Distribution of n=30 points on a spherical surface of
r=100mm and h=150mm, so that n.=3 and n,=10

For a complete sphere, single points at each pole are also to be measured.

Cylinder:  a) Dividing similarly to the plane
b) Dividing similarly to the sphere

It is recommended to alternate between odd and even numbers np of points
on the circles, in order to detect lobings (Fig. 13.108).

FIG. 13.108 Distribution of 30 points on a cylindrical surface of r=10mm
and h=30mm (n.=4, n,=7 or 8)

Cone: n points are used, distributed over n. sections perpendicular to the
axis and equally spaced, where.

h  height of truncated cone in millimetres,

ri  radius at the smaller end in millimetres,

r,  radius at the larger end in millimetres,

k  length of circumference in millimetres,

n. number of sections (end faces included),

n, number of points of a section (this should decrease
towards the vertex of the cone by the number s;
Fig. 13.109).

k:\/[h2+(r2—r1)2

ne~ \/[kN/x (1] +13)]
s~2n (rp—11)/k
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FIG.13.109 Distribution of n=35 points over the surface of a truncated cone
of ry=10mm, r,=15mm, h=20mm (k=20.6mm), so that n.=3, s=2,
n,=10, 12 and 14

13.9.4 Number of points

In the absence of form deviations, a minimum number of points would be suf-
ficient to determine the geometrical feature in a coordinate system
(Table 13.12). Because there are always form deviations, more points have
to be assessed. Table 13.12 gives the minimum numbers recommended by
BS 7172. Fewer points should not be chosen. More points decrease the measure-
ment uncertainty caused by the form deviations.

TABLE 13.12 Recommended number of points

Number of probed points

Feature mathematically recommended Remarks

Straight line 2 5

Plane 3 9 Distributed on 3 lines

Circle 3 7 For assessment of 3-lobed forms

Sphere 4 9 Distributed on 3 parallel
sections

Cylinder 5 12 For assessment of straightness

distributed on 4 radial sections

15 For assessment of roundness
distributed on 3 radial sections

Cone 6 12 For assessment of straightness
distributed on 4 radial sections

15 For assessment of roundness
distributed on 3 radial sections

In order to assess periodic deviations, the next greater prime number should
be chosen.

For curved features with changing curvature (e.g. turbine blades) the spac-
ing of the points should be closer for regions of small radii of curvature than for
regions of larger radii of curvature.
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13.10 Separation of roughness and waviness

The separation of roughness and waviness from geometrical deviations is not
yet completely internationally standardized. Normally the peaks of the surface
roughness contribute fully to the geometrical deviation. How much the surface
roughness valleys contribute to the geometrical deviation depends on the mea-
suring method; see Fig. 2.8.

Inpractice, the roughness is filtered out by the effect of the stylus tip (ball) of the
measuring instrument (with dial gauges, the ball radius is normally 1.5 mm). The
effect on the assessment of the geometrical deviation depending on the ball radius r
and on the spacing c of the deviations (irregularities) of the workpiece surface is
shown in Fig. 13.110. With surfaces manufactured by metal removal, normally
the waviness depth W, is smaller than 5 pm and the waviness spacing wider than
0.3mm. In these cases, the waviness is part of the geometrical deviations.

r r hin um with ¢ in mm
\\\ /// mm | c=0,01|c=01|c=03]|c=1
e v 025|005 |5 50
| 05 | 0,025 | 25 23
o 1 00125 | 125 | 11 | 134
- - 1,5 | 0,0083 | 0,83 75 | 86
(o]
2,5 | 0,0050 | 0,50 45 | 51
— 2 2 ) 3 ) )
h=r— (2 -c?/4) 5 | 0,0025 | 0,25 23 | 25
10 | 00013 | 0,13 11| 13

FIG. 13.110 Effect of the stylus ball radius r and of the workpiece deviation
spacing ¢ on the assessment of geometrical deviations

However, for some functions, e.g. the ball race surface on rolling bearings,
the waviness must be toleranced and measured separately by the use of appro-
priate filters; see Fig. 13.115.

Form measuring instruments usually allow the use of a low pass filter to sep-
arate (filter out) roughness (and parts of waviness) in the assessment of geomet-
rical deviations. Fig. 13.111 shows the composition of the instruments.
Fig. 13.112 shows the filter characteristics of these instruments.

| [> Amplifier
& 1 Workpiece
\ s
i Filter
|

‘ Q} /|\ Recorder

Roundness straightness,
parallelism

FIG. 13.111 Form measuring instrument
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FIG. 13.112 Filter characteristics

The roundness profile of a workpiece can be considered as a superposition of
sine waves. Fig. 13.113 shows such a Fourier analysis of a roundness profile.

FODD

FIG.13.113 Analysis of a roundness profile according to Wirtz (see Ref. [4])
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Each sine wave portion will be transmitted by the filter, according to the
filter characteristic, with full or attenuated amplitudes. Waves of short wave-
lengths (several waves per revolution) (e.g. roughness) will not be transmitted
by the filters (or will only be transmitted with strong attenuation).

The filters are named according to the limiting number of waves (cut-off) ng
or according to the limiting wavelength (cut-off) Ag. These are the number of
sine waves (undulations) per revolution (circumference) UPR or the sine wave
length where the amplitudes are transmitted by 75% (old RC filter according to
ISO 3274:1975) or by 50% (new phase correct Gaussian filter according to ISO
16610-21:2011). The measuring results may be significantly different depend-
ing on whether the RC filter or the Gaussian filter has been used.

Figure 13.114 shows an example of the effect of the different filters on the
same workpiece profile to be measured. It shows that the result of the measure-
ment is also significantly different depending on the filter size (cut-off) used.

FIG. 13.114 Effect of different filters: a) without filter; b) with filter 50; c¢)
with a filter combination (bandpass) (according to Wirtz [4])
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Using narrow bandpass filters (combination of low-pass and high-pass fil-
ters), deviations of certain wavelengths can be selected. Thereby eventually the
reasons for certain form deviations and the reasons for the functional behaviour
become evident. Fig. 13.115 shows such an analysis. The three-lobed form
indicates the effect of the three-point chuck).

10mm=_5_um
ETH — Zurich

10 mm = 10mm=_5_um
ETH - Zurich ETH - Zurich

FIG. 13.115 Measurement of the same profile with different bandpasses
(according to Wirtz [4])

In cases of dispute as to whether a workpiece does or does not comply with
the geometrical tolerance, the rate of included waviness may be decisive. In
these cases it is recommended to agree on the following:

— when measuring instruments with filter devices are available, to apply a sty-
lus tip ball radius of 0,5 mm and a Gauss filter of 0,8 mm for straight features
and according to Table 13.13 for round features;
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(Then the height of narrow peaks may be considerably attenuated by the
Gauss filter. In order to limit the height of these peaks on the workpiece, an
additional specification of waviness may be necessary. Application of stylus
tips without further filtering (see the following) should assess the full peak
height and may be preferable.)
— when only measuring instruments without filter devices are available or
shall be applied, a stylus tip ball radius of 1,5 mm. (For small holes and slots,
a smaller stylus tip ball radius must be agreed upon.)

TABLE 13.13 Filter (ISO 11562, ISO 16 610-61) in UPR for the measurement
of roundness and cylindricity according to ISO 12 181 and I1SO 12 180

Workpiece diameter (mm) Filter UPR
0-8 15

Above 8-25 50

Above 25-80 150

Above 80-250 500

Above 250 1500

However, there is no filter standardized as an ISO default. If, for example in
international trade, filters shall be applied, this should be specified in the draw-
ing or in related documents.

The filters according to Table 13.13 have been calculated so that for a
median diameter a filter has a similar effect as an 0,8-mm filter for straight fea-
tures. The 0,8-mm filter has been chosen because it is the filter that is most fre-
quently used for roughness measurements according to ISO 4288 and for
waviness measurements. The tip radius of 0,5 mm is recommended in order
to leave its filter effect beyond the 0,8-mm filter effects, i.e. what is filtered
out by the tip radius will be filtered out by the 0,8-mm filter anyway, so the
tip radius has no filtering effect on the measurement result.

ASME B89.3.1 states that, if not otherwise specified, for round features a
0,25-mm tip radius and the 50 UPR filter applies (see 14.17).

When the stylus tip (ball) penetrates into the grooves of the roughness (e.g.
with turned surfaces), it may occur that the groove is inclined to the section
plane of probing so that the stylus tip goes from the peak to the valley within,
for example, half of a revolution. Thereby an eccentricity is simulated that does
not in fact exist (Fig. 13.116). This eccentricity remains even when there is a
filter involved that separates the roughness from the geometrical deviation. This
error can be avoided by the use of a suitable stylus tip form (e.g. a hatched form
with radius r=10mm; Figs 13.116 and 13.117).
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FIG. 13.117 Stylus tip forms: a) ball; b) hatched (toroidal); c)
cylindrical form

13.11 Measurement uncertainty

13.11.1 Definition

According to the International Vocabulary of Basic and General Terms in
Metrology (VIM), the measurement uncertainty is an estimate characterizing
the range of values within which the true value of a measurand lies. The mea-
surement uncertainty comprises many components: the random deviations
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(errors) and the unknown (and therefore uncorrected) systematic deviations
(errors) of all quantities that contribute to the measuring result.

According to ISO 14 253-1 for geometrical deviations (Geometrical Product
Specifications (GPS)), for the measurement uncertainty a statistical confidence
level of 95% applies, if not otherwise specified.

For measuring instruments, the maximum permissible error MPE is stan-
dardized, that is, the maximum uncertainty contributor from the measuring
instrument. It is valid for specified conditions (e.g. temperature range).

13.11.2 Application
ISO 9001:1994 clause 4.11.1 specifies:

Inspection, measuring and test equipment shall be used in a manner which ensures that
the measurement uncertainty is known and is consistent with the required measuring
capability.

The standard ISO 14 253-1 defines uncertainty zones at the specification (tol-
erance) limits. The width of the uncertainty zone is £ the expanded measure-
ment uncertainty U; see Fig. 13.118. For tolerances of form, orientation,

Uncertainty Manufacturing yncertainty
Non-con-  range tolerance rangé  Non-con-
formance conformance zone formance

zone zone
ulu uju
Drawing specification
LSL tolerance USL
lower spec. upper spec.
limit limit

FIG. 13.118 Conformance zones, nonconformance zones and uncertainty
zones (ranges) with specification zone limits, both # 0

o e i Uncertainty
anufacturing tolerance range Non-con-
conformance zone formance
zone

—— -
uju
Drawing specification
LSL=0 tolerance USL
lower spec. upper spec.
limit limit

FIG.13.119 Conformance zone, nonconformance zone and uncertainty zone
(range) with one specification limit=0
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coaxiality/symmetry and run-out, with one tolerance limit of zero, there is only
one uncertainty zone at the other tolerance limit; see Fig. 13.119.

The standard specifies the following decision rules for the case when the
result of measurement falls within one of the uncertainty zones:

— Repeat the measurement using a measurement process with a smaller mea-
surement uncertainty or repeat the estimate of the measurement uncertainty
more precisely; if the measurement result still falls within an uncertainty
zone, the following rule applies:

— the supplier cannot prove conformance with the specification (tolerance) in
the case of an outgoing inspection; the customer cannot prove nonconfor-
mance with the specification (tolerance) in the case of an incoming inspec-
tion. Resellers should use the proof provided to them by their supplier in
order to avoid a situation in which they cannot reject the delivery but they
also cannot submit the delivery.

13.11.3 Assessment

The GUM Guide to the expression of uncertainty in measurement (European
Standard EN 13 005) applies. The GUM has been elaborated by international
organizations and has been adopted by most of the national laboratories for
measurement and standards (e.g. NIST in the United States, NPL in the United
Kingdom, PTB in Germany).

GUM gives the rules on how to assess the measurement uncertainty in a
most correct way. It distinguishes between:

Evaluation type A: using statistical means (repeated measurements).
Evaluation type B: using uncertainty components (investigations).

Bases for the evaluation type B are:

— data from former measurements,

— experimental results, investigations,

— indications of the measuring device manufacturer,
— dates of calibration.

There is no longer a distinction between random deviations and uncorrected
systematical deviations.

GUM is (because of its generality) very theoretical, very voluminous and
therefore not easy to read and difficult to understand and to implement into
industrial practice.

Therefore, for geometrical product specifications GPS (specifications for
dimensions, geometry, roughness and waviness), ISO 14 253-2 has been devel-
oped. This standard contains a simplified procedure for the assessment of the
measurement uncertainty and a simplified procedure for optimizing the cost
of manufacturing and inspection (PUMA: procedure for uncertainty
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management). For manufacturing, the drawing specification is to be diminished
by the measurement uncertainty U or 2U; see Figs 13.118 and 13.119.

The simplifications are conservative so they result in larger measurement
uncertainty values (safe method).

The simplifications are:

— the sensitivity coefficients (see GUM) are equal to 1; the correlation coef-
ficients p are either p=1, —1, 0; if the uncertainty components are not
known to be uncorrelated, full correlation is assumed either p=1or p=—1

— restriction to three distribution types (normal, rectangular, U distribution)

— conservative assumption of the distribution type; if not known to be normal,
use rectangular or U distribution

— start the iteration procedure with evaluation type B.

The procedure of uncertainty budgeting is based on the error propagation law.
For the black box method (direct measurement), the combined standard
uncertainty (standard deviation) u. is

U, = \/(Zu“>2 +) uy’

where

u,, =standard deviation of correlated uncertainty contributor
uyp, = standard deviation of uncorrelated uncertainty contributor.

For the transparent box method (indirect measurement), when the geometri-
cal deviation is assessed by indirect measurements, i.e. the deviation d to be
measured is calculated from the measured quantities (X, Xa, ... Xj, ... Xpsr)
according to the function.

6=G (xl, X2, ...Xj, ...xp+r)

the combined standard uncertainty of measurement u, is

p 2 r
00 00
uc=, |ur? + (— uxi) ur = — uxi
; 0X; ; 0x;

where

u, =the contribution (“sum”) of the correlated components of the measure-
ment uncertainty;

u,; =the combined uncertainty of measurement of the number i measured
value (function) that is part of the transparent box method of uncertainty
estimation for the measurement of 8; u,; can be the result (u.) of either a
black box or another transparent box method of uncertainty estimation;
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r=the number of correlated components of the measurement uncertainty;
p =the number of uncorrelated components of the measurement uncertainty.

The uncertainty contributors uy are due to the influences on the measuring pro-
cess and are to be assessed as standard deviations in length. When only the
limit values are known (range a), the standard deviation of the uncertainty
contributor is

uy =ba

where b the transformation coefficient given in Fig. 13.120.

i
Type M J
I

b 0.7 0.6 0.5

FIG. 13.120 Transformation coefficient b

The rectangular distribution is to be used when it is not certain that the nor-
mal distribution applies, and the U distribution is unlikely. The U distribution
occurs with phenomena varying similar to a sine wave, e.g. many time-
dependent phenomena.

The expanded measurement uncertainty U is

U=ku,

If not otherwise specified, according to ISO 14 253-1 the coverage factor
k=2 applies corresponding to a confidence level of 95%.

ISO 14 253-2 contains a list of possible measurement uncertainty contrib-
utors (uy) to the combined measurement uncertainty uc, e.g.:

— deviation of the calibration standard;

— deviation of the measuring equipment (e.g. maximum permissible error
(MPE) of the measuring instrument);

— deviation caused by support and alignment of the workpiece (set up);

— deviation caused by incomplete tracing of the workpiece (form deviation);

— deviation caused by temperature influences (deviations from 20°C);

— deviation caused by measuring force (deformations);

— deviation caused by gravity influences on the workpiece (deformations);

— deviation caused by the metrologist.

When the influences are known in units other than length units, e.g. temperature
units, they must be transformed into length units.
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The PUMA method is an iterative procedure in which step by step, due to
improved knowledge or due to improved measuring processes, the assessed
measurement uncertainty is reduced and the manufacturing tolerance is
increased.

In the first iteration, the evaluation type B is used and thereby time- and cost-
consuming experiments are avoided.

Due to the squares of the measurement uncertainty components u,, compo-
nents with small values of ux contribute very little to the combined measure-
ment uncertainty u.. Therefore, if the measurement uncertainty shall be
reduced, such contributors should be dealt with that have large values. ISO
14 253-2 describes a scheme for procedure and documentation of the assess-
ment of the measurement uncertainty.

In the field of geometrical deviations, the assessment of the measurement
uncertainty is often very difficult. It is difficult to identify which contributors
are effective and to what magnitude. Therefore at present in the inspection
of workpieces the measurement uncertainty is more or less roughly estimated
according to experience. Means for a more precise assessment of measurement
uncertainty are in preparation, as described in the following sections.

a) Uncertainty budgeting according to ISO 14 253-2

It is intended to develop a collection of examples of the assessment of measure-
ment uncertainty for various methods of measurement of geometrical devia-
tions, e.g. methods according to ISO TR 5460. The examples may be used as
guidelines. (ISO 14 253-2 shows in Annex A one example of the estimation
of the measurement uncertainty of a roundness measurement.)

Plans are underway to develop similar PC software that asks for the values of
the contributors (e.g. temperatures, maximum permissible errors (MPEs) of the
measuring instruments, deviations of auxiliary equipment) and then calculates
the measurement uncertainty.

b) Virtual coordinate measuring system ISO 15 530-4

For coordinate measuring systems (CMMs), a computer program has been
developed that estimates the measurement uncertainty by simulation of
repeated measurements. For this program, the uncorrected deviations of the
CMM are assessed with the aid of a calibrated sphere and a calibrated sphere
plate. The program simulates measurements at the points originally measured,
taking into account the errors of the CMM. From these simulated measure-
ments, the program calculates the measurement uncertainty. After a single mea-
surement, the instrument gives the measurement result together with the
measurement uncertainty.

¢) Comparison (substitution) method ISO 15 530-3

With this method, the workpiece and a similar calibrated object (e.g. a cali-
brated workpiece) are measured alternately. The measuring instrument serves
as a comparator. The essential contributors to the measurement uncertainty are:
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— due to the measuring procedure,

— due to the calibration,

— due to the workpiece (inhomogeneities of form deviations, roughness and
material properties).

This procedure leads to relatively small measurement uncertainties, but the
practical use is very limited because of the effort needed for calibration and
logistics of the calibrated objects.

Another method is the task-related calibration of the measuring process. The
calibrated object is measured repeatedly and the measurement uncertainty of the
measuring process is assessed. This value is a measurement uncertainty contrib-
utor for the measurement of similar workpieces. This method also has limited
practical use, because of the effort needed for calibration and logistics of the
calibrated objects.

d) Measurement of long dimensions and of other geometrical deviations

With the measurement of long dimensions, e.g. diameters, widths or position
toleranced dimensions, the influence of the temperature is often the largest,
or even dominant, on the measurement uncertainty. Neumann [2] has found,
for measurements of workpieces of steel with CMMs the measurement uncer-
tainty contributor due to measurements deviating +2K from 20°C:

when temperature has not been corrected: + Ugs~+40pm/mK,
when temperature has been corrected: £Ugs~ £(5...20) pm/m K.”

When measuring deviations of form, orientation, coaxiality, symmetry and run-
out, the measured value is close to zero. Therefore the influence of the temper-
ature is much smaller and other influences (larger) are more important (e.g.
MPE or calibration uncertainty of the measuring device and the repeatability
of the measuring process).

13.11.4 Calibration of measuring instruments

Calibration is (according to GUM) a set of operations that establish under spec-
ified conditions the relationship between the value indicated by the measuring
instrument and the corresponding value realized by standards.

A (measurement) standard is (according to GUM) a material measure, mea-
suring instrument, reference material or measuring system intended to define,
realize, conserve or reproduce a unit or one or more values of a quantity, e.g. a
standard for a length.

In order to assess the measurement uncertainty, the measuring instrument
must be calibrated and the calibration uncertainty must be taken into account.
However, the calibration of metrological characteristics of measuring

7) Depending on the accuracy of the assessment of the temperature
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equipment that have no influence on the intended measurement is superfluous
and uneconomical. For example, a length measuring instrument used only for
measurements of a short range of lengths need not be calibrated over the whole
measuring range of the instrument.

13.11.5 Examples for uncertainty budgets
ISO 14 253-2:2011 gives examples for uncertainty budgets:

in Annex A for the calibration of a setting ring
in Annex B for the design of calibration hierarchy
in Annex C for the measurement of roundness.
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Chapter 14

Differences Between ASME
Y14.5 and ISO

14.1 Application

If not otherwise specified, e.g. in the drawing title box, for GPS the ISO
standards apply worldwide; see ISO 8015. When the rules according to ASME
Y14.5 apply, the drawing title box must have the indication ASME Y14.5; see
ISO 8015, ASME Y14.5-2009 clause 1.1.3 and ASME Y14.5-2018 clause 1.3.

The following paragraphs describe the differences between ASME Y14.5
and ISO.

14.2 Symbols

The National Standard of the United States ASME Y14.5-2018 specifies, in
addition to or deviating from ISO 1101, the symbols and drawing indications
shown in Table 14.1.

Geometrical Dimensioning and Tolerancing for Design, Manufacturing and Inspection
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TABLE 14.1 Symbols according to ASME Y14.5

ASME
>

(cH
©

A
At/
s

AVG
[BSC]

®

)
D
CR
b
A

14.3 Coplanarity

According to ASME Y14.5, when two or more flat surfaces are drawn in the
same plane and profile toleranced without a datum, they are to be regarded
as an interrupted or non-continuous surface, i.e. a common tolerance zone
applies. According to ISO, the independency principle applies, i.e. the symbol
CZ must be indicated after the tolerance value when they shall be regarded as an

1ISO
Translation between datums [DV]
(dimension variable)
United (continuous) feature UF
Unequally distributed tolerance uz
Movable datum target ‘
moving direction given by: }W

,

Default:
X/ normal to b’
true profile ‘
Datum (former practice)

Arithmetical mean
Fixed datum, TED-position

Regardless of feature size

Independency principle Default
Statistical tolerance

Controlled radius

Dimension origin
= datum

Dynamic profile tolerance oz

interrupted or non-continuous surface. See Fig. 14.1.
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ASME Y14.5:
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{2,( ISO 1101:
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ASME Y14.5:
[ — 1 IS0 1101:
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B [ —— ]

ASME Y14.5:

FIG. 14.1 Flat surfaces in a plane

14.4 Envelope requirement, Rule # 1

Rule # 1: for features of linear size (cylinder, sphere, plane-pair), the envelope

requirement applies as default (without further indication in the drawing).
Exceptions:

— stock material

— flexible part in the free state

— features of size with form tolerances for axes or median surfaces

When the independency principle shall apply,  shall be indicated after the size
tolerance.
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According to ISO 8015, the independency principle applies as default.
According to ISO 14 405-1, two-point sizes apply as default for sizes. When
the envelope requirement shall apply, this is to be indicated according to
ISO 14 405-1, e.g. by the symbol ® after the size tolerance.

14.5 Radii

R in front of the dimension (e.g. R 2,4 +0,3) means a crescent-shaped tolerance
zone tangential to the adjacent surfaces.

CR (controlled radius) in front of the dimension (e.g. CR 2,4 +0,3) means,
in addition to the tolerance zone, a fair curve without reversals. Radii taken at all
points on the part contour shall neither be smaller than the specified minimum
limit nor larger than the maximum limit (see Fig. 14.2).

Min. radius 2,1

A Max. radius 2,7
~— R24+0,3

| Part contour

Min. radius 2,1

\

CR24+03 Max. radius 2,7

Part contour
FIG. 14.2 Tolerancing of radii

Currently, there is no precise definition of the radius tolerance in the ISO
standards.

14.6 Dimensioning origin

The symbol cb—» has a meaning similar to that of a datum; see Fig. 14.3.
Currently, there is no precise definition of the dimensioning origin in the
ISO standards.
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&

— 12+0,2
@_I:// |
— 12,2
— 11,8
1— Datum
12,2 —
118 —

&_\_
[

[
Contrary to indication —f

used as datum

FIG. 14.3 Dimensioning origin; interpretation in the lower image is wrong

14.7 Angular tolerances

The meaning of angular tolerances is explained in Fig. 14.4. The variant in the
figure below is omitted in ASME Y 14.5-2009 (was in ASME Y 14.5-1994).

30° 30’

30° + 30
Tol. zone for surface

10+0,5 10,5

=

I—29° 30 L 9,5
ASME Y14.5
Different from ISO, See Fig. 3.43

30°
Tol. zone for surface
10,5

I
Plane

A |
Ls00 Los
ASME Y14.5 Not provided by ISO

FIG. 14.4 Angular tolerances
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According to ISO 14 405-2, the angular size tolerance applies to associated
straight lines in intersection planes. Form deviations are not limited.

14.8 Cones

Tolerancing of cones by axial cone tolerances is explained in Fig. 14.5. This
figure also shows the relationship to a radial tolerance and to a profile tolerance.
According to ISO 3040, profile tolerances are used.

ASME ISO
10£0,1 - 20057 A
. R
(@2) 1

99 —=
v 06/2 _ T
1 | 1 .
Profile tolerance t | 06
| \‘\ r=02 ——=006
02 &
) e 02
Axial tolerance a 225 ©2503
_r r 0,06
tan (wW/2) = — — R R o
(ov2) 5 arctan— 02 16,7
sin (ov/2) =L t = asin(o/2) = 0,2sin16,7° = 0,057

FIG. 14.5 Tolerancing of cones

14.9 Regardless of feature size RFS ©

According to a former rule (USASI Y14.5-1966 and ANSI Y14.5-1973), posi-
tion tolerances were applied with the maximum material requirement at the tol-
eranced feature and at the datum. This was the default without any further
indication, such as @&. This is in contrast to the international practice, where
® (regardless of feature size) applies as the default (without any further indi-
cation) (ISO 8015, ISO 2692). This rule has been adopted by ASME Y 14.5-
2009. In the time of transition, it was always to be indicated whether ® or
® applied. With ASME Y14.5-2018, the indication of ® 1is no longer
necessary.
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14.10 Tolerances of position, coaxiality, symmetry

According to ASME Y 14.5, position tolerances with the symbol {i} and without
the symbol @ or © apply to the (straight) axis or centre plane of the actual mat-
ing envelope. The mating envelope is the largest inscribed or the smallest cir-
cumscribed perfect feature of size (cylinder or plane-pair).

According to ASME Y 14.5-2009, coaxiality or symmetry tolerances with
the symbols @ and = apply to the deviated (imperfect) actual centre lines or
median surfaces; see Fig. 14.6. The symbols @ and = must not be used together
with @ and ©. According to ASME Y 14.5-2018 the symbols shall no longer be
used.

2 [#]04[A Axis of actual
b) (@[04 ]A ___ mating envelope
] S T
J =
|
LR |
\ Actual axis
ASME Y14.5 ‘Actual mating envelope
1S0 1101 L(a)With
With 4+ or ® or = ————(b)With @ or =

FIG. 14.6 Position tolerance according to ASME Y 14.5-2009 and according
to ISO 1101

According to ISO 1101, position tolerances as well as coaxiality and
symmetry tolerances apply to the deviated (imperfect) median lines or median
surfaces and may be used with or without @ and ©; see Fig. 14.6.

The difference between position tolerance and coaxiality tolerance (concen-
tricity tolerance) according to ASME Y 14.5-2009 is shown in Fig. 14.7.

24,5 o 25

204 |Al(@) | y
204 |A|(b) / i|\

. i ‘
1SO: ASME:
(a) Not acceptable a) Acceptable 20,4

(b) Not acceptable b) Not acceptable Real axis

0 0
fz:14_0‘1 92570'5

FIG. 14.7 Difference between position tolerance and coaxiality tolerance
according to ASME Y 14.5-2009 (workpiece within position tolerance but out-
side concentricity tolerance)
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14.11 Orientation and location tolerances for axes or median
planes

Orientation and location tolerances according to ASME Y14.5 apply to the
(perfect) axes or median planes of the mating envelope (true geometric coun-
terpart, largest inscribed or the smallest circumscribed perfect feature of size
(cylinder or plane-pair)). Orientation and location tolerances according to
ISO 1101 apply to the (imperfect) actual axes or median surfaces; see Fig. 14.8.

S ®0’1

S _
T i

Mating envelope 7 SAsME < d1s0
X e = |
IBN
I

'. e
SasuE — \'l cee T T -‘ | 8iso
Feature axis (ASMEI L — =gl
ggltisngfenvelope) /] %Ce;ijisles);segi\?
Datum A

FIG. 14.8 Orientation (parallelism) tolerance according to ASME Y14.5
applied to the (perfect) axis of the mating envelope and according to ISO
1101 applied to the (imperfect) actual axis; similar applies to location tolerances

According to ASME Y 14.5-2018 the symbols for coaxiality and for symme-
try shall no longer be used.

14.12 Composite tolerancing and single tolerancing

ASME distinguishes between composite tolerancing and single tolerancing.
Single tolerancing is identified by the tolerance symbol (position or profile)
indicated with each tolerance (separately); see Fig. 14.9 ¢). Composite toleran-
cing is identified by one single tolerance symbol (position or profile) for two or
three tolerances; see Fig. 14.9 a) and b).
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3xe3+0,15
20,3 A
2 " 20,1 A
3xe3+0,15
20,3 A
b i
J @ 0,1 A
3xe3+0,15
o) 4 203 A
4| ©01 A
Y 1
A :
OO0
1 !

[cH4 [5] [e] [e]

FIG. 14.9 Composite tolerancing a), b) and single tolerancing c)

In the case of single tolerancing, each tolerance applies as if no other toler-
ance were indicated, i.e. the theoretically exact dimensions from the datums
specified in the tolerance indicator apply; see Fig. 14.9 c). For tolerance
20,1 the TED 3 (distance to datum B) applies.

In the case of composite tolerancing, the tolerance symbol is only indicated
once and applies for all (two or three) position or profile tolerances; see
Fig. 14.9 a) and b). In the upper segment, the largest tolerance is to be indicated
and applies to define the location of the group (pattern) relative to the datum
system. The theoretically exact location of the tolerance zones is to be indicated
by TEDs (pattern locating tolerance zone indicator framework (PLTZF)).

In the lower segment(s), the (smaller) tolerances apply regardless of the dis-
tances to the datums for the location of the tolerance zones relative to each other
but for the orientation relative to the datum(s) (feature relating tolerance zone
framework (FRTZF)).

In Fig. 14.9 the tolerance zones 20,1 are

a) (composite tolerancing) perpendicular to datum A

b) (composite tolerancing) perpendicular to datum A and parallel to datum B

c) (single tolerancing) perpendicular to datum A, parallel and in theoretically
exact distance to datum B

ISO 1101 and ISO 5458 do not provide this differentiation. The distance 3
always applies. When the distance to Datum B shall be disregarded, as accord-
ing to ASME in the case of Fig. 14.9 b), this is to be indicated by the symbol ><
after the datum letter in the tolerance indicator; see Fig. 14.10.
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203 |AlB]|C
201 |[A]B><

<

&| 203 [A]B]c
| 901 [A]|B><

Acc. to ISO 1101 meaning of both indications identical

FIG. 14.10 Position tolerance for orientation only according to ISO

14.13 Multiple patterns of features

According to ASME Y14.5, when groups of features, e.g. holes, are position
toleranced related to the same datum system (same datum letters, same order
of datums, same modifiers @, ©), they are regarded as patterns and the toler-
ances apply simultaneously. For example, in the case of @, they are to be
inspected with one gauge; see Fig. 14.11.

2x98+8‘3 4xa5+8'1
{9[s05@cz[aA[B@[c] ®le02@cz[A[B®|C]|
B | @
i
Hon 1T
TEED- -t
.

O
Acc. to ISO 8015 separate
Acc. to ASME Y14.5 simultaneous
FIG. 14.11 Group of features with same datums

When the tolerances are not to be applied simultaneously but separately,
with separate requirements, this must be indicated by “SEP REQT” at the tol-
erance indicator. ISO 1101 and ISO 5459 do not provide this rule. They apply
the independency principle: if not otherwise indicated by SIM, the tolerances
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for the patterns apply separately. This is the opposite of the ASME rule; see
Fig. 14.11. Therefore it is recommended to indicate “SIM” at the tolerance indi-
cator when the tolerances apply simultaneously; see Fig. 14.12.

2xwi8 5T 4xp5* Q1
$loos@cz|alBd]c] [#]s02®cz[a]s@]c
SIM SIM

[B]

N

OO+ 7

50 52

FIG. 14.12 Simultaneous requirements (simultaneous gauging)

When separate gauging is allowed, the indication is “separate” or SEP
REQT instead of “SIM”.

14.14 Unequally disposed profile tolerance zone

According to ASME Y 14.5, the unequally disposed tolerance zone is to be indi-
cated by the symbol @ after the tolerance value. The value after @ indicates the
distance between the theoretically exact profile and the maximum material
boundary. See Fig. 14.13.

According to ISO 1101 the unequally disposed tolerance zone is to be indi-
cated by the symbol “UZ” after the tolerance value. The value after “UZ” indi-
cates the distance between the theoretically exact profile and the centre line of
the (shifted) tolerance zone. See Fig. 14.13. Positive values shift the tolerance
zone outward of the material, and negative values shift the tolerance zone
inward of the material.
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|=]o05 Uz 0.25 |
7 ((150))

‘ r T [2]os @05 |
Tol. zone |:| ((ASME))

0,2 -0,05 05

| =05 Uz -0,05]

] ‘ ISO
_‘_::::‘::_}:7{ :::::lT (( ))
‘ | [2Jo5@o02 |

((Shift=))  Tol. zone D ((ASME))

0 -025 05 | =05 Uz -0,25]
\ -~ ((1S0))
-_._--_/é e e e ]
T ‘ ,/h TE [2]o5@0 |
Tol. zone ((ASME))

FIG. 14.13 Unequally disposed tolerance zone

14.15 Datums with indication of the locked degrees
of freedom, customized datums

According to ASME Y 14.5, the locked degrees of freedom may be indicated in
[ ] in the tolerance indicator. See Fig. 14.14.
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L1 AN
L] [HIK][L ]

Datum plane Y Datum plane X

Datum letters optional
e.g. HKL

Y

Datum plane Z

Degrees of freedom:

Translational freedom Rotational freedom
X = along X axis u = about X axis
y = along Y axis v = about Y axis
Zz = along Z axis w = about Z axis

<« ¢ 201 [A[xy,uv][ B[]

D~z |

(( A constrains x, v, u, v,
but not z;
- B constrains z ))

FIG. 14.14 Customized datums

Figure 14.15 shows an example according to ISO 5459 for the same purpose.
Indicated are the applied situation features (point, straight line, plane) in [ ].
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Degrees of freedom
N X
those which are locked by
ez the datum are to be indicated

—4| s01|A[sL]|B | ISO

] 601][Alxy,uv] [B[z]] ASME

A does not constrain translation in Z

Constraint x (translation along X) and contstraint w (rotation around Z)
here not relevant

FIG. 14.15 Datum system with indication of the applied situation features;
degree of freedom z is not locked by the cone but by the datum B
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14.16 Datum systems

Figure 14.16 shows datum systems with datum B for locking the rotation around
datum axis A according to ASME Y14.5.

2x®55
(gauge)

1 ——
240+01 | [+
m A
‘ I =LA | 5101
Axpbala gis B ‘ Datum B
#2003 @ |A|B ’J max. contact
A] [20] | Datum A
s .
240+01 ] [ |
t =Nl a0z [l
2x86+02  *TT™
¥/203 ® |A[B[BSC]
A
|
—
240+01 | [ 1. ).
t PNelt " [SlozTal -
2x@6+0,2 e E ‘ Datum B
(003 ® A B® }J min. 1 point contact

FIG. 14.16 Datums for locking the rotation around datum axis A

Above: The datum may vary within the profile tolerance 0,2 in order to have
maximal contact.

Centre: The datum is fixed at the theoretical location. The workpiece must
have (at least a point of) contact.

Below: The workpiece must have contact in the gauge at datum B (in order
to limit the rotation to the left) ASME Y 14.5-2009.

Figure 14.16 lower image requires contact at the gauge. This is in contradic-
tion to ISO. ISO requires only that the workpiece fit into the gauge (Figs 14.17
and 14.18).

ASME Y 14.5-2018 requires that at least one point is between 5 4 0,1.
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20 c
b2 B
240201 [ (—.4._).
R
i o) 0,2 [A]|C
2Xx86+02 N

[¢] c03m[A]B®@

Gauge 2 shafts ¢ 5,5 and 20 apart, relative to datum axis A
and relative to gauge surface B which is perpendicular
to A and C and 5,1 apart from A
FIG. 14.17 ISO tolerancing similar to Fig. 14.16 lower image: contact at B
not needed

A y Datum A
—
4001 | [—. .
| L-\p
! c-C
2x@6+0,2 SLAEIEST]
[#[003 @ [A[rrr=
2x

FIG. 14.18 ISO tolerancing similar to Fig. 14.16 lower image: contact at
horizontal surface not needed

Figures 14.19 and 14.20 show tolerancings with the translation symbol and
without.

2Xx@6+£02 )
[ 4| {210(@|A|B[>}J Datum B

max. size

FIG. 14.19 ASME tolerancing with translation symbol
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[20 Datum A .
5 fix
' Datum B
max. size

FIG. 14.20 ASME and ISO tolerancing without translation symbol

14.17 Roundness measurements

ASME B89.3.1 provides the possibility of specifying on drawings the measur-
ing conditions for roundness tolerances, i.e.:

— reference method, to be selected from:

MRS: Minimum radial separation
LSC: Least-squares circle

MIC: Maximum inscribed circle
MCC: Minimum circumscribed circle

— filter, to be selected from:

0, 1,67, 5, 15, 50, 150, 1500 cycles per revolution
— stylus tip radius, to be selected from:

0,001, 0,003, 0,010, 0,030, 0,100 in.

See Fig. 14.21.

Roundness symbol
Roundness tolerance in inches
Reference circle

Filter
’— Tip radius

O] .00050 LsC [150 |.003 |

FIG. 14.21 Roundness tolerance with measuring conditions according to
ASME B§9.3.1

The filters are defined as electrical low-pass filters equivalent to two
unloaded RC networks in series. Their nominal value (cut-off) corresponds
to the sinusoidal frequency (cycles per revolution (cpr)) whose amplitude is
70,7% transmitted by the filter.

The former standard ISO 4291 specified a slightly different filter character-
istic. The nominal value (cut-off) corresponds to the sine wavelength with 75%
amplitude transmission. However, this difference is practically negligible. The
new standard ISO 12 181 changes the nominal value (cut-off) corresponding to
the sine wavelength with 50% amplitude transmission by the Gauss filter.
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ASME B89.3.1 states further that, if not otherwise specified (default case),
for roundness measurements (roundness tolerances), the following measuring
conditions apply:

— Reference method MRS
— Filter 50 cpr
— Tip radius 0,010 in (0,25 mm)

The ISO standards do not yet have standardized measuring conditions for
the default case. If necessary, they must be agreed upon between the parties
(e.g. by reference to ASME B89.3.1). See also 13.10.

14.18 Dynamic profile tolerance

The symbol A stands for dynamic profile tolerance of features of size. This is,
like the offset zone according to ISO 1101, a tolerance zone that controls the
form but not the size of a feature of size. It uniformly progresses (expands or
contracts) normal to the true profile.

Figure 14.22 shows a feature of size where the dynamic profile tolerance
0,04 is without reference to a datum. This zone may progress within the toler-
ance zone 0,2. It may translate and rotate. The lower section of the figure shows
two possible zones.

i [R50]2x

= g:§4A Sl j’_i{

0,2 — 0,2
0,04 0’04

0,04 zone free to translate, to rotate and
to uniformly progress (expand ar cantract)

FIG. 14.22 Dynamic profile tolerance zone without reference to a datum
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Figure 14.23 shows the dynamic profile tolerance as composite tolerancing
with datums. In this composite tolerancing the datums control only the orien-
tation (rotation) and not the translation. The 0,04 tolerance zones are fixed in
rotation but not in translation. The lower section of this figure shows two
possible zones.

. * R50 |2 X

EE Alelc ! !
004 A |AB ﬁ’:_\/

0,04 zone free to translate,
to uniformly progress (expand or contract)

FIG. 14.23 Dynamic tolerance zone as composite tolerance zone with refer-
ence to datums

Figure 14.24 shows similar tolerancing for multiple features. It is recom-
mended to consider multiple features as a single feature, although ASME
Y14.5 does not mention it.

Figure 14.25 shows the dynamic profile tolerancing as single tolerancing
with datums. The datums control the translations and the orientations (rota-
tions). The figure shows two possible zones.
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0,04 zone free to translate and
to uniformly progress (expand or contract)

FIG. 14.24 Dynamic tolerance zone as composite tolerance zone with refer-
ence to datums and the constraint of both tolerance zones having the same size

3 [R50]2X

0,2 AlBlc !

|
0,04 A |A|B j’_%

%H

D|D

0,2
0,04

0,04 zone free to translate along the horizontal axis and
to uniformly progress (expand or contract)

FIG. 14.25 Dynamic tolerance zone as single tolerance zone with reference
to datums
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With single tolerancing, multiple features are considered to be a single fea-
ture, unless INDIVIDUALLY follows the single feature control indicator.

Figure 14.26 shows

2x

this case.

(4] —

al 0,2

Alslc

(0,04 A

A|B
INDIVIDUALLY —-I

0,04 zone free to translate along the horizontal axis and
to uniformly progress (expand or contract)

FIG. 14.26 Dynamic tolerance zone as single tolerance zone with reference
to datums and the disclaimer INDIVIDUALLY

14.19 Terminology
Some terms used in ASME Y14.5 differ from those given by ISO (see

Table 14.2).

TABLE 14.2 Comparison of ASME Y14.5 and ISO terminologies

ASME Y14.5M

Basic dimension

Feature control indicator

Variation
True position (TP)

Reference dimension

ISO

Theoretically exact dimension (TED)
Tolerance indicator

Deviation

Theoretically exact position

Auxiliary dimension
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ASME Y14.5-2009 specifies FIM (Full Indicator Movement): the total
movement of an indicator when appropriately applied to a surface to measure
its variations. The former terms FIR (Full Indicator Reading) and TIR (Total
Indicator Reading) have the same meaning as FIM.

ASME Y 14.5-2009 defines the terms “resultant condition”, “inner bound-
ary” and “outer boundary” (which are not yet used in ISO standards).

Resultant condition: worst-case boundary, i.e.:

the inner boundary for holes with @ and for shafts with ©,
the outer boundary for holes with © and for shafts with @.

The boundary is the form that must not be exceeded by the feature. For a graph-
ical definition of inner and outer boundary, see Fig. 14.27.

EREZZ

@30,3+£0,2 @ 30,6 - Outer boundary
’—H}I 201 [a]B]C]

% 30,1

E ! @ 0,1

i i
' — + 'l_'
B ST .
O @ 30,1 Y jr

-2 01
@ 30 B Inner boundary

FIG. 14.27 Outer and inner boundary

The one boundary is given by the gauge or the cut-out contour and the posi-
tion tolerance. The other boundary (resultant boundary) is given by the maxi-
mum material size or the least material size and the enlarged position tolerance.
The enlarged position tolerance is the position tolerance plus or minus the size
tolerance. See Figs 14.28 to 14.31.
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2 30,5

@ 30 gauge ;

' 2 30,5
+p 05
@ 30,3+0,2 31

’—{$|a0,1®|A|B|C|

@ 2 30,1
: T - 01

@ 30

Position zone
at LMC

20,5

\

//_

Resultant condition

A

(outer boundary)

Virtual condition, gauge
(inner boundary)

FIG. 14.28 Virtual and resultant condition boundaries, internal feature,

MMC drawing indication

2 30,5

+2 0,1
230,3+£0,2 2306

T{{1}|mo,1®|A|Es|C|

2 30,1
-g 05

@ 29,6

20,1

[

Virtual condition

(outer boundary)

© 30,6 virtual condition, cut-out contour

@ 30,1
A

Position zone at MMC
50,5
Y

7

[

Resultant condition
(inner boundary)

FIG. 14.29 Virtual and resultant condition boundaries, internal feature, LMC

drawing indication
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FIG. 14.30 Virtual and resultant condition boundaries, external feature,

MMC drawing indication
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14.20 Planar datum, definition

ASME Y 14.5-2018 has changed the definition of the datum. It now applies that
if irregularities on a datum feature are such that the part is unstable (i.e. it rocks)
when it is brought into contact with the corresponding true geometric counter-
part, the default requirement is that the part be adjusted to a single solution that
minimizes the separation between the feature and the true geometric counter-
part. If a different procedure is desired (e.g. candidate datum set, least squares),
it shall be specified.

According to ISO 5459 the successor of the minimum rock requirement
applies (Chebyshev extern, which is the same as according to ASME Y14.5-
2018).

According to ASME Y 14.5-2009 the “candidate method” applies: contact-
ing planes are associated to the datum feature in all possible orientations. Those
who fulfil certain requirements concerning the contacting points apply as can-
didates. When with one of the candidates all tolerances referred to this datum
are respected, this candidate applies as the datum and the workpiece is to be
accepted. See Fig. 14.32.

ISO 5459: one applicable datum

l |
|

\/—/ a

L datum
minmax-requirement. max.a = min.

ASME Y14.5.1: multiple applicable datums

datum candidates (different orientations) acc. to
ASME Y14.5.1M-1994 clause 4

candidates are acceptable
when they result in the accaptance of the part
and all tolerances related to this datum are inspected

FIG. 14.32 Planar datum according to ISO 5459 and ASME Y14.5.1
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14.21 Survey of differences between ASME and ISO

Table 14.3 together with Tables 14.1 and 14.2 and with Figs 14.1 and 14.2 give a
survey of the differences between ASME and ISO standards.

TABLE 14.3 Differences between ASME and ISO standards

Designation

Envelope
requirement ®

Rule# 1

Radius

Angle

Position tolerance

Symmetry tolerance
concentricity
tolerance (coaxiality
tolerance)

Composite tolerance

Multiple pattern

Roundness

Movable datum
targets

Dynamic profile
tolerance

ASME Y14.5

® applies without drawing
indication see 14.4

Surface to be contained
within 3-D tolerance zone see
14.5

Surface to be contained
within 3-D tolerance zone see
14.7

Applies to the (straight) axis or
(plane) median plane of the
actual mating envelope see
14.11

Applies to actual axis or
actual median surface
(different from position
tolerance) see 14.10

Theor. exact dim. relative to
the datum does not apply to
the lower tolerance frame see
14.12

Default: SIM REQT see 14.13

Default: MRS, 50 cpr, r=0.01
in; see 14.17

Direction of movement:
default: normal to true profile
see Table 14.1

See Figs 14.22 to 14.26

ISO

® or 0 @ to be indicated or
reference to ISO 14 405-E

(or to DIN 7167) see 14.4

and 4.3

No precise definition

Contacting lines in sections
planes see 4.8

Applies to the actual axis
(not straight) or actual
median surface (not planar)
see 14.11

Applies to actual axis or
actual median surface
(same as position tolerance)
see 14.10

Theoretical exact
dimensions apply always
unless otherwise specified
(by ><), see Figs 3.34 and
3.76

To be indicated as
applicable: SIM or
separate, see 14.13

Default not yet
standardized

Direction of movement:
indicated by symbol see
Table 14.1

See Figs 3.28, 3.36, 3.46,
3.49 and 6.11
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14.22 Drawings for both systems, ISO and ASME
14.22.1 General

Drawings for both systems, ISO and ASME, may be identified by the indication
in the drawing title block:

ISO 8015, ISO 1101, ASME Y14.5 without rule # 1

The symbols shown in Table 14.4 may be added to the drawings for the United
States. This table provides the meanings of the symbols which are not in ASME
Y14.5.

TABLE 14.4 Symbols which are not in ASME Y14.5

® Envelope requirement ISO 14404-1
>< Orientation only ISO 5459
(074 Combined (common) zone ISO 1101
CZR  Combined zone, only group internal orientation SO 5458
CT Common tolerance ISO 14405-1
UF United feature (= {CF») ISO 1101

uz Unequally distributed tol. zone (different @) 1SO 1101
oZ Offset zone, size variable (Chebyshev) (= A) 1SO 1101

VA Variable angle ISO 1101
ACS  Any cross section (datum section line or point) SO 1101
SIM Simultaneous requirement ISO 1101
[DV] Dimension variable (= [> ) ISO 54597
[DF] Dimension fixed (default ASME) ISO 5459
[Tx] Translation x fixed (=[x]) ISO 5459"
[Rx] Rotation x fixed (= [u] ) ISO 54597
H Only for definition of sec. or tert. datum ISO 54597
{~]A] Intersection plane orientation for ™ ISO 1101
Tolerance zone plane orientation ISO 1101
Tolerance (measuring) direction ISO 1101

SO / DIS 5459:2017

When the same symbology has different interpretations according to ISO
and ASME, the recommendations in the following paragraphs should be
followed.
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14.22.2 Coplanarity

Whenever coplanarity is required, CZ should be indicated; see Fig. 3.10.

14.22.3 Envelope requirement

The use of the more economical principle of independency according to ISO
8015 is recommended. When the envelope requirement is necessary, the symbol
® (ISO 8015) or position zero @ (ASME Y 14.5) is to be indicated; see example
in Fig. 4.18.

14.22.4 Angular tolerances

Angular dimensional tolerances (see 4.8 and Fig. 3.43) should be avoided.
For tolerancing of angularity, profile or position according to ISO 1101 is
recommended (Figs 3.35 and 3.76).

14.22.5 Radii tolerances

For radii, £ tolerances should be avoided. They are not precisely defined
according to ISO. It is recommended to use profile tolerancing according to
ISO 1101 (see Fig. 3.26) or to use transitions according to ISO 21 204 (see Figs
9.14 and 9.15).

14.22.6 Roundness tolerances

It is recommended to use the symbol ™ and to avoid the symbol O. See Fig. 3.58
and 14.17.

14.22.7 Coaxiality and symmetry tolerances

It is recommended to use position; see Fig. 3.73 and 14.22.9.

14.22.8 Simultaneous requirements for groups with different
position tolerances

It is recommended to always indicate “SIM” when it applies (see Fig. 14.12) and
“separate” when it applies.

14.22.9 Orientation tolerances of axes or median surfaces

ISO 1101 tolerances the actual (imperfect) axes or median surfaces. ASME
Y14.5 tolerances the (perfect) axes or median planes of the mating envelopes;
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see Fig. 14.8. It is recommended to tolerance in such a way that both versions fit
to the workpiece function and are acceptable. Alternative: indicate “ISO” or
“ASME” after the tolerance indicator (tolerance indicator).

14.22.10 Position tolerancing

It is recommended to avoid position tolerancing of planar surfaces and to use
profile tolerancing, as it is the rule according to ASME Y14.5; see 14.3.

ISO 1101 tolerances the actual (imperfect) axes or median surfaces with
position tolerances. ASME Y 14.5 tolerances the (perfect) axes or median planes
of the mating envelopes with position tolerances; see Fig. 14.8. It is recom-
mended to tolerance in such a way that both versions fit to the workpiece func-
tion and are acceptable. Alternative: indicate “ISO” or “ASME” after the
tolerance indicator.

14.22.11 Composite tolerancing

It is recommended to always indicate “orientation only” (symbol ><) when it
applies; see Fig. 14.10.

14.22.12 Maximum material requirement, least material
requirement

For tolerances with MMR or LMR, it is recommended to use position and to
avoid coaxiality and symmetry, as this is the rule according to ASME Y14.5.
The same applies to perpendicularity, parallelism and angularity.
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Glossary

These are easily understandable descriptions of terminology; for the standardized
definitions, see the standards.

Actual In reality.

Association Operation to fit an ideal feature to a non-ideal feature according to a criterion
(e.g. Chebyshev, Gauss, minimum circumscribed, maximum inscribed, etc.).

Characteristic See Geometrical characteristic.

Chebyshev criterion Maximum distance between considered (e.g. toleranced) feature and
reference feature minimized (also referred to as minimax criterion) [ISO 1101].

Default Applies, if not otherwise indicated.

Deviations global deviation, local deviation.

Global deviation Only one value for the entire feature, e.g. Gauss size.

Local deviation Different values at different locations, e.g. two-point size.

Envelope element Smallest ideal cylinder or plane pair for a shaft, largest ideal cylinder or
plane pair for a hole or slot, associated to the real feature.

Envelope requirement Requires feature within ideal gauge contour of maximum material
size [ISO 2692].

Features Types; see 2.2.

Gauss criterion Sum of squares of distances between considered (e.g. toleranced) feature
and reference feature minimized.

Geometrical characteristic Geometrical property of a workpiece [ISO 25 378].

L; norm Volume between considered feature and reference feature minimized [ISO 5459];
see Table 3.10.

L, norm Sum of squares of distances between considered feature and reference feature min-
imized (Gauss criterion) [ISO 5459]; see Table 3.10.

L. norm Maximum distance between considered feature and reference feature minimized
(Chebysheyv criterion) [ISO 5459]; see Table 3.10.

Least material requirement Requires at the datum feature and/or at the toleranced feature
the ideal “cut- out contour” completely within the material. [ISO 2692].

Maximum material requirement Requires datum feature and/or toleranced feature maxi-
mum material virtual size within ideal gauge contour [ISO 2692].

Minimax criterion See Chebyshev criterion.

Modifier Modifies or precisely defines a characteristic, e.g. ®, @, .

Multivariate characteristic Characteristic with (+ or —) sign.

Non-size dimension Dimension which is not a size, e.g. centre distance, step dimension,
radius.

Operations Types; see 2.2.

Parameter characteristic Defined by a parameter, e.g. size tolerance.

Plane-pair Two opposite parallel planes connected by a size.

Position tolerance Geometrical tolerance of a surface, a line or a point, preferable for derived
features [ISO 1101].

Profile tolerance Geometrical tolerance of a surface or a line, preferable for integral features
[ISO 1101].

Projected tolerance zone Tolerance zone for the projection of the derived feature, in order to
enable the assembly [ISO 1101].
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Reciprocity requirement Specifies with @®® that the maximum material limit of size may
be exceeded, provided the feature fits into the gauge contour; specifies with © ® that the
least material limit of size may be exceeded, provided the feature contains the cut-out
contour completely [ISO 2692].

Size Linear: dimension of a cylindrical feature or a feature established by two opposite par-
allel planes (plane pair) [ISO 14 405-1]. Angular: dimension of a cone or wedge [ISO 14
405-3].

Univariate characteristic Characteristic without (+ or —) sign.

Variable size Size with + tolerance.

Zone characteristic Defined by a zone, e.g. profile tolerance.

For further terms, see 2.2.
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Geometrical product specifications (GPS) — Standard
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measuring equipment — Part 2: Reference disk gauges
Geometrical product specifications (GPS) — Wedges —
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Part 2: Dimensioning and tolerancing
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Rules
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dimensions
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concepts — Part 1: Model for geometrical specification and
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concepts — Part 3: Toleranced features
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moveable assemblies

Geometrical product specifications (GPS) — Guidelines for
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test uncertainty for CMMs using single and multiple stylus
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Geometrical product specifications (GPS) — Guidelines for
the evaluation of coordinate measuring machine (CMM)
test uncertainty

Technical product specification (TPS) — Application
guidance — International model for national
implementation

Geometrical product specifications (GPS) —
Characteristics and conditions — Definitions

(JCGM 100:2008 Evaluation of measurement data — Guide
to the expression of uncertainty in measurement)

(JCGM 200:2012 International vocabulary of metrology —
Basic and general concepts and associated terms)
Dimensioning and Tolerancing

Dimensioning and Tolerancing

Mathematical Definition of Dimensioning and
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Measurement of Out-of-Roundness

Technical product documentation and specifications
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TGL 39 093
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TGL 39 095
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TGL 39 097
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TGL 43 041
TGL 43 042

Methods of measuring geometrical deviations — General principles
Methods of measuring deviations from straightness

Methods of measuring deviations from flatness

Methods of measuring deviations from parallelism

Methods of measuring deviations from roundness

Methods of measuring deviations from cylindricity

Methods of measuring deviations of the longitudinal section profile
Methods of measuring straightness deviations of axes

Methods of measuring deviations from coaxiality
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Index

Note: Page numbers followed by f indicate figures, and ¢ indicate tables.

A
Actual axis, 12, 328-329
Actual feature, 11
Actual local size, 124
Actual mating envelope, 417
Actual median face, 12
Alignment of the workpiece (for measurement),
313-317
All around, 42
All over, 42
Angular dimension tolerance, 64f, 156—157
Angularity. See Deviations, definition;
Measurement of deviations; Tolerances
Angular location optional, 161f
Angular size, 156-157
Angular size tolerances, 64
Arithmetical tolerancing, 134
Arrangement of tolerance indication, 157
ASME Y14.5
angular tolerances, 415-416, 438
coaxiality tolerance, 417, 438
composite tolerances, 418-419, 439
coplanarity, 412, 413f, 438
customized datums, 422, 423f
datum systems, 425-426, 425f
dimensioning origin, 414
drawings, 437439
dynamic profile tolerance, 428431,
428-431f
envelope requirement, 413-414, 438
groups of features, 420, 420f
vs. ISO standards, 436
least material requirement, 439
location tolerances, 418
maximum material requirement, 439
orientation tolerances, 418, 438-439
planar datum, 435, 435f
position tolerances, 417, 439
radii tolerances, 414, 438
roundness tolerance, 427-428, 427f, 438
single tolerancing, 418-419
symbols, 411, 412¢, 437, 437t
symmetry tolerance, 417, 438

terminologies, 431-434, 431¢
unequally disposed tolerance zone, 421, 422f
Assessment of deviations. See Measurement
Associated feature, 11
as toleranced feature, 36¢, 55, 61
for toleranced features (reference feature),
37t, 68, 74
Association, 13
Average size, 113
Axes
coaxial, 187
crossed, 179180
of holes in line, 119
Axis
actual, 12, 328
common, as a datum, 87, 316
derived feature, 11, 32, 80-82
drawing indication, 31
inclination of the workpiece
(for measurement), 315-316
of measurement, 314-315, 316f
offset of the workpiece (for measurement),
315-316
workpiece established, 350

B
Basic dimension, 431¢
Bearings, 184—185
Boundary

inner, 432f

outer, 432f
Burr (edge), 249
Bushes, 200-201

C
Calibration uncertainty, 408-409
Candidate datum method, 317, 432
Cartesian (rectangular) coordinate system, 89
Castings
additional symbols, 261
calculation of the moulded nominal
dimensions, 273
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Castings (Continued)
datums, 268f, 277f
drawings for ordering, 280
general tolerances, 236241
general tolerances for, 278
required machining allowance, 271f
Causes of geometrical deviations, 301
Central content (statistical tolerancing), 151
Central zone (statistical tolerancing), 152f
Centre distances, 227-231
Centre plane, 12
Chain dimensioning, 232-233
Chamfered transition, 256, 257f
Chebyshev, 13, 74
Choice of functional-, manufacturing-,
inspection related D&T, 247-248
Circular axial run-out, 77. See also Deviations,
definition; Measurement of deviations;
Tolerances
Circularity, 71. See also Roundness
Circular radial run-out, 76. See also Deviations,
definition; Measurement of deviations;
Tolerances
Clearance fit, 225
Closing dimension, 151
Coaxiality, 32, 79. See also Deviations,
definition; Measurement of deviations;
Tolerances
of bearings, 186—187
of holes, 186—187
Collection, 13
Combined tolerance zone (CZ), 42
Common datum, 316
Common tolerance (CT), 116
Common zone, 42
Complex surface, 213
profile tolerancing of, 213
Composite tolerancing, 419f
Compound feature, 11
Concentricity. See Deviations, definition;
Measurement of deviations;
Tolerances
Cones, 218-220
profile tolerancing of, 218-220
Conformance rule, 27-28
Conical taper, 262
Construction, 13
Contacting circle, 338
Contacting feature (CF), 95
Contours, 231
Controlled radius (CR), 401, 414

Coordinate measuring system, 313

Coplanarity of hole axes, 178

Correlation ambiguity, 16

Coverage factor, 406

Cracks, 5

Crossed axes, 179-180

Cross section method, 350. See also Radial
section method

Cross sections, form tolerances, 46

Cylindricity. See Deviations, definition;
Measurement of deviations;
Tolerances

D

Datum
axis, 32
change of, 101-102
common, 85-105, 316
definitions, 20-21, 85-105
with envelope requirement, 131-132
feature, 311
interchanging with toleranced feature, 103,
317-318
simulated, 311
filter, 22
indication of, 32
inspection appropriate dimensioning,
103-105
invariance classes, 20-21
with least material requirement, 144
letter, 32
with maximum material requirement,
131-132, 182183
movable datum target, 99
order, 87
plane, for symmetry tolerance, 182
priority, 87
restricted areas, 93
sequence, 90, 182-183
situation feature, 21
specification, 21
system, 88f
target, 94-100, 311
target area, 35¢
target line, 35¢
target point, 35¢
Datum targets, 94—100
Decimal rule, 29
Decomposition of measurement results,
106-111
Default, 15



Departures. See Deviations, definition
Derived features, 245, 245f
Derived median
feature, 11, 32, 39f (see also Axis; Median
surface)
line, 11
plane, 12
Deviations, definition
angularity, 352 (see also Orientation)
circular axial run-out, 364-366
circular radial run-out, 363
coaxiality, 358-359 (see also Location)
concentricity, 362 (see also Location)
cylindricity, 347-348
edge, 4, 249
flatness, 355
form, 2-3
location, 355-361
locational, 3
orientation, 354-355
orientational, 3
parallelism, 353f (see also Orientation)
perpendicularity, 354f (see also Orientation)
position, 356 (see also Location)
profile of a line, 350-351
profile of a surface, 351
roughness, 3—4
roundness, 337-345
run-out, 350
size, 2
straightness of derived lines, 332
straightness of surface lines, 322-327
symmetry, 360-361 (see also Location)
total axial run-out, 368f
total radial run-out, 367f
Diameter, definition, 113
Dimensional casting tolerance grades (DCTG),
285, 286287t
Dimensioning, 247-248
Dimensioning and tolerancing methods, 248
Dimensions
angular, 157
closing (statistical tolerancing), 151
linear, 113
single (statistical tolerancing), 151
Discontinuities, surface, 4
Distance, 227-231
Drawing definitive principle, 29
Drawing indications, symbols, 12
Drawing type identifiers, 261
Duality principle, 12, 13f, 29

Index 455

E
Edge
deviations, 4, 249, 250f
sharp, 249-250
tolerancing of edge cross section shape,
249-256
Edge, as geometrical toleranced feature
deviations, 4, 251
transitions, 252-256
Embodiment, 311
Envelope, actual mating, 418
Envelope requirement
definition, 118-119
drawing indication, 118-123, 123f
inspection, 368-371
respecting during manufacturing, 304
respection during manufacturing, 304
symbol, 123
without drawing indication, rule # 1, 413
Equally spaced on a circle, 45
Equal thickness, 118
Error (uncertainty) budgeting, 405, 407
Error, maximum permissible (MPE), 403,
407-408
Evaluation, 13
of measurements, 319-321
Evaluation of measurements, 13
External tapers, 264
Extracted feature, 11
Extraction, 11, 13
Extreme positions method (measurement
of cylindricity), 348

F
Feature, 10
angular size, 11
associated, 11
derived, 12
integral, 12
candidate, 12
compound, 10-11, 94
contacting, 12, 95
control frame, 27-28
definition, 20 (see also Geometrical
elements)
derived, 11
enabling, 12
extracted, 11
derived, 12
filtered, 12
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Feature (Continued)
geometrical element, 1-2
ideal, 11
integral, 11
limited, 12
linear size, 19, 113
nominal, 10
non-ideal, 11, 125
real, 10
reference, 12
relating tolerance zone frame work, 419
simulated datum, 311
single, 10
situation, 12
of size, 18, 28, 113, 116
specification, 12
substitute, 12
verification, 12
Features drawn at the same centre line, 156
Filter, 17-20, 51-52, 68
for datum, 22
Gauss, 18
morphological, 17-18
robust, 19
spline, 18
spline wavelet, 19
Filtration, 13
Fit, 220-221. See also Tolerancing
Fixed fastener, 169f
Flash, tolerancing of, 263
Flatness. See also Deviations, definition;
Measurement of deviations; Tolerances
Flexible parts, 105
Floating fastener, 168
Form. See Deviations, definition; Measurement
of deviations; Tolerances
Form measuring instrument, 310, 312, 332-333
Form tolerances, 52, 65-70, 85
Free state (not restrained), 105
FRTZF, 419
Functional gauge, 128
Function-related dimensioning, 247, 247f
Function related D&T, 247

G
Gauss association, 12, 69
Gauss filter, 19
Gaussian

circle, 328

cylinder, 328
Gaussian regression line, 325
Gears, 40

General tolerances, 234-236
castings, 245
concept, 245
envelope requirement in addition, 238
indication on drawings, 234-236
profile surface, 233-234
theory, 237-241
Generatrix method (measurement of
cylindricity), 347
Geometrical deviations. See Deviations,
definition; Measurement of deviations
Geometrical dimensioning and tolerancing
(GD&T), 1
Geometrical elements, 1-2
Geometrical features, 10
Geometrical properties, 1-2
Geometrical tolerances. See Tolerances
respection during manufacturing, 303-304
symbols, 31¢, 261
Geometrical tolerancing
datums, 85-105
definitions, 50-85
flexible parts, 105
general types, 51-53
measurement results, decomposition of,
106-111
symbols, 31-50
vectorial dimensioning, 111
Global angular sizes, 156
Global Gaussian size, 156-157
GPS matrix, 9-10
Groups, profile tolerancing of, 215

H
Helical method (measurement of cylindricity),
347
Hexagon fit, 188-189
Hidden surface, toleranced feature, datum, 44
Holes
coaxial, 187
distances, 227
for fasteners, 176177
in line, 178

Ideal feature, 11

Inclination. See Deviations, definition;
Measurement of deviations; Tolerances

Inclined surface, profile tolerancing of, 215

Independency principle, 23-27

Indication of geometrical tolerances, 31-85



Individual toleranced features, 178
Inspection. See also Measurement
related D&T, 247
simplified, 345, 350, 360
Inspection appropriate tolerancing, 103-105
Integral features, 11, 245, 245f
Interchanging of toleranced and datum feature,
317-318
Interference fit, 199
Internal tapers, 264
Invariance class, 20-21
Invariance degrees, 21¢
ISO
angular sizes, 156-157
angular tolerances, 415416, 438
vs. ASME standards, 436
coaxiality tolerance, 417, 438
composite tolerances, 418-419, 439
cone tolerances, 438
coplanarity, 412, 413f, 438
customized datums, 422, 423f
datum systems, 425-426, 425f
dimensioning origin, 414
drawings, 437-439
dynamic profile tolerance, 428431,
428-431f
envelope requirement, 413-414, 438
groups of features, 420, 420f
least material requirement, 439
location tolerances, 418
maximum material requirement, 439
orientation tolerances, 418, 438-439
planar datum, 435, 435f
position tolerances, 417, 439
radii tolerances, 414, 438
roundness tolerance, 427428, 427f, 438
single tolerancing, 418-419
symbols, 411, 412¢, 437, 437t
symmetry tolerance, 417, 438
terminologies, 431-434, 431¢
unequally disposed tolerance zone, 421, 422f
ISO 8062-3, 282-295

K
Key ways, 195-199
Kinematic linkages, 203

L
Least material
condition (LMC), 139
principle, 139 (see also Least material
requirement)

Index 457

requirement (LMR), 139-146
application, 142-144
for datums, 144
definition, 140-141
drawing indication, 144
inspection, 382-384
possible applications, 141
with reciprocity requirement, 146
respecting during manufacturing, 304
symbol, 41
for toleranced features, 139
respection during manufacturing, 304
size (LMS), 139
virtual condition (LMVC), 140
virtual size (LMVS), 139-140
Least material condition (LMC), 139
Least material requirement (LMR), 52,
140-141
application, 142—144
datum, 144
definitions, 139-140
description, 140-141
reciprocity requirement, 145-146
toleranced feature, 142144
Least material size (LMS), 139
Least material virtual condition (LMVC), 140
Least material virtual size (LMVS), 139-140
Least-squares (Gaussian)
circle, 328
cylinder, 328
Least-squares (LS)
association, 12, 74
circle, 328-329, 338
cylinder, 329, 346
substitute element, 106
Least squares circle (LSC), 314
Limacon effect, 315, 316f
Limited feature, 12
Limited length or area (indication), 41, 93
Limits of size, interpretation of, 113
Lobed form, 170, 339, 344
Local angular size, 156
Local linear size, 115f
Location. See also Deviations, definition;
Measurement of deviations; Tolerances
optional, 161f
vector, 107
Location tolerances, 51, 53-58, 80-82

M

Macro deviations, 5
Major diameter (MD), 40f
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Manufacturing, 291f. See also Respection
during manufacturing
influences on geometrical deviations, 291f,
301
recommendations for, 303-306
related D&T, 247
Manufacturing-related dimensioning, 247f, 248
Mating size, 115
for external feature, 124
for internal feature, 124
Maximum inscribed
circle, 116, 314
cylinder, 115, 346
Maximum inscribed circle (MIC), 72, 328, 338
Maximum material
condition (MMC), 124
requirement (MMR), 124-134, 368
for datums, 134
definition, 124-125
education, 134
inspection, 368, 371-381
respecting during manufacturing, 304
symbol, 125
for toleranced features, 131
zero, 129
respection during manufacturing, 304
size, 113
virtual condition, 125
virtual size, 125
Maximum material condition (MMC), 124
Maximum material requirement (MMR),
125-126
application, 127-134
for datum, 131-132
definitions, 124—125
description, 125-127
education, 134
reciprocity requirement, 132-134
Maximum material size (MMS), 125
Maximum material virtual condition (MMVC),
125
Maximum material virtual size (MMVS), 125
Maximum permissible error (MPE), 403
Measurement of deviations, 310
alignment of the workpiece, 314-316
axis of measurement, 314-315
circular axial run-out, 364-366
circular radial run-out, 364f
coaxiality, 360-361
cylindricity, 314-316, 348
derived features, 334
envelope requirement, 371f

evaluation, 328f
flatness, 335
general, 313
geometrical, general, 311
interchanging of toleranced feature and
datum, 317-318
least material requirement, 384f
location, 356-357
maximum material requirement, 371-381
minimum rock requirement, 316-317
orientation, 354-355
position of key ways, 380
probing strategies, 393-395
profile of any line, 350-351
profile of any surface, 351
projected tolerance zone, 385
roundness, 337-345
run-out, 76, 362f
separation from roughness and waviness, 18f,
397-401
simplified inspection methods, 318-319
straightness in space, 328-333
straightness of surface lines, 322-327
symmetry, 358-359
terms, 313
threaded feature, 385-389
total run-out, 367
tracing and probing strategies, 390-396
Measurement uncertainty, 16, 27-28, 402-409
Median surface
actual, 12
drawing indication, 32
Metallic castings, tolerancing of, 259-295
Method uncertainty, 16
Micro deviations, 5
Minimax. See Chebyshev
Minimum circumscribed
circle, 61, 328
cylinder, 65-66, 316, 346
Minimum circumscribed circle (MCC), 314
Minimum requirement, 11, 313.
See also Chebyshev
Minimum rock requirement, 21-22, 86, 313,
316-317
Minimum wall thickness, 193—-194
calculation of, 273
Minimum zone (Chebychev)
circle, 314
cylinder, 328
Minimum zone circle, 314, 329, 338
Minor (least) diameter (LD), 40¢
Mismatch, individual indication of, 264



Modifier, 40

Morphological filter, 18f

Moulded nominal dimension, calculation of,
271-272, 274-277

Movable assemblies, tolerancing of, 297-298

MPE. See Error, maximum permissible (MPE)

Multiple surface applications, drawing
indications of, 266

N

Nesting index, 18

New approach, 23

Nominal feature, 10

Non-ideal surface model (skin model), 12
Non rigid part, 105. See also Flexible part
Number of points (to be measured), 396
Nyquist theorem, 390

(0
Offset zone (0Z), 53, 60, 65, 71, 210f
Operator, 15
ideal, 15
perfect verification, 15-16
principle, 29
simplified verification, 16
specification, 15
verification, 15
Optional location of features, 161f
Order of datums, 88f
Orientation. See Deviations, definition;
Measurement of deviations; Tolerances
Orientation indicator, 46
Orientation tolerances, 52, 58—64, 8384
Orientation vector, 107

P

Parallelism. See Deviations, definition;
Measurement of deviations;
Tolerances

Partial datum, 41, 93. See also Restricted length
or area

Partial feature. See Restricted length or area

Parting surfaces, 262

Partitioning, 13

Passing (edge), 249

Pattern locating tolerance zone frame work
(PLTZF), 419

Perpendicularity. See Deviations, definition;
Measurement of deviations; Tolerances

profile tolerancing of, 214
Perpendicularity tolerance, 214

Index 459

Pitch diameter (PD), 40
Pitch diameter rule, 40
Plane pair, 115
Plane situation feature, 22
PLTZF. See Pattern locating tolerance zone
frame work (PLTZF)
Plug and socket fit, 191
Plug gauge circle (PGC), 314, 328
Point method (measurement of cylindricity),
348
Point situation feature, 22
Position. See Deviations, definition;
Measurement of deviations; Tolerances
Position tolerances
calculation, 168—172
calculation for holes and bolts, 168—172
coaxial holes, 186187
coaxial shafts, 184—185
coplanar and coaxial feature and datum, 182
counterbores, 178
crossed axes, 179-180
datum systems, 183—184
sequence and maximum material
requirement, 182-183
definitions, 159-160
hexagonal fit, 188—189
holes
fasteners, 176-177
group of holes, 178
line, 178
keyways, 195-199
kinematics, 203
maximum material requirement, application
of, 204
minimum wall thickness, 193—-194
with or without datum, 178
planar surface, 182
plug and socket, 191
projected tolerance zones, 172—-176
rectangular fit, 202
rings and bushes, 200-201
spacings, 192
splines, 190
theoretically exact dimensions (TEDs),
160-166
tolerance zone, 166—167
Primary datum, 86
Principle of independency, 2327
Principles for tolerancing, 5-7
Probing strategy, 390-396
Procedure for Uncertainty Management
(PUMA), 404405, 407
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Process capability, 306-308

Profile of any line. See Deviations, definition;
Measurement of deviations; Tolerances

Profile of any surface. See Deviations,
definition; Measurement of deviations;
Tolerances

Projected tolerance zone, 172—-176, 385

respection during manufacturing, 304, 305f
Properties of surfaces, 1-5

R

Radial section method (measurement of
cylindricity), 346
Radius controlled, 414
Rank order sizes, 156
Real feature, 11
Reciprocity requirement
with least material requirement, 132—134
with maximum material requirement, 15
Rectangle fit, 177f
Reference
axis, 315f
dimension, 431¢
element (for measurement), 323
feature (for measurement), 311
Regardless of feature size (RFS), 416
Related feature, 24f
Required machining allowance (RMA), 269,
289
Respection during manufacturing, 301-302
envelope requirement, 304
geometrical tolerances, 303-304
least material requirement, 304
maximum material requirement, 304
projected tolerance zone, 182, 304,
305f
reciprocity requirement, 304
Restricted length, lying anywhere, 41
Restricted length or area (indication), 41f
Resultant condition, 434f
Ring gauge circle (RGC), 314
Rings, 200-201
Robust filter, 19
Roller bearing, indication of force indicators,
298, 299f
Roughness, 34, 397-401. See also Deviations,
definition; Measurement of deviations;
Tolerances
Run-out. See Deviations, definition;
Measurement of deviations; Tolerances
Run-out tolerances, 79-80

S
Screw threads, 40
measurement of geometrical deviations,
388-389¢
Secondary datum, 87
Section lines, tolerances for, 77
Section plane indicator, 46
Separate gauging, 24, 25f
Separate requirement, 161f, 162
Separate tolerances, 161f, 162, 178
Separate zone (SZ), 162
Separation from roughness and waviness, 18f,
397401
SEP REQT, 420421
Sequence of datums, 89, 182-183
Side content (statistical tolerancing), 151
Side zone (statistical tolerancing), 151
Simplified indication, 44
Simplified inspection, 318-319
SIM REQT, 420-421
Simulated datum feature, 311
Simultaneous gauging, 24, 25f
Simultaneous requirement, 162
Simultaneous tolerances (SIM), 162
Single feature, 11
Single feature tolerance, 418419
Situation feature, 12, 85
Size, 113
definition, 113, 116
deviation, 2
mean (statistical tolerancing), 150
tolerance, 2
Skin model (non-ideal surface model), 12, 18
Socket and plug fit, 191
Spacings of features, 192
Specification
ambiguity, 16
feature, 12
model, 15
operator, 15
Spline filter, 18
Splines, 190
Spline wavelet filter, 19
Squareness tolerance. See also Perpendicularity
tolerance
Statistical sizes, 156
Statistical tolerancing, 146155
advantage, 154155
vs. arithmetical tolerance line-up calculation,
146-149, 153
central zones, 152
computer programs, 155



coverage factor, 149
drawing indications, 152—-153
German Standard DIN 7186, 150-151
Stock material, 215
profile tolerancing of, 215
Straight line situation feature, 22
Straightness, 143f. See also Deviations,
definition; Measurement of deviations;
Tolerances
Stylus ball radius (for measurement), 14, 397,
397f
Substitute, 12. See also Associated feature
Surface
border zone, 1
discontinuity, 3—4
irregularities, 4
Surface texture, 260
Symbols, 31¢
for association features as toleranced
features, 37t
for association for toleranced features, 36¢
for castings, 36¢
for datums, 35¢
for filters, 38¢
for geometrical tolerances, 31¢
for parameters, 36¢
Symmetry. See also Deviations, definition;
Measurement of deviations; Tolerances
System, datum, 311

T
Tangent plane requirement, 55
Tapered features, 264f
Tapers, 262-263
Tertiary datum, 87
TGL standards, 391-392
Threaded features
drawing indications for geometrical
tolerancing, 40
measurement of geometrical deviations,
385-389
Three plane datum system, 89, 89f.
See also Datum
Tip radius, 13—-14, 401
Tolerance chains, 135-138
Tolerances
accumulation of, 135-138, 232f
angular dimension, 156
angularity, 52, 64
application over restricted length, 41
arithmetical, 135
axial run-out, 77-79
calculation of position, 168-172

Index 461

chains, 135-138

circular axial run-out, 77

circular radial run-out, 76

circular run-out, 79

circular run-out in any direction, 79

coaxiality, 79, 438

composite, 50, 4191

concentricity, 81

cones, 218-220

crossed axes, 179-180

cylindricity, 65

datum feature, 85

dynamic profile, 428431

flatness, 77-78

form, 32, 51, 65f, 85

general (see General tolerances)

integral lines, 71-76

line up calculations, 146

location, 80-82

locational, 51-58, 80f
of axes and median faces, 84

longitudinal section profile, 332

orientation, 32, 52, 58-64, 83-84, 438439

parallelism, 52, 58

perpendicularity, 32, 61
in different combinations, 214

population, 306

position, 81f, 159-160, 439
calculation for holes and bolts, 168—172
composite position tolerancing, 418-419
for features located symmetrically to a

symmetry line, 180-181

multiple patterns of features, 215
with and without datums, 178

profile of a line, 32, 79, 205

profile of a surface, 32, 54f, 205f

projected, 174

radii, 438

roundness, 46, 71, 438

run-out, 32, 76-80

section lines, 71f

separate, 162

simultaneous (SIM), 162

single, 418419

single (statistical tolerancing), 151

single position, 420f

statistical, 146-155

straightness, 41, 64, 76

symbols, 31¢

symmetry, 438
interchanging with datum feature,

317-318
toleranced feature
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Tolerances (Continued)
interchanging with datum feature,
317-318
total axial run-out, 77
total radial run-out, 76
total run-out, 79
total run-out in any direction, 79-80
Tolerance zone
common (CZ), 42
form of, 66f, 85
length of, 7, 41
location, 51-52, 53f, 80
orientation of, 52, 58, 83-84
width of, 46
Tolerancing
of angles, 64, 156
arithmetical, 135f
of bearings, 184-185
of bushes for fits, 200201
of clearance fits, 221
of coaxial holes, 186187
of cones, 218-220
of crossed axes, 71-76, 179-180, 215
of cross sections, 71-76, 166
of curved surfaces, 53f, 209
of edges, 249-256
of equal thickness, 118
of features drawn on the same centre line,
161f, 181f
of features symmetrically to a symmetry line,
184
of fixed fasteners, 169f
flexible parts, 105, 105f
of flexible parts, 105
of floating fasteners, 168f
general, 234-236
for metallic castings, 238-239
for plastic parts, 237
general size, 242
of hexagon fits, 26f, 188—189
of hole edge distance, 178
of hole pattern, 161f, 176-177
of holes in line, 178
of kinematic linkages, 203
of location of wedges, 215-217
of metallic castings, 259-295
of minimum wall thickness, 193-194
of movable assemblies, 297-298
rules, 298
symbols, 297, 297¢
multiple general, 240-241
non-sizes, 225-233

of perpendicularity in different combinations,
214
of plug and socket fits, 191
plus/minus, 223
position, 233-234
of position of planes, 40f
principles, 5-7
procedure, 223
profile, 233-234
of profiles, 54f, 205-221
recommended procedure for, 245-248
of rectangle fits, 202
of restricted areas, 41
of rings for fits, 200-201
of section lines, 78f
sizes, 223-224
of spacings, distances and thicknesses,
192
of splines, 190
statistical, 146-155
of steps, 226f
stock material, 215
of threads, 40
transition fit, 188f
of wedges, 178
Tool marks, tolerancing of, 266
Total axial run-out. See Deviations, definition;
Measurement of deviations; Tolerances
Total indicator reading (TIR), 432
Total radial run-out. See Deviations, definition;
Measurement of deviations; Tolerances
TP, true position, theoretically exact position or
location, 431¢
Traces, number of, 392-393
Tracing, strategy, 390-396
Transition, 252-256
Transition specification indicator, 252, 252f
True position, 431¢
Two-line angle, 156f
Two-line angular size, 156-157, 156-157f
Two-point size, 117f

U

Uncertainty
calibration, 408—409
correlation, 16
implementation, 16
measurement, 16, 402-409
principle, 29
specification, 16

Undercut (edge), 250



Unequally disposed zone (UZ), 209f
Unified feature (UF), 116
Unilateral tolerance zone, 207

\Y%
Variable angle (VA), 68f
Variation, 431¢
VD&T. See Vectorial dimensioning and
tolerancing (VD&T)
Vectorial dimensioning and tolerancing
(VD&T), 111
Verification. See also Measurement of
deviations
feature, 12
model, 12
operator, 15
Virtual CMM, 407

Index 463

Virtual condition. See Least material virtual
condition; Maximum material virtual
condition

Virtual size. See Least material virtual size;
Maximum material virtual size

W
Wall thickness, 273
Waviness, 3
Wedge, profile tolerancing of, 215-217
Window, 214

profile tolerancing of, 214
Workpiece conditions, 261

A
Zero®©, 144
Zero®, 129
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