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1 Introduction 

1.1 Engineering in compliance with functional, manufactur-

ing, and inspection requirements 

In order to be competitive in international markets, the industry is 

forced to manufacture its products more efficiently and to become 

more productive. This is where engineering drawings of the work-

pieces to be produced come in, since they play a key role in this con-

text. In industrial manufacturing, an engineering drawing is a core ref-

erence for a clear and complete product description. It is the most im-

portant means of communication between design, engineering, 

manufacturing, purchase, sales, and the customer – worldwide. No 

matter what format is used, this may be a traditional 2D engineering 

drawing on paper (see Illustration 1) or a digital data set [STEINBEIS 

2014].  
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The drawing (or CAD data set) must include all specifications needed 

to guarantee functional safety, economical production, and reliable in-

spection of the workpiece in question. The technical drawing (or CAD 

description of the workpiece) must therefore be created with a view to 

meeting the requirements in terms of 

 function 

 production 

 inspection. 

This last point is often especially neglected, although it is one of the 

basic conditions for an economical production. That is why this book 

not only deals with the suitability of technical drawings and CAD de-

scriptions for meeting functional and manufacturing requirements, but 

particularly focuses on their fitness for inspection purposes. 

 

Thanks to the work of international standardization committees, a 

comprehensive descriptive language for geometrical product require-

ments has been created: the GPS standards1. Based on these stand-

ards, geometric requirements can be described completely, clearly, and 

unambiguously in technical drawings and CAD files. The GPS standards 

contain a symbolized language and rules, which are constantly evolv-

ing. Any information needed to meet the requirements with regard to 

function, manufacturing, and inspection can thus be included in the 

drawing. This guarantees the functional properties of a product and 

ensures its suitability for mounting and inspection once the drawing 

has been released [GRÖGER 2013].  

 

1  GPS = Geometrical Product Specification; for details refer to [ISO 14638] 

dmp=ëí~åÇ~êÇë=
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Furthermore, the GPS standards are supposed to promote communi-

cation between the different “worlds”, which the [ISO 22432] standard 

describes as follows: 

 product as conceived by the designer, 

 manufactured product, 

 measured product. 

 

The product conceived by the designer is a purely functional one. All 

geometric properties are chosen for the purpose of fulfilling the desired 

function. Geometric tolerances (size, form, position, and surface toler-

ances) are defined to guarantee that function. This means that the “im-

precise” workpiece must be able to fulfill its intended function 

throughout the entire service life if its deviations are within the defined 

tolerance limits. It must be either unconditionally suitable for assembly 

(i.e., same parts can be exchanged at will) or conditionally suitable (i.e., 

same parts are combined or can only be exchanged together) [KLEIN 

2014]. These are the function-related requirements to be met by the 

engineering drawing. 

 

The manufactured product is subject to typical deviations resulting 

from the production process. In practice, it is impossible to manufac-

ture parts without deviations. Such deviations are caused by the effects 

of material properties and production conditions (e.g. tool type, shear 

force, production speed, clamping, residual stress of the workpiece, 

...). Nevertheless, it must be possible to manufacture the workpiece 

within the defined tolerances, while ensuring cost-efficiency and pro-

cess capability [KLEIN 2014]. According to this, a manufacturing-ori-

ented drawing needs to meet other requirements than a function-ori-

ented one: it must, for example, specify the points for clamping and 

include the allowances required for the various machining steps. 

cìåÅíáçå=

=
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12 11 Einführung

Außerdem soll mit den GPS-Normen die Kommunikation zwischen

den verschiedenen „Welten“ gefördert werden. Diese „Welten“ wer-

den in [DIN V 32950] wie folgt beschrieben:

Produkt, das sich der Konstrukteur vorstellt,

hergestelltes Produkt und

gemessenes Produkt.

Das Produkt, wie es sich der Konstrukteur vorstellt, ist ein rein funk-

tionales. Alle geometrischen Eigenschaften sind so gewählt, dass sie

der gewünschten Funktion dienen. Die zugehörigen Toleranzen

(Maß-, Form-, Lage- und Oberflächentoleranzen) sollen Funktion ge-

währleisten. Hierbei muss das abweichungsbehaftete – also das „un-

genaue“– Werkstück unter Ausnutzung der Toleranzen seine vorge-

gebene Funktion während der gesamten Gebrauchsdauer erfüllen

können. Es muss sich entweder unbedingt (d. h., gleiche Teile sind

beliebig austauschbar) oder bedingt (d. h., gleiche Teile werden zu-

sortiert oder sind nur gemeinsam austauschbar) montieren lassen

[KLEIN 2014]. All dies hat eine funktionsgerechte Zeichnung zu erfül-

len.

Das Produkt, wie es gefertigt wird, unterliegt den typischen Abwei-

chungen aus dem Fertigungsprozess. Denn in der Praxis ist es nicht

möglich, abweichungsfrei zu fertigen. Die Ursachen für diese Abwei-

chungen sind in den Einflüssen der Materialeigenschaften und der

Fertigungsbedingungen (z.B. Werkzeugart, Zerspankraft, Fertigungs-

geschwindigkeit, Aufspannung, Eigenspannung des Werkstücks, ...)

zu finden. Nichtsdestotrotz muss sich das Werkstück prozessfähig

und kostengünstig innerhalb der festgelegten Toleranzen fertigen

lassen [KLEIN 2014]. Eine fertigungsgerechte Zeichnung hat dement-

sprechend andere Ansprüche zu erfüllen: Sie hat die für die Fertigung

Funktion

Fertigung

44 Größenmaß 47

Zukünftig wird es auch einen Durchmesser in der Berechnung nach

Tschebyscheff = Global Chebyshev) geben, dieser ist aber noch

nicht genormt.

Diese Modifizierer erlauben den Konstrukteuren, funktions- und fer-

tigungsgerechte Auswerteanweisungen zu spezifizieren:

Die Auswertung nach lässt sich zwar mit einfachen Hand-

messmitteln durchführen, ist aber oft nicht funktionsgerecht.

Auch können manche Formabweichungen wie z.B. Dreibogen-

gleichdicke damit nicht erkannt werden.

Die Auswertung nach für Wellen ist funktionsgerecht, wenn

die Fügbarkeit im Zusammenbau geprüft werden soll. Sie lässt

sich aber nur mit Lehren, Koordinatenmessgeräten oder Form-

prüfgeräten sinnvoll prüfen.

Die Auswertung nach für Bohrungen ist funktionsgerecht,

wenn die Fügbarkeit im Zusammenbau geprüft werden soll.

Auch sie lässt sich nur mit Lehren, Koordinatenmessgeräten oder

Formprüfgeräten sinnvoll prüfen.

GC
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With regard to the measurement of a product in turn, additional crite-

ria need to be met. It should be possible to inspect or measure the 

product reliably and as easily as possible. The drawing must include the 

essential features of a product to ensure its function and suitability for 

assembly [KLEIN 2014]. The drawing is supposed to allow clear and un-

ambiguous interpretation of all tolerances in order to avoid different 

or incomparable measurement results and, consequently, unnecessary 

discussions with suppliers and other departments due to incomplete-

ness, contradictions, and ambiguities. Reliable inspection is a precon-

dition for reliable manufacturing. Therefore, both the function-ori-

ented drawing and the manufacturing-oriented drawing (if available) 

need to be created with a view to meeting inspection requirements. 

However, two particular problem areas will have to be faced in this 

context, and this book aims to help you handle these difficulties: 

 The first issue to face is the large number of standards existing in 

the field of geometrical product specification (GPS). They cover far 

more than 2000 text pages, which have not all been read and un-

derstood by all those involved in the product manufacturing pro-

cess. Consequently, only few quality professionals fully understand 

the information provided by a drawing [NPL 79] and the meaning 

of the symbols (e.g. 20h7  ACS 0.2  ), or know how to per-

form the corresponding measurements.  

 The second problem is that the symbols used in a technical draw-

ing (e.g.  or  ) may apply to different tolerances and measure-

ment methods, depending on the country, the drawing's date of 

creation, and the standard on which it is based. 

 

 

 

GN SR

fåëéÉÅíáçå=

=

11 Einführung 13

nötigen Spannstellen zu beinhalten. Auch muss sie die für die einzel-

nen Bearbeitungsschritte nötigen Aufmaße berücksichtigen.

Das Produkt, wie es gemessen wird, muss wiederum andere, weitere

Kriterien erfüllen. Es muss sich möglichst einfach und sicher prüfen

bzw. messen lassen. Dabei müssen die wesentlichen Merkmale für

die Funktions- und Montagefähigkeit erfasst werden können [KLEIN

2014]. Alle Toleranzen müssen eindeutig und widerspruchsfrei inter-

pretiert werden können. Denn unvollständige, widersprüchliche und

mehrdeutige Tolerierungen führen zu unterschiedlichen, unver-

gleichbaren Messergebnissen und damit zu unnötigen Diskussionen

mit Lieferanten und Nachbarabteilungen. Und was sich nicht zuver-

lässig prüfen lässt, lässt sich auch nicht zuverlässig fertigen. Beide

Zeichnungen, die funktionsgerechte und die eventuell zusätzlich vor-

handene prüfgerechte, sind deshalb prüfgerecht zu gestalten. Je-

doch hat man es hier vor allem mit zwei Problemfeldern zu tun, für

die dieses Buch einen Beitrag zur Abhilfe leisten will:

Erstens gibt es im Bereich der geometrischen Produktspezifika-

tion (GPS) Dutzende Normen mit weit über 2000 Seiten In-

haltstext. Nicht alle am Produktherstellprozess Beteiligten haben

all diese Normen gelesen und verstanden. Dies führt dazu, dass

tatsächlich nur wenige Beteiligte vollständig erfassen, welche In-

formationen eine Zeichnung beinhaltet [NPL 79], was die Sym-

bole bedeuten (z.B. 20h7 ACS 0,2 ) und wie das zu mes-

sen ist.

Zweitens kommt hinzu, dass für gleiche Symbole in einer techni-

schen Zeichnung (z. B. oder ) teilweise unterschiedliche To-

leranzinterpretationen und damit Messverfahren gelten, je nach

Land und Erstellungsdatum der Zeichnung und damit der zu-

grundeliegenden Normen.

GN SR

Prüfung
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1.2 Cooperation between the areas  

Such challenges related to a function-, manufacturing-, and inspec-

tion-oriented geometrical product specification can only be tackled 

jointly. Even though the designer is always responsible for the product 

specification, it is only if design, manufacturing, and metrology staff 

act together that cost-efficiency, high quality, and operational reliabil-

ity (also in terms of product liability) can be guaranteed.  

 

 
 

Communication between the various stages is of fundamental im-

portance in the course of a production process. Good metrology, in 

particular, should be a part of this process. It is not restricted to meas-

=

=
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1.2 Zusammenarbeit der Bereiche

Diesen Herausforderungen im Bereich der funktions-, fertigungs-

und prüfgerechten geometrischen Produktspezifikation kann man

nur gemeinsam begegnen. Zwar liegt die Verantwortung für die Pro-

duktspezifikation immer beim Konstrukteur, aber nur, wenn Kon-

struktion, Fertigung und Messtechnik an einem Strang ziehen, ist

wirtschaftliche Fertigung, hohe Qualität und Funktionssicherheit

(auch im Sinne der Produkthaftung) gewährleistet.

Bild 2:
Zusammenarbeit
in der industri-

ellen Produktion

Konstruktion

Prüfung

FertigungProduction

Design

Inspection
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urements on the final product. According to the GPS system, toleranc-

ing and measurement capability criteria should be considered for all 

stages of design, manufacturing, and inspection. It is usually much 

costlier to modify an engineering drawing later, for example when no-

ticing that a specific functional feature cannot be measured as planned 

[NPL 79] or does not provide the desired information. 

 

The following chapters will present various aspects of geometric di-

mensioning and tolerancing (“GD&T”) for design, manufacturing and 

inspection of workpieces. Furthermore, you will find an outline of the 

international system of ISO GPS standards, and the book will deal with 

advanced options for defining the measurement strategy in the tech-

nical drawing.  

 

Fourteen rules of inspection-oriented GD&T are summarized below. 

Each rule will be dealt with in detail in the course of the book: 

 Rule R1: inspection-oriented tolerancing of form  

Form must be controlled for any geometric element that is relevant 

to function or will be used as a datum for other features. Further-

more, tolerances of size and position can be adhered only if the 

form of a feature is also controlled. (Page 25 et seqq.) 

 Rule R2: inspection-oriented dimensional tolerancing  

Modifiers are to be used for task-specific dimensional tolerancing. 

Such unambiguous metrological specifications allow better 

comparison of measurement results and target-oriented 

tolerancing in compliance with functional, manufacturing, and 

inspection requirements. (Page 47et seqq.) 

 Rule R3: inspection-oriented independency and envelope require-

ment   

The separate verification of size and form tolerances is useful for 

NQ=êìäÉë=çÑ=
~å~äóëáë=Å~é~Äáäáíó=
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the manufacturing process (independency principle). The dimen-

sional tolerance needs to be marked by  only in cases where the 

function requires adherence to the envelope condition. This is al-

ways preferable to a reduction of the individual size and form tol-

erances. Requesting the envelope requirement for all sizes would 

not be economical and defeat the purpose. If, instead of using the 

 symbol, you reduce the individual size and form tolerance ranges 

just to “be on the safe side”, you would unnecessarily increase the 

expenditure for production and inspection. (Page 53 et seqq.) 

 Rule R4: inspection-oriented datums  

In order for a datum to be stable and suitable for analysis, its form 

deviation must be significantly smaller than that of the feature to 

be toleranced. Furthermore, when establishing datums, make sure 

that they are distinctive and accessible for measurement, and that 

the datum feature and the toleranced feature are not too far apart. 

(Page 61 et seqq.) 

 Rule R5: inspection-oriented tolerancing of orientation  

Check whether it is possible to use angularity tolerances instead of 

angular dimension tolerances. They are usually easier to measure, 

especially in the area near the vertex. Moreover, the angularity tol-

erance provides separate results for the datum feature and the tol-

eranced feature. (Page 75 et seqq.) 

 Rule R6: inspection-oriented tolerancing of location  

Tolerancing is always preferable to dimensional distance toleranc-

ing. It is easier to define positions than dimensions, and this re-

duces specification uncertainties significantly. The use of cylindrical 

or circular tolerance zones generally provides a larger tolerance 

surface while the functional requirements remain the same. This 

ensures optimized usage of the desired tolerance and better suita-

bility for inspection purposes. (Page 87 et seqq.) 

E

E
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Flatness tolerance of a center plane .. 43 

Flatness tolerance of a surface .......... 42 

Floating tolerancing .................. 37, 108 
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Free-form surface ............................. 44 

Function ........................................... 12 

G ........................................... 146, 147 

Gage ........................................ 54, 125 

Gaussian Best Fit .............................. 48 

Gaussian filter ................................ 147 

GD&T ......................................... 15, 22 

General tolerances ......................... 139 

Geometrical product specification .... 13 

Golden rule of metrology ............... 173 

GPS ................................................ 142 

GPS standard chain ........................ 142 

GPS standards .................................. 11 

GPS system .............................. 11, 142 

GR&R test ....................................... 177 

Grooves ................................... 25, 153 

GUM .............................................. 179 

Helix path ....................................... 118 

High-pass filter ............................... 157 

Independence requirement ............... 53 

Indicator for orientation ................... 80 

In-line inspection .............................. 53 

Inner shell ........................................ 54 

Inside datum .................................. 108 

Inspection ........................................ 13 

Inspection process .......................... 173 

Inspection process capability .......... 173 

Inspection-oriented datum ......... 63, 73 

Intensity ......................................... 166 

Invocation principle ........................ 142 
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ISO 2768 ......................................... 139 
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ISO 5459 ..................................... 69, 73 

ISO 8015 ........................................... 53 

ISO 8062 ......................................... 141 

ISO 9013 ......................................... 141 

ISO committees ............................... 142 

ISO size tolerance system .................. 47 

ISO tolerance field ............................. 47 

ISO/IEC Guide 98-3 ......................... 179 

Lambda ........................................... 149 

Leader arrow ..................................... 31 

Least Material Condition ................. 130 

Least Material Requirement ............. 130 

Least Material Requirement ............. 130 

Least square circle ........................... 146 

Least square cone ........................... 146 

Least square cylinder ....................... 146 

Least square plane .......................... 146 

Least-squares method ....................... 48 

Length measuring error ........... 173, 175 

LMC ................................................ 130 

LMR ................................................ 130 

Location ............................................ 87 

Location error ................................... 25 

Location tolerance ............................ 87 

Lower tolerance limit ......................... 47 

Low-pass filter ................................. 157 

LSCI ................................................ 146 

LSCO ............................................... 146 

LSCY ............................................... 146 

LSPL ................................................ 146 

Maximum inscribed circle ................ 145 

Maximum inscribed cylinder ...... 48, 145 

Maximum inscribed element ............. 88 

Maximum material condition ... 107, 119 

Maximum permissible error ....... 88, 173 

Maximum permissible measuring error
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MCCI .............................................. 145 
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Measurement system analysis ......... 177 

Measurement system capability ...... 173 

Measurement uncertainty ............... 171 

MICI ............................................... 145 

MICY .............................................. 145 

Minimum circumscribed circle ......... 145 

Minimum circumscribed cylinder48, 145 

Minimum circumscribed element ...... 88 

Modifiers .......................................... 48 

Morphological filter ........................ 167 

MPE ............................................... 173 

Multiple-stylus probing system ........ 175 

Multiwave standard ........................ 153 

N .................................................... 145 

NC ................................................... 64 

Nominal geometry ............................ 22 

Nominal size ..................................... 47 

Non-convex ...................................... 64 

Ø ...................................................... 35 

Off-line inspection ............................ 53 

Offset Zone .................................... 100 

Operation sequence-related datum ... 63 

Orientation ....................................... 75 

Orientation error .............................. 25 

Orientation indicator ........................ 80 

Orientation only ............................. 109 

Orientation tolerance ........................ 75 

OTPL .............................................. 145 

Outer shell ........................................ 54 

Outer tangential element .................. 72 

Outer tangential plane .............. 88, 145 

Ovality ............................................ 152 

OZ .................................................. 100 

Parallelism tolerance ......................... 75 

Peak ............................................... 154 

Peak-to-valley height ...................... 166 

Perpendicularity tolerance ................. 75 

Point cloud ....................................... 22 

Position error .................................... 25 

Position of an axis ............................. 91 

Position tolerance ....................... 75, 87 

Precision dial gage .......................... 116 

Primary datum .................................. 66 

Principle of independency ................. 53 

Probing error .................................. 175 

Production ....................................... 12 

Production deviations ....................... 26 

Profile tolerance ............................... 98 

Profile-of-a-line tolerance ................. 39 

Profile-of-a-surface tolerance ............ 44 

Projected tolerance zone ................ 137 

Projection method ............................ 30 

Radial runout tolerancing ............... 117 

Rank-order size ................................. 50 

Real geometry .................................. 22 

Real-time spectral analysis .............. 155 

Reciprocity requirement .................. 128 

Reference temperature ..................... 29 

Regardless of Feature Size .............. 132 

Repeatability range ......................... 175 

Restricted datum area .................... 135 

Restricted tolerance zone ............... 133 

Reversal measurement ...................... 82 

RFS ................................................. 132 

Robust Gaussian filter ..................... 167 

Rotary table .................................... 175 

Rotational degree of freedom ........... 66 

Roughness ....................................... 25 

Roughness inspection ..................... 164 

Roughnesses .................................. 153 

Roundness ....................................... 31 

Roundness error ............................... 25 

RPR ................................................ 128 

RPS system ....................................... 72 

Runout error .................................... 25 

Runout tolerance ............................ 115 

Runout tolerancing ......................... 115 

SÆ ................................................... 93 

Scales ............................................... 25 

Scanning probing error ................... 175 

Scanning time ................................ 175 
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SCS .................................................. 51 

Secondary datum ............................. 66 

Separate zone .................................. 36 

Size tolerancing ................................ 47 

SØ .................................................... 45 

Spectral analysis ............................. 148 

Spectrum ....................................... 148 

Spherical Diameter ........................... 45 

Spherical tolerance zone ................... 93 

Spiral line ....................................... 116 

Spiral staircase form ....................... 118 

Spline filter ..................................... 167 

Spline Filter .................................... 147 

Straight line of holes ....................... 107 

Straight-edge ................................... 34 

Straightness error ............................. 25 

Straightness tolerance of a plane ...... 33 

Straightness tolerance of an axis ....... 35 

Straightness tolerance of an edge ..... 35 

Straightness tolerance of surface lines37 

Striations .................................. 25, 153 

Suitability of measurement systems 171 

Superposition of waves .................. 149 

Surface inspection .......................... 164 

Surface line .......................... 35, 38, 82 

Symmetry tolerancing ....................... 93 

SZ ............................................ 36, 109 

T .................................................... 145 

Tangential element ........................... 72 

TED .................................................. 51 

Tertiary datum .................................. 66 

Theoretically Exact Dimension ........... 51 

Third angle projection ...................... 29 

Three-lobed circle ............................ 152 

Three-plane datum reference frame .. 69 

Tolerance indicator ............................ 31 

Tolerance symbol .............................. 31 

Tolerance value ................................. 31 

Tolerance zone orientation indicator . 80 

Tolerances ......................................... 12 

Tolerance-zone restriction ............... 134 

Tolerancing of form .......................... 25 

Total axial runout tolerancing .......... 115 

Total radial runout tolerancing ........ 117 

Total runout tolerancing .................. 115 

Translational degree of freedom ........ 66 

Transverse profile ............................ 164 

Two-point size .................................. 48 

UF ................................................... 100 

Undulations per revolution ...... 147, 151 

United Feature ................................ 100 

Unsymmetrical Zone .................... 92, 99 

Upper tolerance limit ......................... 47 

UPR ................................. 147, 151, 158 

UZ ............................................... 92, 99 

Variable tolerance zone ................... 134 

VDA 5 ............................................. 179 

VDI/VDE 2601 ................................... 25 

W/U (UPR) ....................................... 158 

Wavelength ............................ 149, 166 

Waviness ................................... 25, 153 

Without form .................. 81, 92, 94, 97 

Workpiece surface .......................... 148 

X ..................................................... 145 
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