UNIVERSITA
DEGLI STUDI
DI PADOVA

Head Office: Universita degli Studi di Padova

Department of Management and Engineering

Ph.D. COURSE IN: Mechatronics and Product Innovation Engineering
CURRICULUM: Mechanics of Materials
SERIES XXXVI

GEOMETRIC SPECIFICATION MANAGEMENT IN INDUSTRIAL PRODUCT LIFE CYCLE

Coordinator: Ch.ma Prof.sa Daria Battini
Supervisor: Ch.mo Prof. Gianmaria Concheri

Co-Supervisor: Prof. Roberto Meneghello

Ph.D. student : Mattia Maltauro






A chi non ha mai creduto in me

...e a chi ha sempre creduto in me

To who never believed in me

...and, to who always believed in me






Abstract

This thesis delves into multifaceted dimensions of industrial geometric specification
management, proffering insights into an innovative framework designed to mitigate complexities
encountered during ISO GPS system implementation. Drawing upon a four-year industrial
partnership with Electrolux, this work encompasses a spectrum of themes, around the intricate
interplay between functional, manufacturing, and verification geometric specifications. Prominence
is attributed to the top-down methodology, tolerance stack-ups, alignment intricacies, and the
integration nuances pertaining to deformable components. At the end, this work underscores the
pertinence of these discoveries in catalyzing future research activities in geometric specification

management within industrial paradigms.
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Prologue

Much of the content in this volume can be traced back to 1995.

In that year, significant technological advancements were made. One notable introduction
was the DVD (Digital Versatile Disc) format, which revolutionized digital storage by providing a new
medium for data. Even though almost 30 years have passed since then and more advanced storage
technologies have been introduced, DVDs are still widely used and familiar to younger generations.
Around the same time, the Java programming language was released, having a profound impact
on software development and internet applications.

1995 also marked a milestone in space exploration as the Galileo spacecraft successfully
entered orbit around Jupiter, becoming the first spacecraft to do so. This achievement expanded
our understanding of the solar system and provided valuable insights into Jupiter's composition and
environment.

In the field of biology, 1995 saw a groundbreaking development with the announcement of
the successful cloning of a mammal. Scientists in Scotland revealed the cloning of a sheep named
Dolly, the first mammal to be cloned from an adult somatic cell.

This is just a glimpse of what happened in 1995. However, none of these achievements are
directly relevant to this work.

The first milestone relevant to this work that | want to highlight occurred in November 1995
when ISO (International Organization for Standardization) published a technical report named
ISO/TR 14638:1995, also known as the Masterplan for Geometric Product Specification (GPS).

This led in 1996 to the initial establishment of the ISO/TC 213.

In the same year, another event took place, which may be irrelevant to most but extremely
relevant to this work. On May 28th, | was born, coinciding with the birth of the ISO GPS system.
Whether we are considered old or young is not for me to judge.

Now, after nearly 28 years, | find myself sitting in front of my personal computer, building
upon the foundation laid by those who came before me, to explore the current state of the ISO GPS
system and facilitate its industrial application. This volume presents a management model for the
information conveyed through geometric specification throughout the lifecycle of an industrial
product. The task is not simple, the outcome is not trivial, and success is not guaranteed. However,

goals and ambitions should not be chosen based on ease; they should be chosen based on the
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passion they evoke. As John F. Kennedy once said, “We choose to go to the Moon in this decade
and do the other things, not because they are easy, but because they are hard.”

Although I did not decide to go to the Moon, the following pages can be seen as my journey
to the Moon and back. This journey spanned three years during my Ph.D. studies and took off
nearly one year before when | began working on my M.Sc. dissertation.

| genuinely hope that every reader of this document can sense the passion and dedication |
have poured into my research and the writing of this thesis.

See you at the end.

Mattia Maltauro
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Introduction

A product geometric specification [1,2] is the result of the so-called tolerancing activity [3]. A
product specification represents the information contained in the technical product documentation
(TPD) stating the product requirements [4]. The TPD can therefore be defined as the
comprehensive set of documents needed to describe all the significant characteristics of a product
from a technical point of view (i.e., geometrical and functional, but also manufacturing,
maintenance, etc.). The geometric specification is created during the product development phase
and allows the transposition of definite functional requirements into geometrical requirements
assigned to actual product features [5-7].

The information contained herein is transmitted throughout the product lifecycle and used by
all the different actors that collaborate to bring the final product to the market and provide
subsequent services during usage. The key to the success of a project, which involves the design,
manufacturing, inspection, service, and disposal of a mechanical/mechatronic product, can be
individuate as the proper communication among the involved actors.

In this framework, during the last century, the technical language to translate functional
requirements into geometrical requirements applied to product features was developed. The base
assumption is that the difference (deviation) between ideal (nominal) and actual geometry (Skin
Model) is inevitable and depends on the technological process. The difference between the ideal,
therefore nominal, machine and the real machine, as produced by an actual manufacturing process,
should not compromise its functionality. It is the task of the designer to define the permissible
differences (“deviations” or “tolerances”) between ideal dimensions/geometry and actual
dimensions/geometry that ensure proper functionality.

Historically, in the 1920s, initial proposals were formulated by National Standardization
Bodies regarding standards unification for couplings. In April 1926, the International Federation of
the National Standardizing Associations (ISA) was founded in New York. One of the main topics
discussed was the unification of the various national systems covering mechanical couplings (limits
and fits). The Secretariat of ISA Committee 3, covering Limits and Fits, was entrusted to the German
Standardizing Association the same year. The ISA System of Limits and Fits was finally published
in ISA Bulletin 25 (1940) [8].

During the same time period, in the United States, the American Standards Association

(ASA) published the first standards on drafting: “American Standard Drawing and Drafting Room



Practices,” first published in 1935 [9] and later revised 1946 [10]. At this stage, the focus was only
on dimensional tolerance. The evolution of these concepts is still used today and can be found in
ISO 286-1:2010 [11].

Starting from the 1940s, the concept of geometrical tolerances emerged. In 1940, Stanley
Parker introduced the concept of tolerance zone, the circular tolerance zone for hole/shaft location,
and the concept of “true location” [12]. Around the same time, Chevrolet published the “Chevrolet
draftsman's handbook,” which was among the first publications to mention location tolerances and
introduced the concept of Maximum Material Condition [13]. In 1943, the British Standard’s BS
308:1943 figure 29 at page 27 [14] first used the Datum concept as a reference element to clarify
the meaning and orientation of linear dimensions. The integration of Stanley Parker's studies into
this standard led to the 1953 edition (BS 308:1953), which formally introduced the concept of
geometrical tolerances in a standard, yet without standardized symbology. Tolerances and datums
were assigned by means of words [15]. In the United States of America, the military standard MIL-
STD-8 covering dimensioning and tolerancing was first published in 1949. It was updated in 1953
(MIL-STD-8A), 1959 (MIL-STD-8B), and 1963 (MIL-STD-8C) before being suspended and
superseded by ANSI-Y14.5:1966. It is thanks to this military standard that graphical symbols for
tolerances were first introduced.

While the ANSI standard is still independent today with its latest edition ANSI-Y14.5:2018
[5], at the international level, the good practice initiated by the British Standard and ANSI was
collected into a first ISO publication in 1969, the ISO/R 1101-1:1969 under the control of the
Technical Committee ISO/TC 10 [Drawing (General principles)], which introduced the geometric
tolerances in the ISO system [16]. For the first 25 years, concepts related to geometrical tolerances
and geometric specification, in general, kept evolving in a non-structured way within the ISO
System. This led to multiple standards being overlapped and not always coherent. For this reason,
in 1995, a project was laid out aiming to restructure the system. It was synthesized in the ISO/TR
14638:1995 [2], also known as the Masterplan for Geometric Product Specification (GPS). The year
after, the ISO/TC 213 was founded under the secretariat of the Danish Standard, formally
establishing the ISO GPS System.

According to one of the fathers of the system, Henrik S. Nielsen, former chairman of the
ISO/TC 213, the Geometric Product Specification, or GPS, is a language defined by symbols
endorsed internationally to state tolerances on engineering drawings [17]. Indeed, one of the fathers
of geometrical tolerancing, Stanley Parker, in a publication dating back to 1956, said: “Experiences
of co-related problems of designers, manufacturers, and inspectors, together with an intimate
knowledge of the troubles and misunderstandings which frequently occur between these three
broad groups of specialists, convinced me, nearly twenty years ago, of the necessity for the
establishment of a standard and logical language for the expression of dimensions and tolerances
on engineering drawings” [18]. Therefore, reiterating the concept that the ISO GPS system is a
language. In other words, the ISO GPS language aims to give designers a common language to
translate functional requirements into admissible geometrical and dimensional deviations (i.e.,

tolerances). These deviations are defined as the difference between the actual artifact, as produced
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by the manufacturing process (non-ideal surface model or skin model), and the intended perfect
geometry defined by the designer (CAD model).

Being a language, it is the means of communication between the actors involved in the
product development cycle, conveying the information relevant to the design, manufacturing, and
inspection of a product. The information needs to be (correctly) interpreted by a reader, but at the
same time, it needs to be correctly written by the writer. The users of the GPS System can be
clustered into two groups: writers and readers. Communication issues may arise at both ends: a
requirement may be poorly/inadequately described in the TPD, or the reader might misinterpret a
specification, leading to possible unexpected problems. If the functional requirements are not
transmitted clearly and coherently, different unwanted scenarios may arise. On one side, it is
possible to experience a loss in performance in the final product. On the other side, an increase in
scraps during manufacturing can occur, increasing the overall manufacturing cost.

The first question that arises regarding the implementation of the system in industry is: how
much is the system known and used? Since its introduction in the mid-'90s, the ISO GPS language
has proved itself as a great tool to decrease ambiguity compared to the previous linear
dimensioning scheme [19,20]. It has also proved to be a great tool to improve the functional
description of assemblies and parts. An emblematic example is given by the location tolerance
assigned to a hole: using geometric tolerances, it is possible to increase the tolerance zone by 57%
while maintaining functionality. Similarly, the use of material conditions/requirements for mating
features of size can exactly describe the mating requirements [7]. However, so far, there is no
quantification of the actual knowledge and usage of the system. The first chapter of this manuscript
will give an answer to this question, limited to the Italian market. The findings clearly state that the
implementation is not sufficient, as also confirmed by evidence collected through experiences with
consultants from all over the world.

A new management model for tolerance specification is also presented, aiming to propose a
structured way to implement the GPS system that shares and gives the responsibility to the
appropriate actors involved in product development. The analysis of the proposed model allows
defining multiple research gaps and research questions that this manuscript aspires to identify and
provide possible preliminary answers to as many of them as possible.

It should be noted that this work cannot aspire to cover all the gaps or propose definitive
answers to each and every question. The main purpose of this document is to establish a new
vision for the system and be the starting point for future research lines and activities, which will be

summarized at the end of the manuscript.






1]] The ISO GPS System in the Italian Industrial

Context!

“The greatest enemy of knowledge is not ignorance, it is the illusion

of knowledge.”

Stephen Hawking

As stated in the introduction, this first chapter will provide an overview of the implementation
of the ISO GPS system in industry and academia. The experience gained by the author in his work
within the Design Tools and Methods in Industrial Engineering Laboratory at the University of
Padova, collaborating with Italian firms, including small and medium enterprises (SMEs) and
multinational enterprises, has shown that the overall implementation of the ISO GPS system is
lacking. Similar findings were collected in Germany, with a particular focus on SMEs, revealing that
they struggle with the task of ISO GPS implementation, and only 30% of them are familiar with the
system [21,22]. At the same time, it is recognized that a comprehensive application of the ISO GPS
system is necessary to obtain the advantages postulated by the system itself, as mentioned
previously [23].

For these reasons, it becomes important to assess the current knowledge and usage of the
ISO GPS language in industry, mapping critical areas in the standard system and guiding the
transition towards a better implementation of the ISO GPS system. The idea is to develop a survey
to gather insights from individuals in industry and academia, aiming to create a snapshot of the
current implementation of the system.

Examples of surveys regarding the ISO GPS system can be found in the literature [22,24—
26]. In 2017, a survey was conducted to compare the usage of the ISO GPS system versus ASME
Y14.5, which revealed that the ASME standard is more widely used worldwide. In China, a survey
was used to assess the delivery status of ISO GPS, highlighting a significant gap between education
and industry [25]. In Germany, a survey was conducted to test the awareness, use, and need for

statistical tolerance analysis, revealing that tolerance analysis is not systematically used in most of

" Most of the content of this chapter was presented at the ADM2023 International Conference and will be featured in an
upcoming publication in Lecture Notes in Mechanical Engineering.
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the companies interviewed, although there is a high awareness of the importance of managing
geometric deviations [26]. In Germany, after evaluating the implementation of a maturity model for
assessing the current integration of the ISO GPS system in companies [21], Schuldt and Grdger
developed a tool based on a survey to drive the systematic implementation of the ISO GPS system
within companies [22].

In the literature, surveys in the field of ISO GPS have mainly focused on three areas: the
education gap, tolerance analysis, and the implementation of the 1ISO GPS system within
companies. However, none of them were designed to assess the current implementation of the
system over a geographic area or a specific industrial sector.

Therefore, building upon the experience of the research group in Chemnitz, Germany [21,22],
which has come closest to implementing a survey for the scope covered in this document, the aim
is to propose a tool to assess the actual knowledge and usage of the ISO GPS language in industry
and academia. This tool will be used to provide evidence of knowledge gaps between the industry
and the research/education world, with the goal of defining systematic actions in industry,
standards, education, and research.

In the following sections, the development of the tool will be presented first, followed by the
results collected thus far (08/08/2023), which will be presented and discussed.

1.1]| Design of the maturity model

In the literature, the application of the maturity model for assessing ISO GPS implementation
within companies has proven to be a valid approach [21,22]. Maturity models are commonly used
to determine the current performance and level of penetration in a specific field of application [27].
In this case, the maturity model is used to assess the knowledge and usage of the ISO GPS
language in industry and academia.

The design steps required to develop a maturity model are well-discussed in the literature,
and a detailed analysis of the design procedure is presented in [22]. Generally, the design of a
maturity model can be divided into three main phases: preparation, model development, and
application of the model. Each phase will be further analyzed in the following sections.

Maturity models can be categorized into three different groups based on their structure: the
quick test, the topic generator, and the individual transformation [28]. The quick test approach
involves a quick and simple questionnaire. The topic generator delves deeper into the topic with
general questions. The individual transformations approach focuses on in-depth analysis, targeting
even personal and cultural aspects.

It is known that maturity models tend to fail if they become too complex [29]. Therefore, for
the purpose of this study, the quick test structure was chosen. This choice is also driven by the

intended widespread distribution of the maturity model among a large population.



1.1.1  Maturity model preparation

During the preparation phase, three key aspects need to be considered: the problem
definition, the target of the assessment, and the analysis of defined models.

While the analysis of the defined model has been presented in the introduction to this chapter.
The problem definition in this case is to assess the current knowledge and usage of the ISO GPS
language and identify any gaps that exist between industry, research/education, and standards.

To address this problem, the target population includes technicians, academic researchers,
professors, and students who are involved or prospectively involved in the development of industrial
products.

Regarding technicians, the focus is on three main departments involved in product
development: R&D/design, manufacturing, and quality control. Additionally, the assessment
includes professionals in the maintenance sector who may need to consult technical product
documentation. It is expected that there will be varying levels of knowledge among these
departments, and identifying significant differences will help pinpoint bottlenecks in the
implementation of the ISO GPS system. The assessment is intended to cover all industries without
being limited to specific application sectors.

The target population also includes students at both the university level (undergraduate and
graduate) and high school level. The aim is to evaluate the adequacy of current training on ISO
GPS-related content.

Furthermore, it is important to differentiate between individuals who need to read geometrical
specifications and those who create geometrical specifications. This distinction aligns with the
Geometric Dimensioning and Tolerancing Professional (GDTP) Certification Program offered by
the American Society of Mechanical Engineers (ASME), which offers two levels of assessment:

technologist level and senior level [30].

1.1.2 Model development

In the model development phase, three main steps are involved: defining the maturity levels,
mapping the maturity dimensions and indicators, and determining the degree of maturity.

The first step is to define the levels of maturity. In the referenced work [22], the maturity level
was defined based on ISO GPS competence. However, assessing competence through a short
questionnaire can be challenging, as competence is typically assessed through a larger number of
questions. For example, the GDTP Certification Program uses 150 questions to assess
competence [30], which is impractical for the proposed maturity model. In this model, the level of
maturity is defined based on both knowledge and usage of the ISO GPS language. Knowledge is
considered a contributor to competence [31], and is defined as the recognition of an ISO GPS
operator. Therefore, the level of competence can only be less than or equal to the level of usage,
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which can only be less than or equal to the level of knowledge. The level of competence is estimated
based on questions applied to actual cases.

The 1ISO GPS language is divided into six distinct sectors, referred to as Key Performance
Indicators (KPIs) in the proposed model. These sectors include general concepts, geometric
tolerances, datum systems, dimensional tolerance, modifiers and indications, and tolerance stack-
up. It is important to note that not all areas of the ISO GPS system are covered in the model (e.g.,
surface roughness), and the six KPIs were identified based on minimum requirements for the
implementation of the ISO GPS system, derived from discussions with members of the Design
Tools and Methods in Industrial Engineering Laboratory who have experience in training and
consulting. Additionally, the section on tolerance stack-up is specifically intended for those who
create specifications. Each section or KPI is associated with a set of indicators that are used to
structure the assessment tool.

For each section, the maturity level needs to be determined. The proposed model defines
three levels of assessment: single entry rating, population distribution, and population rating. The
rating is based on a scale from zero to ten, representing the percentage of knowledge and usage.
Every single entry in the questionnaire receives a rating, but the assessment target is the population
as a whole, rather than individual entries. To map the knowledge and usage across a population,
the distribution of knowledge and usage is analyzed, indicating the percentage of the population
that knows and/or uses a specific percentage of the ISO GPS language.

The results are presented as distribution curves on a Cartesian plane, as shown in Fig. 1.1.
The population rating is determined based on the integral of the distribution curves, which
represents the marked area in Fig. 1.1. In an ideal implementation, where 100% of the population
knows and uses 100% of the ISO GPS language, the marked area would cover the entire graph,
and the integral of the distribution would be equal to 1. The population rating is calculated by

multiplying the integral by ten, as shown in Equation (1-1).

r=10- Jlf(x) 0x (-1
0

y

100%

80%

60%

40%

Knowledge \ usage

20%

X

0%

0%  20% 40% 60% 80% 100%
Population

Fig. 1.1: Example of knowledge or usage distribution curves.



1.1.3 Assessment tool development and testing

As the assessment tool, a questionnaire is created and implemented through a Google Form.
The structure of the questionnaire can be seen in Fig. 1.2. To comply with GDPR [32] the
questionnaire is designed to be completely anonymous: no open-ended questions are provided,

and no personal data is collected.

START
e =
Academia @ Industry
yes

‘ Categtqucal ‘ Categorical questions Categorical question
quesl ons for academia for industry
KPI O ‘ () ‘
General concepts
] L

KPI 1
Geometric tolerances

4P 2 START
Datum system
l Beginner Experienced
KPI 3
Dimensional tolerances

Self-assessment Self-assessment
questions (beginner) questions (Experienced)

KPI 4
Modifiers and indications

Check
questions (beginner)

M\
NN
\ B \ CENDD

Tolerance stack-up

s

Check
questions (Experienced)

Write specifications

Fig. 1.2: general questionnaire scheme.

The questionnaire is composed of eight sections. In the first section, information about the
questionnaire is presented, and consent is requested. The second section contains all the
categorical questions necessary for statistical analysis. This section is subdivided into two
subsections: one for industry and one for academia.

In the industry subsection, participants are asked to indicate their industrial sector (e.g.,
automotive, aerospace and defense, etc.), their area of work (design, manufacturing, quality control,
and maintenance), and years of experience. The industrial sector list was derived from the Global
Industry Classification Standard (GICS®) [33], resulting in a list of fifteen possibilities. In the
education subsection, participants are asked to indicate whether they are a student or a
teacher/researcher/technician, and their level of education (high school, university). For both
subsections, participants are also asked to indicate whether they use geometric specifications (read

or create) and whether they have received specific ISO GPS training in the past.



The subsequent section contains questions for each Key Performance Indicator (KPI), with
three levels of assessment provided. The first level asks for a self-rating between beginner and
experienced. Based on this initial question, participants are divided into two adaptive subsections.
The use of adaptive subsections allows for a reduced number of questions while still assessing
overall knowledge and usage at an appropriate level of difficulty for the participants. In each of
these subsections, a second self-assessment is provided where participants are asked about
specific ISO GPS symbology and whether the symbol is “Known but not used/seen in actual
specifications,” “Known and used/seen in actual specifications,” or “Not Known.” An example of a
self-assessment question for the beginner's subsection of KPI 1 (Geometric tolerances) can be
seen in Fig. 1.3.

Per each symbol select whether you know and use/see the symbol:
Symbol 01: | Symbol 02: [ Symbol 03: | Symbol 04: | Symbol 05:

] @

Known but not Known and
used/seen in used/seen in actual Not Known
actual specifications  specifications

Symbol 01 @) O @)
Symbol 02 O O O
Symbol 03 O O O
Symbol 04 O O O
Symbol 05 O O O

Fig. 1.3: Example of self-assessment questions from the beginner’s subsection of KPI 1

(Geometric tolerances).

Self-rating questions are inherently biased as they rely on self-perception rather than
objective knowledge assessment. To address this limitation, an adaptive check layer of unbiased
application-based questions is included to validate the self-assessment. These application
questions primarily focus on ISO GPS symbology that is not covered in the self-assessment,
maximizing variability. The option “I don't know” is always available to provide a more accurate
evaluation, as described in the next paragraph. An example of a check question for the advanced
subsection of KPI 2 (Datum System) can be seen in Fig. 1.4.
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Select which Degrees of Freedom (DoF) are locked by each datum as
are recalled in the complete Datum system used for the general
tolerances [P-Q[R|S-TI:

?75:H1®

2x 830+ +6©®

General Tolerances ISO 22081

[2[ro] P-a [R]s-T]
Don't
T, T, T, R, R, R, Know
Datum P-Q [] ] ] ] ] ] ]
batmR [ O O O 0O 0O 0O
Datum S-T [] ] ] ] ] ] ]

Fig. 1.4: Example of check question from the advanced subsection of KPI 2 (Datum systems) on
the right.

Sections related to KPI 0 (General concepts) and KPI 5 (Tolerance stack-up) have slight
differences. For KPI 0 (General concepts), there are no distinctions between beginners and
advanced levels. The evaluation is based solely on the self-assessment related to the awareness
of specific areas of the ISO GPS system. For KPI 5, the self-assessment is based on the utilization

of tools to compute tolerance stack-ups.

1.1.4 Evaluation model

The evaluation is conducted using MS Excel. The categorical questions are utilized to group
entries together for statistical analysis.
For KPI 0, a rating is assigned based on the proportion of known topics, as indicated in

equation (1-2). Additionally, a descriptive analysis of the results is generated.

K (1-2)

Where, r is the rating, K is the number of Known topics, and T is the number of topics that

are asked in the section. Therefore, the rating is a value between 0 (minimum) and 10 (maximum).
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For KPI 1, 2, 3, and 4 the percentage of “not known”, “Known but not used/seen in actual
specifications”, and “Known and used/seen in actual specification” is computed. The knowledge
percentage is given by the sum of the last two options; the percentage of usage is considered the

last value, see equations (1-3), and (1-4).

KNU + K&U (1-3)
knOWIEdgeself—assessment = ﬁ -100%
K&U (1-4)
USAYEself—assessment — T -100%

Where, KNU is the number of symbols “Known but not used/seen in actual specifications”,
K&U is the number of symbols “Known and used/seen in actual specification”, and T is the number
of symbols asked in the self-assessment question.

The percentages of correct, incorrect, and unanswered check questions are also calculated.
For each entry, the knowledge and usage percentages are adjusted based on the incorrect answers
to estimate the competence level. Unanswered questions are not taken into account as they
indicate an honest acknowledgment of non-knowledge and do not imply an incorrect application of
the ISO GPS system.

! (1-5)
knOWledgecompetence = knOWledgeself—assessment . (1 _ F)
! (1-6)
Uusagecompetence = USAYEseif —assessment * <1 - T)

Where, I is the number if incorrect check answers, and T is the total number of check
questions.

The evaluation of KPI 5 is based only on a descriptive analysis of the entries.

The aggregate rating for KPI 1, 2, 3, and 4 are found integrating the Knowledge and usage
curve as described in section 1.1.2. An overall rating is found by averaging the ratings of these
KPIs.

1.2 ]| Model validation

In this section, an overview of the results obtained during the first testing phase is presented
to validate the model. During this phase, twenty entries to the questionnaire were collected.

A descriptive analysis is conducted for each question. One interesting finding is the
percentage of people who have received ISO GPS training in the past. A low number of individuals

having received such training may indicate a problem in the education and training of professionals.
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Fig. 1.5 illustrates the descriptive analysis for the self-assessment of KPI 1 (Geometric
tolerances) at the beginner level. Upon initial examination, it is notable that a significant number of
participants indicated “not known” for certain symbols. For example, in this example, it is observed
that some individuals do not recognize the symbol for location tolerance, yet they are familiar with
the symbols for flatness and perpendicularity tolerances. Additionally, the circularity symbol is more
widely known than the location symbol. This observation may be attributed to the prevalence of

linear positioning schemes over geometric ones, leading to ambiguity [19].

Per each symbol select whether you know and use/see the symbol:

0,
100% Known but not

- used/seen in
75% actual

specifications

50% Known and

- used/seen in
25% actual

specifications

Relative frequency

0% - Not known
Flatness Location Perpendicularity Line profile Circularity

2] [

Fig. 1.5: Example of descriptive statistics for a self-assessment question (KPI 1: Geometric

tolerances, beginner level).

Fig. 1.6 illustrates the descriptive analysis for the check questions from KPI 2 (Datum
systems) at the beginner level, with the correct answers marked with *. The analysis of the “not
known” responses and their distribution provides interesting insights. In this case, it is observed
that 35% of the interviewees were not familiar with the cylindricity symbol.

Furthermore, the analysis of the distribution of answers compared to the correct one reveals
three different patterns. Firstly, in cases where the correct answer is predominant (as seen in
symmetry, cylindricity, and perpendicularity), there is a clear understanding among the participants.
Secondly, when a specific incorrect answer is predominantly selected (as indicated by no
occurrences), it suggests a flaw in education and training where participants are consistently
misinformed. Lastly, when there is a balance between the correct and incorrect answers (as seen
in surface profile), it indicates a challenge in communication as there are different interpretations,
both correct and incorrect.

Identifying these patterns is crucial for understanding the effectiveness of education and

training in conveying the intended meanings of ISO GPS symbols.
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Select if the given geometrical tolerances need a datum, it is optional or does not require it:

100%
Needs a Dat
* - eeds a Datum

>
)
S 75%
2 - Optional
)
&= 50%
o Don't need a
® Dati
S 25% atum
14
- Don't know
0%
Surface profile Symmetry Cylindricity Perpendicularity Correct

@ E answer

Fig. 1.6: Example of descriptive statistics for check question (KPI 2: Datum systems, beginner

level).

Fig. 1.7 illustrates the distribution of knowledge usage across the population for KPI 1
(Geometric tolerances) based on both the self-assessment (a) and the check questions (b). In Fig.
1.7.a), the graph can be interpreted as follows: approximately 80% of the respondents claim to have
knowledge of 100% of the ISO GPS system related to the given topic, while 100% of the

respondents have a minimum knowledge level of 60%.

—_—— Knowledge Usage

100% A 100% &

80% 80%

60%

60% p

40% { 40%

Knowledge \ usage
w
Knowledge \ usage

20% ® 20% ]
D

0% 0%
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Population Population

(a) Self-assessment based (b) Check question based

Fig. 1.7: Example of Knowledge and usage distribution across the population.

It is worth noting that the disparity between knowledge and usage becomes more
pronounced as knowledge increases. This observation could indicate a constraint within a specific
supply chain: even if professionals understand how to use the symbols in the ISO GPS system
correctly, they may be unable to use them effectively because downstream stakeholders do not

understand them. By comparing the gaps between the two curves (knowledge and usage) across
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different industrial sectors, it may be possible to identify sectors that are facing challenges in
implementing the system due to supply chain issues.

In Fig. 1.7.b), both curves shift to the left. It is important to highlight that this shift becomes
more significant as the self-assessed knowledge increases. This suggests that individuals may
have a higher self-perception of their knowledge and usage, but in practice, they struggle with
proper application. As a result, the distance between the two curves becomes more uniform.

Based on these graphs, the rating for knowledge is 9.6, and for usage is 7.6. However, when
considering the application aspect, the ratings decrease to 7.4 for knowledge and 5.6 for usage.

It is important to keep in mind that these results are based on a small sample size, and
therefore cannot provide statistically significant information. Nevertheless, based on this initial
insight, it can be concluded that the presented tool is suitable for assessing the current knowledge
and usage of the ISO GPS system. Furthermore, it is capable of identifying specific constraints in

the system implementation, such as misinterpretation of symbology.

1.3 || Descriptives results on the Italian market

The questionnaire that has been described so far was distributed across the Italian market
to gauge the current knowledge and usage of the ISO GPS system. The results should be
considered as preliminary, as they are based on data collected up until the beginning of August
2023. However, the data collection is ongoing, and the questionnaire will remain open for an
indefinite period of time.

In the following sections, some preliminary results will be presented. First, the participants
will be described, and then the actual data will be presented. The subsequent section will also

include a comparative analysis.

1.3.1 Participants description

As of August 8, 2023, a total of 143 responses to the questionnaire were collected in Italy.
A possible classification of the participants is presented in Tab. 1.1. In brief, 83 responses were
collected from the industry, while 60 were from academia. Less than one-third of the participants
had participated in specific ISO GPS training in the past (30.77%), with a higher percentage among
the industry respondents (38.55% versus 20.34% in academia). Only 20.28% of the participants
indicated that they actually write specifications. Once again, the percentage was slightly higher for

the industry compared to academia (26.51% versus 11.86%).
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Tab. 1.1: Summary of the participants to the survey.

Total Industry Academia
Partecipants: 143 83 58.04% 60 41.96%
With ISO GPS training: 44 30.77% 32 38.55% 12 20.00%
Write geometric specifcation: 29 20.28% 22 26.51% 7 11.67%
Read geometric specificaiton 114 79.72% 61 73.49% 53 88.33%

The distribution of people who have received specific ISO GPS training is of interest. Only
30.70% of the respondents have participated in such training. Given the intrinsic complexity of the
ISO GPS system, this figure might indicate a lack of awareness regarding the importance of
receiving proper training to master the topic. It can be observed that this percentage increases in
the industry compared to academia. On one hand, this result is positive as it highlights that the
industry can, at times, bridge the knowledge gap between itself and academia. On the other hand,
this result might be biased due to the nature of the questionnaire and the collaborators and sponsors
involved in its distribution. People who have previously received training were more likely to come
across the questionnaire, potentially making the actual percentage of those trained even lower.
Nevertheless, the doubling of the training percentage in the industry certainly emphasizes that the
ISO GPS system is not highly regarded in academia, creating a significant knowledge gap that the
industry needs to address whenever possible.

The percentage of individuals actually writing geometric specifications is very low, at 20.28%
overall. This means that the responsibility for the content of the specification lies with a few
professionals who must take charge of overall geometric specification management, as will be
discussed in Chapter 2. Those writing geometric specifications primarily come from the Design/R&D
department, while no one from the manufacturing or quality control department is involved in writing
geometric specifications. Consequently, whenever specific needs arise from manufacturing or
quality control, the request for integrating these needs into the geometric specification is directed
to the designer. As a result, each time a modification is requested by the manufacturing or quality
control department, it is initiated by someone unfamiliar with writing a geometric specification,
potentially leading to misunderstandings.

Looking exclusively at the Industrial sector, the distribution of entries among different
industrial sectors is shown in Fig. 1.8. The majority of entries were collected from the automotive
sector, totaling 31 entries. The second most represented sector is household consumer durables
with 18 entries, followed by Metal and Mining with 13 entries. All other possible industrial sectors
have fewer than 10 entries each. Consequently, a comparative analysis among different industrial
sectors will not be conducted at this time, as the collected data are not sufficiently distributed to

make reliable considerations. This type of analysis will be explored in future research.
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Fig. 1.8: Industrial sectors covered by the survey.

1.3.2 Overall results

In this sub-section, the aggregate results of the descriptive analysis will be presented. Firstly,
the self-assessment results between beginners and experienced participants for each KPI will be
shown in Fig. 1.9. Secondly, the knowledge and usage curves derived from KPI 1 to 4 are shown
in Fig. 1.10. Finally, the differences in knowledge, usage, applied knowledge, and applied usage in

percentage are displayed in Fig. 1.11.

Fig. 1.9 displays the self-assessment results between beginners and experienced
participants. Among the KPIs, KPl 1 (Geometric Tolerances) has the highest percentage of
experienced entries at 31%, followed by KPI 3 (Dimensional Tolerances) with 28% of experienced
entries. KPI 4 (Modifiers and Indications) has the fewest experienced entries, with only 13%. KPI 0
(General Concepts) and KPI 2 (Datum Systems) fall in the middle, with 24% and 20% experienced
entries, respectively. The results for KPI 5 (Tolerance Stack-ups) are slightly different due to three
possibilities (Beginner, Experienced, and Read Only). Looking at absolute values, only 8% of
entries classify themselves as experienced. However, when considering relative values, this
percentage increases to 24%, aligning with KPI 0 and KPI 2.

Excluding KPI 4, the distribution of beginners and experienced participants is balanced
across different KPIs, with an average of experienced entries ranging between 20% and 30%. The
lower percentage of experienced entries in KPI 4 was anticipated, as it is a topic that can be
mastered primarily through specific training. As previously discussed, the percentage of individuals
who have received such training is low. Moreover, the ISO GPS system is renowned for its complex

system of modifiers and indications, which may deter users.
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Fig. 1.9: Beginner/Experienced distribution for all KPlIs.

In Fig. 1.10 the knowledge and usage curves are presented, considering the responses for
KPI 1 to KPI 4 (Geometric Tolerances, Datum Systems, Dimensional Tolerances, and Modifiers
and Indications). The overall curves are derived by averaging the curves obtained for each
individual KPI.

The knowledge curve is noticeably suboptimal, with an overall knowledge rating of 6.4, while
the usage rating remains at 4.7. Comparing the usage curve with the applied knowledge curve, a
significant overlap is observed. Specifically, the applied knowledge rating matches the usage rating
at 4.7. Interestingly, the applied knowledge, reflecting unbiased knowledge, aligns closely with
actual usage: only what is practically used is also genuinely understood. Lastly, the applied usage
rating stands at 3.4.

As anticipated, the application-based curve shifts to the left, resulting in lower ratings. This
suggests that the ISO GPS system is frequently misapplied by users. A noteworthy observation is
that a substantial number of application-based questions received incorrect answers, even when
the “don't know” option was available. These incorrect responses indicate instances of misuse or

misinterpretation of the system in real-world applications.
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Fig. 1.10: Overall knowledge and usage distribution found averaging KPIs from 1 to 4.

In Fig. 1.11, box plots for knowledge, usage, applied knowledge, and applied usage are
displayed. Notably, the knowledge and usage box plots span the entire range of percentages (from
0% to 100%), yet the knowledge distribution skews toward the upper limits (100%) while the usage
distribution skews toward the lower limit (0%).

Upon examining the applied knowledge and applied usage distributions, it is apparent that
the box plots do not extend to the upper limit, despite the presence of some outliers. In both cases,
only one entry achieved a score of 100%. This indicates that among the participants who scored
100% in knowledge and usage, only a single entry answered all application-based questions
correctly. This outcome implies that most individuals who attained the maximum self-assessment
scores provided incorrect responses to the application-based questions. This finding underscores
the bias inherent in the self-assessment and reaffirms that the check question level effectively

compensates for this bias.
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Fig. 1.11: Differences in Knowledge, usage, applied knowledge, and applied usage overall.
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Once again, it appears that there are no noticeable differences between usage and applied
knowledge.

To investigate potential significant differences among knowledge, usage, applied knowledge,
and applied usage, a one-way ANOVA was conducted. The Tukey Method with a 95% confidence
level was employed for grouping. The results of this analysis corroborated the observations made
from the population curves (Fig. 1.10) and on the boxplots (Fig. 1.11): there were no significant
differences between usage and applied knowledge. However, notable differences were observed
between knowledge and applied usage, as well as between the usage and applied knowledge

clusters.

1.3.3 KPIs results

In this subsection, the descriptive analysis for each KPI will be presented. Fig. 1.12 shows
the results for KPI 0 (General concepts). Knowledge and usage curves for KPIs 1 to 4 are displayed
in Fig. 1.13 to Fig. 1.16 respectively. Fig. 1.17 and Fig. 1.18 present the results for KPI 5 (Tolerance
stack-up). Finally, Fig. 1.19 illustrates the comparison of grades assigned to each entry for each
KPI.

The outcomes for KPI 0 (General concepts) are depicted in Fig. 1.12. Notably, the ISO GPS
system seems to be more familiar to respondents than the ASME GD&T system. This outcome
contrasts with previous surveys conducted in the USA, which is understandable due to the
differences in the surveyed populations. A clear result concerns MBD (Model Based Definition),
which is generally not well-known among participants. Therefore, it is crucial to invest in raising
awareness about MBD and its potential for managing geometric specifications. Other concepts like
the Independence principle, Envelope principle, Datum System, and TEDs show balanced results,

without evident differences.
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Fig. 1.12: Results for KPI 0.

The knowledge and usage curves for KPI 1 (Geometric tolerances) are depicted in Fig. 1.13.
In this instance, the knowledge curve appears favorable, with almost 90% of users familiar with
100% of the system. A comparison between the knowledge and usage curves reveals that the gap
between them widens as the levels of knowledge and usage increase. This indicates the presence
of a bottleneck that hinders the optimal utilization of the system, particularly concerning geometric
tolerances. When comparing the knowledge curve to the applied knowledge curve, it becomes
evident that the leftward shift is not uniform but intensifies as the level of knowledge rises. The
same trend is observed for usage. This implies that individuals are confident in their understanding
of geometric tolerances, but struggle with their practical application. Consequently, many self-
proclaimed experts seem to lack proficiency in applying these concepts. The consequence of this

shift is that the difference between applied knowledge and applied usage remains relatively

constant.
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Fig. 1.13: Knowledge and usage distribution for KPI 1.
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The curves pertaining to KPI 2 (Datum system) are presented in Fig. 1.14. In this scenario,
the knowledge curve is notably lower compared to the previous case. Only 20% of the surveyed
population claims to possess a comprehensive understanding of the ISO GPS system with respect
to Datum Systems. The discrepancy between knowledge and usage remains relatively constant
and minimal in contrast to the previous scenario. This suggests that individuals' perceived
knowledge closely aligns with their practical usage. The proximity between the knowledge and
usage curves influences the leftward shift of applied knowledge and usage, which, in this instance,
is moderate compared to the previous case, even though the applied knowledge curve remains

below the usage curve.
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Fig. 1.14: Knowledge and usage distribution for KPI 2.

The curves corresponding to KPI 3 (Dimensional tolerances) are depicted in Fig. 1.15. In this
scenario, the knowledge curve is even lower than that of datum systems. Specifically, only slightly
over 20% of the participants claim to have familiarity with more than 60% of the system. The gap
between the knowledge and usage curve remains constant and moderate. Moreover, the disparity
between knowledge and applied knowledge is even smaller compared to the previous case.
Consequently, the curves for applied knowledge and applied usage closely resemble those of the

previous scenario.
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Fig. 1.15: Knowledge and usage distribution for KPI 3.

Finally, the curves pertaining to KPI 4 (Modifiers and indications) are presented in Fig. 1.16.
In this instance, the behavior of the curves closely resembles the previous case (KPI 3, dimensional
tolerances). The only noticeable distinction is that both the knowledge and usage curves exhibit a

smoother transition towards high knowledge/usage values.
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Fig. 1.16: Knowledge and usage distribution for KPI 4.

In Fig. 1.17, an overview of the different tolerance stack-up strategies is presented. It can be
observed that the most commonly used approach is the worst-case approach, employed by over
50% of individuals who write geometric specifications. Statistical approaches are used by 21.3% of
these individuals. Dedicated software is utilized by only 12.8% of those who write geometric
specifications. These results indicate that tolerance stack-up methods are not widely adopted,

suggesting ample room for improvement in this area.
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Fig. 1.17: Overview of approaches used for tolerance stack-up.

In Fig. 1.18, an overview of the results for the check questions of KPI 5 is presented. It is
evident that a majority of the answers were incorrect, accounting for 36% of the replies. Only 30%
of the answers were correct. This reinforces the observation made in the previous figure, indicating
that tolerance stack-up methods are not widely utilized and there is substantial room for

improvement.

= Correct
= Wrong

Don't know

Fig. 1.18: Result for the check question of KPI 5 (Tolerance stack-up).

Finally, in Fig. 1.19, the comparison among the grades given to KPIs from KPI 0 to KPI 4 is
shown. The distribution of grades for KPI 0 and KPI 1 appears almost identical. Similar observations
can be made for KPI 2 and KPI 3, where a significant number of outliers are noticeable. On the
other hand, the distribution of grades for KPI 4 displays a distinct behavior: it is the most skewed

and uniformly covers all possible values.
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Fig. 1.19: Grade overview per each KPI.

1.4 || Comparative results on the Italian market

In In the following section, a comparative analysis of the collected data presented so far will
be shown. Three levels of comparison will be conducted. Firstly, differences between categories
such as Beginner versus Experienced, Industry versus Academia, with training versus without
training, and writing versus reading geometric specifications will be studied. Secondly, differences
between Key Performance Indicators (KPIs) will be investigated. Lastly, differences within each
category will be presented.

The comparative analysis will be performed using one-way ANOVA, considering the null
hypothesis that no differences exist. Differences will be considered significant (and the null

hypothesis will be rejected) if the p-value is lower than 0.05.

1.4.1 Differences between categories overall

The first level of comparative analysis involves comparing different categories, including
Beginner versus Experienced, Industry versus Academia, with training versus without training, and
writing versus reading geometric specifications, considering the overall results.

In Fig. 1.20, a comparison of knowledge and usage curves between beginners (black curves)
and experienced (red curves) individuals is shown. It's evident that the two sets of curves do not
overlap, indicating significant differences. An interesting observation is that the usage curves for
experienced users are very close to the knowledge curves for beginners. This might suggest that

experienced users need to adjust their usage to accommodate less experienced professionals.
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Fig. 1.20: Beginner/Experienced comparison overall.

In Fig. 1.21, a comparison of knowledge and usage curves between Industry (black curves)
and academia (red curves) is presented. It's evident that the curves are nearly overlapping, with
the industry curves being slightly higher than the academia curves. This suggests that no significant
differences exist between these categories. It's important to note that for academia, both students
and researchers are considered together; differences between these two sub-categories are not

investigated in this analysis.
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Fig. 1.21: Industry/academia comparison overall.

In Fig. 1.22, a comparison of knowledge and usage curves between people with training

(black curves) and people without training (red curves) is presented. Similar to the comparison
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between beginners and experienced users, the curves show separation, with the usage curve for
trained individuals almost overlapping with the knowledge curve for those without training. Once
again, this suggests that individuals with training are confined in their system usage to levels
comparable to those without training. This indicates the essential nature of ISO GPS training for

comprehensive system application. It can also be assumed that significant differences exist.
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Fig. 1.22: With training/without training comparison overall.

In Fig. 1.23, a comparison of knowledge and usage curves is presented between people who
write geometric specifications (black curves) and people who read geometric specifications (red
curves). In this case, it can be observed that the usage curves are relatively close to each other,
although they do not overlap. If we examine the knowledge curves, the differences between the
two categories become more pronounced if compare to usage curves differences, with the
knowledge curve for individuals who write geometric specifications being higher than the one for
those who read geometric specifications. This suggests that there is likely no significant difference
in usage between the two categories, but there are significant differences in knowledge.

The absence of usage differences is to be expected, as readers rely on the content written
by the writers. However, the significant difference in favor of people who write geometric
specifications in terms of knowledge indicates that not all available knowledge can be fully utilized
by the writers. This has two implications. First, it has already been demonstrated that application-
based knowledge is more closely aligned with actual usage (as shown in sub-section 1.3.2 on page
17), meaning that not fully utilizing parts of the system hinders a comprehensive understanding.
Second, training efforts should be focused more on people who read geometric specifications. As
indicated in the participant description, individuals from manufacturing and quality control
departments mainly fall into the category of reading geometric specifications in the survey.

Therefore, these categories should be targeted for specific training to bridge the knowledge gap.
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Fig. 1.23: Write/read geometric specification comparison overall.

In Fig. 1.24, a comparison of the overall grades received by different categories is presented.
It's apparent that there are no significant differences between the industry and academia, as
previously shown in Fig. 1.21, which confirms the initial assumption. Additionally, the dispersion of
grades for academia is lower than that for industry, with just one outlier near grade 10. This might
suggest that the distinction between students and researchers could be less pronounced than
anticipated. Further analysis of the dataset is needed to explore this aspect more thoroughly.

Regarding the grades for individuals with training versus those without training, differences
are evident. The distribution of grades for those with training appears to be almost symmetrical,
whereas the distribution for those without training is skewed, with a higher concentration of grades
towards lower values. As for the distribution of grades for people who write and read geometric
specifications, it's noticeable that the grades distribution for those who write geometric
specifications is slightly higher. However, determining the significance of these differences solely
by examining the boxplots is not straightforward. Further statistical analysis is necessary to make

conclusive assessments.
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Fig. 1.24: Overall grades comparison between categories.
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So far, assumptions of significant differences were based on graphical evidence from curve
distributions or box plots. One-way ANOVA was also employed to confirm these assumptions.

Tab. 1.2 presents the results for the one-way ANOVA considering the average knowledge
and usage. As anticipated, the differences in both knowledge and usage between the Industry and
academia are not significant, with p-values of 0.287 and 0.235 respectively. On the other hand, the
differences in both knowledge and usage are significant for people with training versus those
without training (p-value < 0.001). With training, both average knowledge and usage increase by
about 20%.

Furthermore, when comparing individuals who write geometric specifications to those who
read them, the differences in knowledge are confirmed to be significant (p-value 0.006), while the

differences in usage are not significant (p-value 0.172).

Tab. 1.2: Quantitative differences in overall Knowledge and usage between categories.

Average Knowledge Average usage
u o p-value u o p-value

Industry 83 59.16% 25.49% 40.60% 25.15%
0.287 0.235

Academia 60 54.58% 24.96% 35.33% 27.26%

With training 44 72.27% 21.82% 53.30% 25.88%
0.000 0.000

Without training 99 50.56% 23.89% 31.77% 23.42%

Write specification 29 68.62% 20.39% 44.31% 26.62%
0.006 0.172

Read specification 114 54.34% 25.66% 36.89% 25.86%

In Tab. 1.3, the results for the one-way ANOVA considering the average grade, applied
knowledge, and applied usage are presented. Concerning the comparison between industry and
academia, all differences are confirmed to be not significant (p-values > 0.05). The impact of training
is also confirmed to be significant (p-values < 0.001).

The differences in grades between individuals who write and those who read geometric
specifications are significant (p-value 0.010). Regarding applied knowledge and usage, the
evaluations already made for knowledge and usage (Tab. 1.2) are confirmed: the difference in
knowledge is significant (p-value 0.015), while the difference in usage is not significant (p-value
0.187).
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Tab. 1.3: Quantitative differences in overall applied Knowledge and usage and overall grade

between categories.

Average grade Average applied Knowledge Average applied usage
u o p-value u o p-value u o p-value
Industry 83 3.632 2.143 42.70% 22.50% 29.19% 21.22%
0.251 0.164 0.286
Academia 60 3.215 2.119 37.49% 21.24% 25.29% 21.80%
With training 44 4.906 2.105 53.65% 23.35% 39.39% 23.34%
0.000 0.000 0.000
Without training 99 2.813 1.818 34.68% 18.81% 22.29% 18.39%
Write specification 29 4.365 2.288 4937% 24.48% 32.26% 25.08%
0.010 0.015 0.187
Read specification 114 3.226 2.042 38.26% 20.92% 26.35% 20.41%

1.4.2 Differences between KPlIs

The second level of analysis aims to determine whether differences exist between different
KPIs. Graphical evidence is presented in Fig. 1.25 for KPIs from KPI 1 to KPI 4, including knowledge
and usage curves, as well as grades boxplots. Fig. 1.26 focuses on KPIs from KPI 0 to KPI 4,

comparing grade 95% confidence intervals.

In Fig. 1.25, a comparison between KPIs from KPI 1 to KPI 4 is presented. Results from KPI
1 are displayed in blue, KPI 2 in green, KPI 3 in yellow, and KPI 4 in red. This matrix enables
pairwise comparisons. It's evident that the curves from KPI 1 (geometric tolerances) are visibly
higher than the curves from the other three analyzed KPIs (datum systems, dimensional tolerances,
and modifiers and indications). Differences in the boxplots can also be observed, suggesting
significant differences between KPI 1 and the others. Only the pair of KPI 1 and KPI 2 partially
overlap.

The curves for KPI 2 (Datum Systems) are slightly above the curves for KPI 3 and KPI 4.
While it might appear that significant differences exist upon first glance, the difference in grades is
less evident when examining the boxplots. Consequently, it's challenging to determine whether
significant differences exist among these three KPIs.

Lastly, when comparing KPI 3 (dimensional tolerances) and KPI 4 (modifiers and indications),
the knowledge and usage curves are completely overlapped. The boxplots are also aligned,

suggesting that no significant differences exist between these two KPIs.
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Fig. 1.25: Knowledge and usage distribution comparison among KPlIs.

In Fig. 1.26, the confidence intervals for the grades from KPIs 0 to KPI 4 are presented.
Again, a notable observation is that the confidence intervals for KPI 3 and KP1 4 are nearly perfectly
aligned. Similarly, the confidence intervals for KPI 0 and KPI 1 are also closely aligned. Since
knowledge and usage curves were not defined for KPI 0 (general concepts), no prior evidence is
available for these.

However, the confidence interval for KPI 2 is distinctly different from those for KPIs 0 and 1,
and it is quite close to the intervals for KPIs 3 and 4. Similar to the previous analysis, it remains

uncertain whether the grade for KPI 2 is significantly different from those for KPIs 3 and 4.
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Fig. 1.26: Grade comparison among KPlIs.

One-way ANOVA was employed to confirm the differences between KPIs, and the results
are presented in Tab. 1.4. It is evident that significant differences exist (p-value < 0.001). In order
to determine whether specific KPIs lack significant differences, a grouping analysis was conducted
using the Tukey Method with a 95% Confidence level. This analysis revealed the formation of two
groups: the first group consists of KPI 0 and KPI 1, while the second group encompasses KPIs 2,
3, and 4. Within these two groups, no significant differences are observed. Hence, the grades for

KPIs 0 and KPI 1 are significantly higher than those for the other KPIs.

Tab. 1.4: Quantitative differences in grade between categories.

n c p-value Grouping*
KPI 0 4.537 3.269 A
KPI 1 4584 2913 A
KPI 2 3.214 2.734 0.000 B
KPI 3 2.517 2.456 B
KPI 4 2.435 2.844 B

* Using the Tukey Method and 95% Confidence

1.4.3 Differences between categories per each KPI

The third and final level of analysis examines the differences between categories for each
KPI. Figures from Fig. 1.27 to Fig. 1.30 provide comparisons of knowledge and usage curves, and
Tab. 1.4 presents the results from the one-way ANOVA.

Across all the figures, there seems to be no significant difference between industry and

academia, reaffirming the previous overall comparison results (sub-section 1.4.1).
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Fig. 1.27 displays the knowledge and usage curves for KPI 1. Although there aren't significant
differences among categories, knowledge and usage generally appear to be high. However,
observing the applied knowledge and usage curves reveals a notable leftward shift for higher levels
of knowledge and usage. This shift leads to a distinction between application-based curves for
those with training versus those without training.

In Fig. 1.28, the knowledge and usage curves for KPI 2 are depicted. Here, a clear distinction
between the knowledge and usage curves is visible for beginners versus experienced users. This
distinction becomes less prominent for the application-based curves, especially at lower levels of
knowledge/usage. A similar pattern is seen in the training versus no training comparison. There is
a slight separation for the write versus read categories, but it's not substantial enough to suggest a
significant difference.

Fig. 1.29 displays the knowledge and usage curves for KPI 3. In this case, a noticeable
separation is seen for both beginners versus experienced users and for training versus no training.
While the curves for writing versus reading geometric specifications are not entirely overlapped, a
distinct separation is not apparent.

Lastly, Fig. 1.30 presents the knowledge and usage curves for KPI 4. Similar to the previous
case, a distinction is observable for both beginners versus experienced users and for training versus
no training. This distinction is particularly pronounced here. Regarding writing versus reading

geometric specifications, no clear separation is evident.
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Fig. 1.27: Knowledge and usage distribution comparison between categories for KPI 1.
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Fig. 1.28: Knowledge and usage distribution comparison between categories for KPI 2.
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Fig. 1.29: Knowledge and usage distribution comparison between categories for KPI 3.
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Fig. 1.30: Knowledge and usage distribution comparison between categories for KPI 4.



To confirm or disprove the significance of the separation that is evident in the curves'
comparison, one-way ANOVA was conducted. The results are shown in Tab. 1.5. As established
in the previous sub-section, no significant differences were detected between the industry and
academia. The analysis conducted for each KPI separately reaffirmed that these two categories
exhibit no statistical differences. The previous analysis also established the presence of significant
differences between individuals with training and those without training. This finding is partly
confirmed: significant differences are discerned for KPI 0, 1, 3, and 4, thereby indicating no
significant differences for KPI 2 (Datum system). This outcome is unexpected and could potentially
be attributed to the lack of proper training in understanding Datum Systems. Observing the curves
in Fig. 1.28, it is apparent that the knowledge and usage curves are quite divergent, while the
applied knowledge and applied usage curves display more overlap. This suggests that among
individuals with training, a higher percentage of incorrect responses were recorded. This
phenomenon could signify that participants with training may have initially assessed themselves as
experts but subsequently encountered difficulty in responding accurately to advanced questions.
Alternatively, individuals without training might have chosen the “don't know” option, therefore
selecting less incorrect answers. This subject is indeed intricate, and reaching a consensus is
challenging even within ISO/TC 213. This committee is currently working on amending 1SO
5459:2011, the standard addressing datum systems, due to its perceived shortcomings. However,
the process is progressing gradually due to the complexities involved. At the time of writing, ISO/TC
213, WG 2 (Datums and datum systems) is focused on amending the existing standard to address
certain critical aspects before embarking on the task of creating a new edition.

The overall grade difference between those who write and those who read geometric
specifications was determined to be significant (Tab. 1.3). Analyzing each KPI individually revealed
that significant differences were confined to KPI 0 and KPI 2, while no significant differences were
recorded for the other KPIs.

By scrutinizing each KPI separately, it becomes possible to examine the differences between
beginner and experienced users. Conducting this analysis overall was not feasible, as each
respondent to the questionnaire could independently choose between beginner and experienced
status for each KPI. It is noticeable that significant differences are present for all KPIs except KPI
1 (p-value 0.402).
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Tab. 1.5: Ratings comparison among different categories and KPls.

KPI 0 KPI 1 KPI 2 KPI 3 KPI 4
N
n c p-value u c p-value n c p-value n c p-value n c p-value

Beginner 3.54 297 445 3.04 297 2.63 2.00 2.05 1.89 2.39
0.000 0.402 0.030 0.000 0.000

Experienced 7.72 186 489 2.60 421 2098 3.86 290 6.23 2.89

Industry 83 468 3.38 494 274 339 2.65 248 2.60 2.67 2.85
0.529 0.089 0.361 0.829 0.249

Academia 60 433 3.13 410 3.10 297 2.86 2.57 227 2.11 283

With training 44 6.88 2.62 576 2.78 3.71 297 390 3.10 429 335
0.000 0.001 0.146 0.000 0.000

Without training 99 3.50 299 4.06 2.83 299 261 1.90 1.82 1.61 2.14

Write specification 29 6.64 3.14 4.55 2.60 417 3.29 3.26 285 3.21 3.63
0.000 0.948 0.034 0.070 0.102

Read specification 114 4.00 3.09 459 3.00 297 253 233 232 224 259




1.5|] Conclusions

This first chapter introduced a tool designed to assess the knowledge and usage of the ISO
GPS language in both industry and academia. The same tool was utilized in the Italian market to
gather data regarding ISO GPS implementation within Italy.

The questionnaire was developed, tested, and proven to be a user-friendly and
straightforward tool for evaluating the current dissemination and understanding of the ISO GPS
language. Its brevity, requiring only 10 to 15 minutes for completion, makes it suitable for a variety
of scenarios, including training, consulting, and invitation-based dissemination.

Indeed, these were the methods employed to gather entries for the Italian market. The
Design Tools and Methods in Industrial Engineering Laboratory at the University of Padova
distributed the questionnaire during training and consulting sessions. Additionally, the initiative was
promoted by various partners, including ADM - Associazione Nazionale Disegno e Metodi
dell'Ingegneria Industriale, INRiM - Istituto Nazionale di Ricerca Metrologica, Enginsoft SpA, CMM
Club ltalia, and DeltaMu, through invitation-based dissemination. The analysis presented in this
chapter involved 143 participants, but the questionnaire remains open and continues to accept new
responses.

The survey is already available for international use, and its European release is anticipated
in the near future (as elaborated in 13 “Future research agenda”).

Findings from the Italian survey revealed that the overall implementation of the system is far
from optimal and requires further investment. Surprisingly, the differences between industry and
academia were not statistically significant. This outcome is attributed to the limited number of
individuals who have received specific ISO GPS training in the industrial sector. Moreover, it is
evident that the subject is not adequately covered at the academic level, resulting in a shift of ISO
GPS education from academia to industry.

The study also unveiled that the responsibility for drafting geometric specifications primarily
lies with the R&D/Design department, sidelining manufacturing and quality control. Simultaneously,
the utilization of the system may be hindered by the limited knowledge of the readers. Therefore,
investments in dedicated ISO GPS training for manufacturing and quality control personnel are
necessary to streamline the overall management of geometric specifications.

Overall, the results are insufficient, given that the knowledge rating stood at 6.4/10 and the
usage rating at 4.7/10. These figures are even lower when considering application-based results:
the applied knowledge rating is 4.7/10, and the applied usage rating is 3.4/10.

The subsequent chapter will introduce and discuss a novel model for geometric specification
management that aims to overcome the limitations of the current approach, wherein only designers
are responsible for drafting geometric specifications. This work will further delve into methodologies
and tools to facilitate the practical implementation of this geometric specification management

model.
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2|| A model for tolerance specification management?

“Lots of folks confuse bad management with destiny”

Kin Hubbard

As presented in the introduction to this manuscript, the information incorporated in the
geometrical specification is shared between the departments involved in product development. This
is independent of the medium used by a specific company/department. The traditional way is the
use of 2D drawings. Alternatively, the Model-Based Definition (MBD) is a tool that allows the
representation of technical product documentation contents, including the geometrical specification,
directly in the 3D annotated CAD model [34,35]. Both are possible forms for Technical Product
Documentations (TPDs) [36].

Within the ISO system on Geometrical Product Specifications (ISO GPS, managed by
ISO/TC 213), an interesting yet not widely considered document is the ISO/TS 21619:2018, which
lists the basic types of documents relating to geometrical product specifications: functional
specification, manufacturing specification, and verification specification [37]. This document, a
technical specification, inherits an ambiguous use for “specification” already existing in 1SO
publications. It is defined both as a “document stating requirement” [37], using the definition from
ISO 9000:2015 [4], and as “expressing the field of permissible deviation of a characteristic of a
workpiece as permissible limits” in ISO 17450-1:2011 [38]. Within ISO TPD (Technical Product
Documentation, as managed by ISO/TC10), different types of specifications (e.g., general
specification, performance specification, process specification, requirement specification, etc.) are
considered as documents [36]. In the following, an analysis of the literature regarding the different
types of specifications is presented. The final aim is to generate a management model for the

coexistence of different types of specifications along the product life cycle.

2 The contect of this chapter is mainly derive from a pre-print already published by the author [164].
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21| State of the art

Dating back to Stanley Parker, the awareness of different needs from different departments
is clear. Designers, manufacturers, and inspectors have different needs but need to communicate
with each other to avoid misinterpretations [18]. Therefore, the separation between functionality,
manufacturability, and inspection requirements is not a new concept in the field. However, the
widespread use of integrated CAD tools has flattened the richness of detail that could have been
captured by a multitude of different drawings that were necessary when the design and drawing
phase was done only by hand.

In the following, an overview of the academic literature on the concepts of functional

tolerancing, manufacturing tolerancing, and verification tolerancing is presented.

211 Functional tolerancing

The functional tolerancing activity is performed in the design phase and focuses on the
product's functional needs: the result is the functional specification where the functional
requirements are stated [37]. Many authors agree that interactions among parts and assemblability
are important in functional tolerancing [39-42]. However, a clear and explicit definition for functional
tolerancing was not found in the literature.

Nevertheless, many methodologies aiming to create a functional specification are described.

Meijbri et al. [39] proposed a recursive method to create a functional specification for complex
mechanisms. For each geometrical functional requirement, a functional sub-assembly is defined
and studied separately. The concept of blocks to indicate sub-assemblies needed for manufacturing
and integration is presented. A further development [42] brought an approach for the identification
and specification of key parts based on the study of both the parts' geometry and the interfaces
between them. The methodology consists of a top-down decomposition of a geometric functional
requirement for the whole mechanism into sub-assemblies and parts.

Ballu et al. [43] proposed a new design approach called GASAP (Geometric As Soon As
Possible) that suggests starting with the CAD modeling of the product as soon as possible in the
design phase to identify functional features and design parameters. It guarantees the link between
the CAD model and the functional analysis.

Anselmetti [44] developed a semi-automatic system (CLIC, “Cotation en Localisation Avec
Influence des Contacts”) that creates a functional specification based on the interface between
components. It automatically creates the datum reference frame on parts and provides
specifications on contacting features. The designer still needs to express the other functional
requirements. A clear distinction between the generation of the specification scheme and the

tolerance synthesis is stated.
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Hu J. and Peng Y. [45] developed a Computer-Aided Tolerancing (CAT) system to create a
functional specification based on axiomatic design [46]. Two main phases are identified: the
creation of the specification scheme based on rules and the allocation of values to every tolerance.
In the second phase, manufacturing and cost-related influences are also considered.

Cao Y. etal. [47] defined a method to create a functional specification that starts by analyzing
the assembly to identify the key part and key features. Then, an iterative procedure to create the
specification on single parts is proposed.

Gohler et al. [48] proposed a methodological framework to decompose the functional
requirement into sources of variation that will become the design parameters. This framework
focuses on geometry plus other different parameters, e.g., materials, external factors, etc. The

result is a clear link between the stated tolerance and the functional requirement.

2.1.2 Manufacturing tolerancing

The manufacturing tolerancing activity deals with the definition of the manufacturing process,
containing all the relevant requirements [37]. If the actual manufacturing process involves multiple
phases, each step needs its dedicated manufacturing specification.

Two original approaches in the manufacturing tolerancing field were proposed: one focused
on a virtual “non-ideal surface model” [38] describing the part as built, and the other aims to
determine the contribution of manufacturing deviations, step after step, in a bottom-up approach to
define specifications for each manufacturing process step.

Bourdet et al. [49] proposed the Small Displacement Torsor (SDT), which can be used to
describe the geometric deviations due to manufacturing processes.

Vignat and Villeneuve [50] proposed a simulation process that aims to create a
representation of the manufactured part using the SDT concept, which allows describing the
workpiece and tool relative position and the machining capabilities. The result describes a
population of produced parts that can be compared to the functional specification. To perform this
simulation, it is necessary to estimate both the parameters for positioning (fixturing) and the
machining issues. A generic solution for the positioning (fixturing) problem was also given [51].
However, the determination of the SDT value for a given machining operation still needs to be
assessed by experimental data.

Different methodologies that use the SDT to evaluate the machining process with respect to
the functional specification using inequalities were also developed [52,53].

Anselmetti and Louati [54] proposed an iterative method that allows generating
manufacturing specifications for every tooling step according to the ISO GPS language. The
procedure is based on tolerance transfer that uses tolerance zones' vectorial description. Further

development of this methodology led to a formal computing solution [55].
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Ayadi et al. [56] developed a methodology to generate manufacturing specifications using
the SDT concept and, at the same time, adopting the datum system definition given by ISO GPS
standards.

Anselmetti [57] proposed the “analysis line method” to identify the relations between
manufacturing steps to generate a tolerance stack-up analysis. This analysis leads to tolerance
synthesis, which is a consequence of the specification generation described in [54].

Royer and Anselmetti [58] provided a methodology that allows both analysis and synthesis
for the manufacturing specification using the ISO GPS language. The SDT is used to describe the
deviations for the tolerance analysis. It was also proven that this methodology can be used even
considering complex joining operations [59].

An integration between the tolerance transfer concept and a Computer-Aided Tolerancing

(CAT) software, ANATOLE 3D, to automate the specification synthesis was also proposed [60].

2.1.3 Verification tolerancing

The verification tolerancing activity translates into metrological requirements/procedures, the
functional/manufacturing specifications [37].

About “verification tolerancing” and/or “verification specification,” only a few contributions can
be found in the literature, mainly focused on software testing. No dedicated contribution was found
regarding geometric verification and inspection.

Woo [61] states that the verification specification can prevent the verification activity from
diverging from the intended procedure and aim over time when carefully created. Then, if the
requirement isn't met, it can be assessed whether the inspection wasn't appropriate or if the
functional or manufacturing requirement needs to be updated.

In the aerospace sector, NASA defined a list of 18 items to be included in the verification
procedure. It also listed 11 fields to be included in the verification report. Among others, information
such as measuring equipment, calibration intervals, single operations sequence, data recording
procedures, etc., can be found [62].

Morse [63] introduced the idea of “Design for Metrology” as a possible new concept that could

”

be further divided into “Design for metrology,” “Design using metrology,” and “Metrology for
manufacturing.” The possibility to share responsibility among different departments is also
postulated.

It is evident that the field of verification tolerancing is the least explored among the three in

the literature.
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2.1.4 Relations in tolerancing

The functional, manufacturing, and verification tolerancing/specification were mainly
considered separately in the literature. Only a few works show a clear link between functional and
manufacturing specifications: Anselmetti and Louati [54] and Anselmetti [57] clearly state that the
manufacturing process must be chosen by the manufacturing engineers to comply with the
functional specification defined by the designer. In this framework, the manufacturing specification
is used to describe the intermediate state between subsequent manufacturing phases.

Based on these findings, there is a lack of description of the relations among the different
tolerancing activities/specifications. Therefore, this chapter aims to highlight the relations that occur
among the different specification types and the relevant tolerancing activities. Moreover, it will
analyze where and when such activities take place during the product design cycle, assigning the
relevant responsibilities to the proper actors.

It is noteworthy to mention that, in the following, the analysis is focused on mechanical
assemblies of industrial products for which interchangeable parts are required. The concept of
interchangeable parts can be considered as the starting point for the development of the tolerancing
field at the turn of the 19th century. During that period, especially in the military sector, the industry
emphasized the need for more precise components that could be assembled interchangeably [64—
67].

The assembly and parts geometries are described in the TPD, considered as the medium
[36] (2D drawings or MBD). The term “specification” (or specification scheme) will refer to either a
single or the whole information regarding the allowable deviations, specified according to the GPS

language [38], and tolerancing will refer to the activity that generates a specification.

2.2 || Responsibilities in tolerancing management

In the current product design cycle, three different key actors can be identified: design,

manufacturing and quality control departments.

2.21 Design department

In the context of this work, the design department (Fig. 2.1) has the responsibility to develop
a geometric model for parts and assemblies that fulfills the functional requirements stated in the
Product Requirements Document (PRD) [68].

However, the product geometry description is not limited to the nominal shape and

architecture. In the design department, the functional tolerancing activity studies the assembly
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relationships among the parts and therefore defines the allowable deviations from nominal
geometry while still assuring the desired functionality. If needed, experimental tests or simulations
may also be performed to assess the allowable deviations (i.e., dimensional and geometric

tolerances).
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Fig. 2.1: Input/Output diagram that describes the functional tolerancing activity that takes place

inside the design department. Other tasks performed by the design department are omitted.

2.2.2 Manufacturing department

The manufacturing department (Fig. 2.2) is responsible for producing parts and assemblies
as defined in the TPD.

The input for this activity is the functional specification. The goal is to design and implement
a manufacturing process capable of producing parts in conformity with the functional specifications.

Therefore, two sequential phases are needed: engineering and production.

The engineering phase aims to design and optimize the process. All the TPDs created in this
phase convey manufacturing specifications that are based on the specific process characteristics
and requirements. Usually, the manufacturing specification describes fixturing and/or tooling setup
depending on the process planning. For example, in a particular manufacturing step, a Datum
System change may be required because the functional datum features have not been produced
yet, and the process considers different manufacturing datum features, as discussed in ISO/TS
8062-2:2013 [69].

The production phase deals with the actual fabrication of parts/assemblies according to the

manufacturing specification, with the input being the manufacturing specification.
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Fig. 2.2: Input/Output diagram that describes the manufacturing tolerancing activity taking place
inside the manufacturing department. Other tasks performed by the manufacturing department

are omitted.

2.2.3 The quality control department

The quality control department (Fig. 2.3) is primarily responsible for the acceptance or
rejection of production batches and may also support the manufacturing department in statistical
process control.

The inputs for this department are the produced parts and the functional and/or
manufacturing specifications. The goal is to define and perform a metrological inspection procedure
to assess conformance.

Two phases can be identified: inspection planning and the actual inspection.

Geometrical inspection can serve various purposes such as manufacturing process tuning,
product certification or first batch approval, production process control, etc. These different aims
may have varying time and cost requirements, and the number of items to be inspected can also
vary greatly, ranging from a few tens to thousands per day. Moreover, the type of information (i.e.,
quantity) to be assessed can be different. Therefore, it is the responsibility of the quality control
department to determine the appropriate measurement method and its implementation. A
verification specification, which is represented within a TPD, may be generated Iif
functional/manufacturing specifications need to be integrated to guide the verification procedure,
reducing verification uncertainty and/or achieving agreement on measuring uncertainty statements.

Once the verification specification is defined, any qualified operator can perform the
inspection by strictly following the specification itself, ensuring the estimated (budgeted)

measurement uncertainty.
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Fig. 2.3: Input/Output diagram that describes the verification tolerancing activity taking place
inside the quality control department. Other tasks performed by the quality control department are

omitted.

2.3 || Hierarchy in tolerancing

ISO/TS 21619 describes the types of documents/information and explicitly outlines the
hierarchical relationships among the different specifications, as well as the activities described

above. This approach has been further developed in Fig. 2.4.
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Fig. 2.4: Hierarchical relations (as described by the ISO/TS 21619) among different specifications:

Functional, Manufacturing and Verification, inspired by [37].
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To integrate this hierarchical structure with the previously described assignment of
responsibilities, the relationships among the tolerancing activities of the three departments are
highlighted (Fig. 2.5).

O
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MAN-SPEC( VAN SPEC guality FUN)
Production | | mecececacacacaeanann >
Component
VERI-SPEC
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Fig. 2.5: The scheme represents the relations among the different departments involved in product
development for what concern the tolerancing activities. Each department block is the zoom out
from the diagrams represented in Fig. 2.1, Fig. 2.2 and Fig. 2.3, the solid arrows represent an
information flow, while the dashed arrow the transfer of a physical entity. FUN-SPEC stands for
Functional Specification, MAN-SPEC stands for Manufacturing Specification, VERI-SPEC stands

for Verification Specification and ECR stands for Engineering Change Request.

The design department sends the functional specification to both the manufacturing and
quality control departments. The quality control department provides measurement reports as
feedback to the design department, allowing them to validate design assumptions and assess
overall design quality.

The manufacturing department supplies components along with the manufacturing
specification to the quality control department, which provides measurement feedback to fine-tune
the manufacturing process. If tuning is not feasible, either a Manufacturing Change or an
Engineering Change Request (ECR [70]) may be initiated. An ECR can be motivated by the quality
control assessment.

The quality control department receives the functional specification from the design
department and obtains the manufacturing specification and produced parts from the manufacturing
department. Both specifications require a detailed verification specification, whether implicit or
explicit, outlining the metrological checks. The verification specification derived from the functional
specification is particularly important when the same inspection needs to be performed in different

plants or in a customer-supplier relationship.
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The relationships between the tolerancing activities (functional, manufacturing, and
verification) are depicted in Fig. 2.5 when fully implemented. However, throughout the product
development cycle, these activities undergo fine-tuning through iterative loops, which may involve

a trial-and-error approach.

2.3.1 The supply chain

When considering the supply chain, the previously described framework introduces
additional levels of complexity. Therefore, a more structured scheme is necessary to describe it
(Fig. 2.6).

Fig. 2.6 illustrates the relationships between the different tolerancing activities across the
supply chain, depicting the sub-departments involved in product development and the flow of
relevant information.

The scheme in Fig. 2.6 expands upon the one-layer framework described in Fig. 2.5 to
provide a company-wide view of the interrelated tolerancing activities.

Different layers can be identified, representing varying degrees of product decomposition
from top to bottom. Each layer encompasses the design, manufacturing, and quality control
functions as previously described. These layers represent different business units within the
company (internal supply chain) or different companies (external supply chain).

The relationships analyzed in the one-layer framework (Fig. 2.5) exist within each layer in
Fig. 2.6, but the relationships between layers must also be considered.

The uppermost layer represents the product level, considering the product in its “working”
configuration. The product is then subdivided into different functional systems in the second level.
Each system is further subdivided into subsystems in the third level, and the bottom level represents
the processing of individual components.

The information flow among the levels is bi-directional. The functional specification from the
upper level is handed over to the lower level, where the functional geometrical requirements are
detailed into lower-level functional requirements. Consequently, the functional specification at any
level must comply with the “parent” specification at the upper level to ensure consistency among all
the specifications. At the end of the manufacturing process, the artifacts are transferred to the upper
level for integration/assembly. Measurement reports assessed at any level can potentially be

transferred to the upper level to implement quality traceability of the production batch.
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Fig. 2.6: The scheme represents the relations among different departments and different business
units (or different companies) along the supply chain that are involved in the product development
for what concern the tolerancing activities, each horizontal layer follows the scheme represented in

Fig. 2.5.

24| Consequences of the new model

According to the experience of different members of the Design Tools and Methods in
Industrial Engineering Laboratory, many issues related to tolerancing activities can be attributed to
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suboptimal allocation of tasks. The proposed scheme illustrates how the different tolerancing
activities should be interconnected, providing each actor involved in the design cycle with the
opportunity to apply their expertise and assume the corresponding responsibilities within the overall
tolerancing process.

By considering the cause-effect relationship between specifications and assigning specific
roles to each actor, improved management of the Technical Product Documentation (TPD) can be
achieved. Any modifications made at any stage should be effectively and promptly communicated,
ensuring that everyone is informed about relevant decisions made downstream in the development
process. If the system at any point fails to meet the intended functionality, a direct link can be
established from the functional requirements to their verification, through the manufacturing

process, enabling potential solutions to be devised.

241 Tolerance hierarchy

It is important to emphasize that the scheme depicted in Fig. 2.6 illustrates the relationships
between specifications for the production of a single component. However, a comprehensive
product design entails a structured arrangement of multiple components. Additionally, a single
component may be part of different functional subsystems simultaneously. Consequently, it inherits
the functionalities from all the subsystems it is a part of.

It can be observed that both an intra-level tolerance hierarchy, as proposed in the 1ISO
standard [37], and an inter-level hierarchy exist, as highlighted in Fig. 2.7. There is always a link

between any specification and the corresponding functional specification at the product level.

[ Product ]

T —

[ System #1 ] [ System #2 ] [ System #n ]

— —

Sub-System Sub-System Sub-System
#1.1 #1.2 #n.k

[ ——~

[Component #1.1.1] [Component #1.1.2]

Fig. 2.7: The scheme represents the functional hierarchy among product, system, sub-system and
component levels depicting a case in which one component inherit functionality from two distinct
subsystems. It could represent a case of a standardized component used in different sub-systems

or a complex component that is required for different functions (e.g., Structural and aerodynamic).
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2.4.2 The relevance of functional specification

The product functions pertain to the assembly.

Functional tolerancing first addresses the product as a whole, and then transfers the
functionality through systems and subsystems down to each individual part. At the part level,
functional specifications describe the geometric requirements applied to the part and the working
relations (fitting, position, orientation, etc.) among them. This definition is already established, at
the standardization level, in the fields of system and software engineering [70] and information
technology [71].

The proposed scheme (Fig. 2.6) assigns each tolerancing activity to the relevant department.
Designers oversee the functional aspects, technologists handle process-related activities, and
metrologists define inspection procedures. However, in industrial practice, it is often the case that
neither the intra-level nor the inter-level hierarchy is followed. For example, all tolerancing activities
may be assigned to a single actor. This results in a hybrid specification where all the different
specifications (functional, manufacturing, and verification) are blended together. The outcome is a
poor, partial, and incoherent specification with inconsistent information and narrower tolerances
than necessary. Indeed, when there is a lack of coherent specification schemes and an abundance
of non-organized datum systems, the tolerance values need to be assigned tighter in order to
compensate for the lack of proper functional specification (see chapter 7 on page 179). This is
necessary to fulfill functional requirements expressed in the form of Critical-To-Quality (CTQ)
dimensions, customer critical dimensions, or Key Characteristics, to name a few terms found in the
literature.

It is important to note that manufacturing and verification specifications are not intended to
be transferred from one level to another. Only the functional specifications should be handed over
since they represent the fundamental geometric requirements that guarantee the product's
functionality and performance.

2.4.3 The V model as a key to understanding

The V-model approach can be applied to the proposed scheme to highlight the product
development phases and timing within complex industrial organizations (Fig. 2.8). This approach
emphasizes the top-down problem decomposition occurring in the design department, as well as
the bottom-up integration and testing processes.
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Fig. 2.8: A simplified V-Model framework used to describe the product development (Adapted
from: [72]).

Functional tolerancing can be considered a top-down activity that is positioned on the
descending side of the V-model. However, in practice, a bottom-up approach for functional
tolerancing is often observed in industry. This means that upper-level specifications are constrained
by lower-level requirements, resulting in a lack of coherence and control at the product level. To
ensure the propagation of functional specifications, more design steps than necessary are often

taken. Each additional step introduces uncertainties, particularly in the specification's ambiguity and
the description of the function, as defined by ISO 17450-2:2012 [6]. These uncertainties consume

a portion of the variability budget defined by the functional specifications at the product level, leading

to a suboptimal specification scheme.

244 Clarifying Examples

In the following section, two examples are introduced to illustrate the “vertical” hierarchy of

functional specifications and the distinctions among specification types in the “horizontal” hierarchy.
These examples are intended solely to clarify the concepts discussed in this chapter. Further

investigations will be presented throughout the manuscript.
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Submersible pump

The first example presents a simplified assembly of a submersible pump, focusing on the
case and the impeller components. Fig. 2.9 illustrates a possible functional specification for the
assembly, which encompasses both the case sub-system and the impeller envelope. The functional
specification includes the primary datum [P-R], which represents the spinning axis that governs the
mechanical dynamics of the pump, and the secondary datum [T], defined by the pump outlet. This
datum system is established within the pump assembly since the datum features [73] are present
in different parts. Additionally, other functional surfaces, controlled by surface profile tolerances,
describe both the inner surface of the pump case and the impeller envelope, ensuring an

appropriate functional gap.
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Fig. 2.9: Submersible pump assembly functional specification.

Fig. 2.10, Fig. 2.11, and Fig. 2.12 depict coherent functional specifications for the impeller,
as well as the front and rear parts of the case sub-assembly. At the part specification level, the
datum system defines the mating features of the assembly. This approach enables the
establishment of direct and straightforward tolerance stack-ups, which in turn connect the parts’
specifications to the corresponding functional specifications at the assembly level (see chapter 5
on page 135). Through these tolerance stack-ups, the “vertical’ tolerance hierarchy can be

implemented effectively.
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Fig. 2.10: Impeller functional specification.

@12 +,(GG) (04)
o [¢[ot[P[R A
| '

P : @ Lst,(E) 02 |
L{ot|P

(o1 E t, (03)

ae4—»h

©8) [a[t[PTR]T] \ﬂ\/
a

R

09 [2]t, [P]R]T]

(
S

AA (06) D46 £ t,(E)
onlefon[P[R]T
Functional drawing

TEDs according to CAD Model ABC123
General tolerances ISO 22081

oty [PIR]T]¢10) Q @

Fig. 2.11: Pump case base functional specification.
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Spacer plate

The second example focuses on a simple spacer used to adjust the distance between two
parts. The spacer has a pattern of eight holes designed to accommodate through shafts.

Fig. 2.13 illustrates the functional specification for this component. The flange of the spacer
has three symmetry planes, allowing it to be assembled in four different layouts. As a result, the
primary datum is assigned to the median plane of the plate thickness. The holes are specified as a
pattern according to ISO 5458:2018 [74], and they define the secondary datum, establishing a
complete datum system. The challenge of creating a tolerance stack-up when a pattern defines the
datum system is discussed in chapter 4. The remaining surfaces of the spacer do not interact with
other parts in the assembly and are controlled by general tolerances based on ISO 22081:2021
[75].
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Fig. 2.13: Functional specification for a spacer plate.

One possible manufacturing specification is presented in Fig. 2.14. It is assumed that the

part will be produced through machining, and the datum system is derived from the fixturing.
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Fig. 2.14: Manufacturing specification for a spacer plate.

The functional and manufacturing specifications should be related through tolerance stack-
ups, where the functional tolerances represent the critical dimension limits, and the manufacturing
tolerances account for process-dependent variables. In the case of non-rigid parts, which only reach
a stable configuration once assembled, the correlation should also consider deformability as
presented in chapter 8.

By comparing the functional and manufacturing specifications proposed for the spacer, an
interesting observation can be made. It is noticeable that the number of tolerances increases from
the functional specification to the manufacturing specification, going from 5 to 7 tolerances.
Additionally, in the functional specification, the tolerance t, (i.e., flatness of the median plane of the
spacer) may be deemed irrelevant since the form is already controlled by the size tolerance with
the envelope requirement.

The increase in tolerances, and consequently the increase in complexity, is attributed to the
fact that the manufacturing specification includes additional requirements beyond those covered by
the functional specification. While the functional specification focuses solely on ensuring
functionality, the manufacturing specification must ensure functionality as well as address the
specific requirements of the chosen manufacturing process.

Therefore, the manufacturing specification not only needs to consider the functional
requirements but also incorporates the requirements associated with the manufacturing process,

leading to a more wide-ranging set of tolerances.
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2.4.5 Final remarks

It is crucial to distinguish between the act of tolerancing, the resulting information
(specification or specification scheme), and the medium (as defined in ISO 10209:2012 [36]) that
facilitates the transmission of information (TPD). The ISO/TS 21619:2018, as part of the ISO GPS,
primarily focuses on the information (specification types) rather than the medium (TPD) and should
be updated accordingly. Given the importance of hierarchically organizing the specification types
as depicted in Fig. 2.4, it becomes evident to identify the key actors and their responsibilities,
thereby expanding upon the “responsibility principle” outlined in ISO 8015:2011 [76].

At the industrial level, the implications of the hierarchical framework allow each department
to take responsibility for managing the functional/manufacturing/verification specifications relevant

to their respective expertise, while adhering to the constraints imposed by higher-level hierarchies.

25| Research gaps

The proposed approach challenges the current critical modus operandi in the field of GPS
and promotes a more efficient and effective management of tolerancing activities. The application
of this model opens up several research gaps and research questions, which are summarized in
Fig. 2.15.

Regarding the design department, the first issue is the creation of a pure functional
specification, as in industry it is common to have hybrid specifications that merge functional and
manufacturing requirements. The question is: Can we define a methodology that allows for the
creation of a pure functional specification? Chapter 3 and 4 cover this point. In particular, chapter
3 looks at the identification and classification of functional features; chapter 4 looks at the actual
creation of functional specifications as 2D drawings.

Once a functional specification has been developed, another question arises: How effective
is the specification in describing functional requirements? The second research gap identified is the
definition of specification efficiency. However, this research gap was not investigated within the
PhD program and therefore is not covered in this manuscript. It will be addressed in future research.

Within the design department, isolated from interactions with other departments, the adoption
of a top-down design and specification process raises the challenge of effectively managing
tolerance stack-ups. Chapter 5 endeavors to present a methodology that integrates the top-down
approach for handling tolerance stack-ups.

One specific type of feature to handle in functional specifications is patterns of fits. The
question is: How can we compute the statistical rejection rate of patterns of fits when they serve as
alignment features and therefore act as datum features? Chapter 6 will address this specific issue.

Pattern of Fits, or fits in general, are frequently employed for aligning parts. The most extreme
instance is encountered when bolted connections are utilized to ensure alignment during assembly.
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Fig. 2.15: graphical representation of the research gaps that were identified.

Clearance is unavoidable in such cases, which can lead to operational issues. Chapter 7
employs tolerance stack-up analysis to investigate the impact of various geometric specifications
on the rejection rate. This analysis allows quantifying the effects of different design solutions,
suggests when material conditions are appropriate, and demonstrates the positive effects of
incorporating an explicit alignment feature.

In the manufacturing department, a key question arises: If functional, manufacturing, and
verification specifications exist in separate forms, how can we handle the conversion of information
from one specification to another? Chapter 8 will cover the correlation between functional and
manufacturing specification in case of deformable assemblies.

In the quality control department, the first issue is the formal definition of what a verification
specification should be. Although it is mentioned in the standards (ISO/TS 21619:2018), no practical
definition or indication of its contents is provided. Chapter 9 will elaborate on this definition,
proposing some applications that are compatible with the current ISO GPS system.

When actual distribution data obtained from quality control are employed as inputs for
tolerance stack-ups, facilitating virtual assembly simulations, the challenge arises of how to
appropriately configure the simulation. This is due to the fact that actual distributions may not always
be Gaussian or centered. Chapter 10 explores different settings for tolerance stack-up analysis,

utilizing Second Order Tolerance Analysis Methods (as implemented in CETOL 6sigma).
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Lastly, in chapter 11, a potential industrial implementation of the proposed methodology is
outlined. This section showcases some of the experience gained in collaboration with Electrolux
Italia SpA, illustrating how the framework presented throughout this thesis can be practically applied

in an industrial context.
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3 || Classification of functional features

We classify things for the purpose of doing something to them. Any
classification which does not assist manipulation is worse than

useless.

Randolph Bourne

The Design Tools and Methods in Industrial Engineering Laboratory from the University of
Padova, thanks to the experience gained over the years and as a result of collaborations with
national and international companies, has developed a practical method for functional geometric
specification that tries to bring together the goods from the two normative systems (languages),
ISO GPS and ASME Y15.5 (GD&T).

The proposed method consists of three main phases:

e Phase 0: definition of functional requirements, including the definition of functional features and
datum features.
e Phase 1: definition of the functional dimensioning scheme.

e Phase 2: addition of the functional specification (tolerances), both dimensional and geometrical.

Therefore, the first step for the creation of a functional specification is distinguish between
what is functional and what is not in the component, or in other words, the definition of functional
features/surfaces and its classification needed for a smooth operation during phase 1 and 2. This
chapter focuses on phase 0, while the discussion on phase 1 and 2 can be found on the subsequent

chapter.

3.1|| Phase 0: definition of functional requirements

In Phase 0, the functional requirements are discussed and defined. Everything start from the
analysis of the assembly to which the component pertain. Functional requirement derives primarily
from assembly constraint. There are really few product that are “single component products”. For

the majority product are assemblies and their ability to serve a function lays behind the interaction
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of each single component with its surrounding components within the assembly. A single misplaced
screw can prevent an entire product to work properly. For this reason the functional requirements
for sure collect together all assembly requirements [77]. A further refinement can reveal the
existence of other functional requirements that does not directly derive from assembly requirement;
this is the case of requirement deriving from the interaction of the part with the surrounding
environment. An example may be the position of an aerodynamic surface that interact with the fluid
flows. Nevertheless, these requirements, when they involve the location and or orientation of a
feature, derive from assembly requirements: the misplacement or mis-assembly of the part prevent
the correct functionality.

The assembly needs to be analyzed from a dynamic and cinematic point of view: the
components does not “materialize” in position but they are place in position. Different strategies for
this are followed on the two sides of the Atlantic ocean as quoted by Daniel Whitney in his book:
“We [in the USA|] like to let the parts fall into place by themselves. The Europeans want to overpower
the parts and force them into shape” [77]; this difference can also be appreciated in the difference
between the ISO GPS and ASME GD&T languages. This means that non only the contact
surfaces/features are of interest but also the one that are used to guide the part in position.

The result of this phase is the definition and classification of all functional surfaces/features.
From the experience gained so far, this is the most difficult phase since no methodological guidance
has already been defined. Therefore, the discussion among designer may lead to entropy being
generated and possibly divergences of functionality assumption. Indeed, many times, consideration
coming from manufacturing requirements and/or verification requirements distract the designer and
lead to the incorporation of information not relevant to functionality. To overcome this
methodological constraint, in this chapter a formal methodology to complete phase 0 will be

presented and discussed.

3.2|| A formal methodology for phase 0

Here the aim is to formalize Phase 0 of the Functional Geometric Specification Method. Its
goal is to provide the designer with a step-by-step procedure for determining and cataloging the
functional features resulting from the functional requirements.

Formalization is crucial to overcome critical issues encountered in many different industrial
collaborations when performing the functional analysis of a part/subassembly. The comprehensive
workflow of the proposed methodology is shown in Fig. 3.1. In the following, a top-level description
of the workflow will be provided, followed by a detailed description of each step in the subsequent

section.
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Fig. 3.1: Proposed workflow.
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This flowchart is recursive, as it requires its application, starting from the top-level assembly,
for each sub-assembly that is ideally disassembled, considering it as a new starting assembly. The
recursive procedure somehow remaps the multilevel model for tolerance management presented
in the previous chapter (Fig. 2.6). Initially, each sub-assembly is treated as an individual part,
allowing for the creation of congruent sub-assembly drawings. In many industrial collaborations, the
lack of proper assembly and sub-assembly drawings has been recorded. In many instances,
assembly/sub-assembly drawings are used as bills of materials or as references for the assembly
process, without providing actual specifications. Nonetheless, the functional specification at the
assembly/sub-assembly level is crucial for the tolerance specification management framework
presented in the previous chapter, as it explicitly assigns geometric variability to the relationships
between parts that fulfill the functional requirements. For example, a nominal gap with a value of
zero might need to be greater than zero to allow for assemblability, or in the opposite case, contact
might be required between two specific surfaces. This type of information was already expressed
in words in the work by Stanley Parker in the 1950s [18]. Unfortunately, it seems that the ISO GPS
system has not evolved towards formalizing such requirements thus far. This issue may need to be
addressed at the standardization level in order to provide standardized symbology to express these
basic assembly requirements.

The workflow is divided into a series of operations that identify the main steps to follow:

e Critical zone identification.

e Disassembly.

e Application of DfA method.

¢ Refinement.

e Functional surface classification.

e Functional specification (Phase 1 and phase 2).

From Fig. 3.1, it can be observed that the first operation is the identification of critical zones:
using the CAD model of the object and the functional requirements, the so-called “chain surfaces”
and “other critical surfaces” can be identified. “Chain surfaces” refer to surfaces belonging to
different components within the assembly that identify gaps, which may even be zero in the nominal
case, that need to be controlled through tolerance stack-up. The “other functional surfaces”
encompass surfaces critical for the assembly's operation due to their interface with the external
world. Although they do not contribute to the definition of any tolerance chain, their misplacement
at the assembly level could result in functional deficits. For example, a surface with aerodynamic
characteristics can have a significant effect even if it doesn't define any critical gap.

With this information established by the operator recorded, the virtual disassembly of the
product follows, resulting in sub-assemblies and/or individual parts. At this point, any sub-

assemblies are considered as a whole part. The “assembly features” and a hypothetical assembly
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sequence/procedure can be defined. The assembly features are the features that locate, orientate
and lock the part in the assembly.

By applying the DfA method it is possible to estimate the assembly design's effectiveness in
terms of assemblability. If the obtained value falls within the limits defined by the operator, the next
phase can proceed; otherwise, the assembly sequences and/or identified sub-assemblies need to
be revised. When the efficiency is satisfactory, the assembly procedure is frozen and confirmed.
Consequently, the assembly surfaces are also confirmed. It is then possible to perform a
“refinement” activity on the assembly surfaces: although an entire feature may have been defined
as an assembly feature, the actual contact between the parts may occur in a restricted portion of it.
By refining the assembly surfaces, the definition of Datum Targets is advanced, allowing for a better
description of the functional condition related to assembly at the Datum System level. Then, the
classification of functional features is carried out, identifying and naming the assembly feature to
the previous level (i.e., the features through which the examined part/sub-assembly is assembled
to what has already been assembled before) and the assembly feature to the next level (i.e., the
features to which additional components or sub-assemblies will be assembled).

Completing the set of functional surfaces are the chain features and other critical features

defined in the first step.

All this information is transferred to Phases 1 and 2 of the geometric specification method,
where the defined functional information is converted into a proper functional geometric

specification by means of the language define by the ISO GPS system.

3.3|| Approach validation

The presented method is applied to an exemplary case study. The product considered for
the case study is a simple caster, composed of the following parts: Base, Risers (right and left),
Bearings (right and left), Shaft, Wheel, and M10 Fastening Screws. A physical realization of the
assembly is shown in Fig. 3.2 for reference. The model should look familiar to most since it is a
typical case study used for training in 3D CAD modeling and other CAE applications. This particular
model is far from optimized geometrically, which will allow the validation of the proposed

methodology in a challenging yet very simple assembly.

67



Fig. 3.2: The actual model used consists of the following components: the red Pulley component,
the blue Base component, the two green Uprights, the white Bearings, the light gray Shaft, and
the purple M10 Screws.

Having knowledge of the product’s use is crucial for the operator to start the procedure. In
this specific case, it was assumed that the rotating part (wheel) of this caster should be able to
rotate freely to interact with an unseen belt, which must not interfere with any other component.
Therefore, the caster act as a counterweight: it is a free standing assembly that does not have any
fixed mounting on any other part/assembly. This last assumption will heavily influence the final
result: a different assumption would have led to a significantly different result.
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3.3.1 Identification of critical zones

—
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Fig. 3.3: Identification of critical zones.

Firstly, the CAD model of the assembly on which we intend to work needs to be analyzed.
The objective is to identify functional features/surfaces that define critical areas, taking into account
the functional requirements of the product. This observation must be carried out considering that
we want to avoid problems at the assembly level. The product is considered already assembled,
so it is not necessary to consider issues related to the assembly process itself. The focus is on gaps
between the various parts that need to be present to allow for cinematic purposes or to guarantee
specific contact points between parts. These are identified as “chain surfaces,” as previously
defined. Other features/surfaces that interact with the external world and whose misplacement will
impact performance need to be considered as well. For example, an aerodynamic surface may fit
within this definition as its misplacement may significantly impact aerodynamic performance (e.g.,
drag, lift, power efficiency, etc.). Aesthetic surfaces may also fit within this category, as
misplacement or misshaping of these surfaces may impact perceived quality by the customer and
erode market share. It is noteworthy that in some instances, aesthetic surfaces may be considered
as chain surfaces if a gap/alignment issue between two surfaces needs to be considered.

Clearly, the CAD model presents nominal dimensions, so any gaps may not be visible in the
model as they have a nominally zero value. Nevertheless, to meet the functional requirements, the
designer knows that the real model must have a positive gap (clearance) or a zero gap (contact).
In the latter case, we no longer consider them as chain surfaces but as assembly surfaces.

Fig. 3.4 shows the identified areas for the case study.

The focus is on maintaining a predetermined distance (gap) between the components, which
is essential for the functioning of the model according to the previously expressed functional
requirements, specifically wheel rotation. At the same time, the gaps between the wheel and the
bushing, as well as between the shaft and the bushings, should not exceed a predetermined value.
Large gaps can induce vibrations, leading to decreased quality perception, noise, and increased

wear. All of these considerations are even more relevant since we are dealing with a kinematic
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assembly with one degree of freedom, which means that functionally, the assembly allows the

wheel to move relative to the main structure.

@

Fig. 3.4: The critical zones identified in the caster are as follows: Zone 1: Gap between the

Bushings and Wheel. Zone 2: Gap between the Wheel and Base.

The geometric functional requirements for this assembly can be summarized as follows. In
the lower area, between the surface of the wheel (component 7 in Fig. 3.4) and the surface of the
Base (component 1 in Fig. 3.4), there must be a minimum distance to ensure the rotation of the
wheel and provide sufficient space for the belt to pass through. Between the side surfaces of the
wheel and the surfaces of the bushings, there should be a certain positive gap to prevent scraping
between the components during their rotation, even though the nominal gap is zero. If the gap were
negative, it would indicate interference that would prevent rotation. The shaft-hole coupling between
both ends of the shaft and the bushings must have a close running fit.

These areas identify the initial functional surfaces of the model, which in this case include

the chain surfaces and the clearance fit.
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3.3.2 Disassembly
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Fig. 3.5: Disassembly phase.

In In this phase, the initial assembly is divided into multiple sub-assemblies and/or individual
parts. The disassembly may be both physical, on a mockup or prototype, or digital considering the
CAD model. If the disassembly is performed digitally, it is important to “think physically” meaning
that the disassembly procedure should be possible in a physical context, indeed working on a CAD
model it is possible to define disassembly procedure that are not physically possible. At this point
it is important to stress that the disassembly is seen as a iterative process, as already mention
though out the first sections of these chapter. Each sub-assembly that is taken out from the product
is treated as a separate parts following a “Top-Down” approach. Once the workflow is followed till
the end, each sub-assembly re-enter the workflow from the beginning. Referring to Fig. 2.6 in the
previous chapter, the procedure is performed at each horizontal level to generate functional
specifications. When the work at one level is done, the functional specification for a sub-assembly
together with the CAD model is hand hovered to the lower level of the scheme and the workflow
iterated. This approach should lead to better work management, even when dealing with large
assemblies, as the sub-assemblies would be managed separately in subsequent phases of the
work. This procedure can also be implemented independently from the type of supply chain involved
(internal vs external). Indeed, each sub-assembly may represent a sub-assembly that is developed
and produced by an external supplier.

When disassembling, it is necessary to establish a criterion for determining the sub-
assemblies. Different strategies may lead to very different results and may depends on the company
setup. In the context of this work, it has been decided to let this degree of freedom in the application
of the framework. For the application of the framework in this work, it has been decided to define
the sub-assemblies as “functional” to the assembly procedure. Therefore, ideally, a sub-assembly
is an assembly of parts that would physically remain in the hands of an operator during a physical
disassembly. In case this criterion is not satisfactory, other more elaborate criteria may be defined.

As an example sub-assemblies may be defined considering relative motion, same material,

7



structural functions, etc. However, such an elaborate criterion has not been chosen due to the
difficulties in generalizing a method that can be as general and widely applicable as possible,
regardless of the assembly being considered. Nonetheless, it may be interesting to explore the
variability of results due to different criteria.

Once the single sub-assembly and/or single parts are defined, the disassembly operations
will lead to the identification of other functional feature, namely the “assembly features”, as well as
the identification of hypothetical assembly sequences. In other words it is possible to know which
surface/feature will be in contact and the order in which the contact occur.

In our case study, the disassembling immediately led to the identification of two main sub-

assemblies and a single component:

e Sub-assembly named “wheel_asm,” containing the components Shaft and Wheel.
e Sub-assembly named “riser_asm,” containing the components Riser itself and Bushing (two
units).

e Component “Base.”

Fig. 3.6: Sub-assembly “wheel_asm” (3),’riser_asm” (2), and Base component (1).
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The “wheel_asm” sub-assembly represents the components involved in the movement, while
the “riser_asm” sub-assembly and the “base” component represents the statoric part of the

assembly and gives rigidity to the structure (see Fig. 3.6 for the “wheel_asm,” “riser_asm,” and
“base” sub-assemblies).

With the obtained sub-assembilies, individual parts, and information about the surfaces in
mutual contact, it is possible to identify hypothetical assembly sequences. For the analyzed case,

these sequences are detailed in the next sub-section.

3.3.3 DfA Methodology
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Fig. 3.7: DfA methodology phase.

In this phase, considering the hypothesized assembly sequences, Design for Assembly (DfA)
procedures can be applied, following the Boothroyd-Dewhurst method [78], to obtain the design
efficiency. In this specific application, the efficiency value will be considered as an estimator of the
quality of the assembly sequence associated with the 3D model, as the geometry of the components
is considered fixed and non-negotiable. The goal is to define a functional geometric specification
for the already defined geometry without the option to update the geometry of any part of the

product. The subsequent phases can only proceed if the obtained efficiency is acceptable and
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meets predefined criteria. Otherwise, a revision can be considered, as indicated by the loop in the
diagram (Fig. 3.7). This revision will primarily be applied to the assembly sequences. In many
instances, changing the assembly sequence can improve the result of the DfA analysis, for
example, by allowing easier part insertion or eliminating restricted access issues. If no
improvements are achieved, attention can be shifted to the definition of sub-assemblies and,
consequently, the assembly surfaces.

At this point, the analysis can be remade, and the results compared to the previous iteration.
It is noteworthy to point out that, given the fact that the geometry cannot be changed (as
hypothesis), the DfA result depends only on the assembly sequence and assembly hypothesis.
Therefore, optimizing the DfA efficiency means identifying an optimal assembly sequence. In
general, in accordance with the indication from Boothroyd-Dewhurst [78], the result from the DfA
analysis can also be used to reiterate the design phase and update the nominal geometry

accordingly.

Considering our case study, the caster, the assembly sequence remap backwards the
disassembly procedure that has been described in the previous subsection. Therefore the assembly
procedure requires the assembly of two preliminary sub-assembly: the “wheel_asm” and the
“riser_asm” (two instances). The assembly of two preliminary sub-assembly requires interference.
Once these three sub-assembly have been assemble the final assembly sequence can start. A
summary of the assembly procedure is shown in Tab. 3.1. Initially, one instance of the “whell_asm”
sub-assembly is assembled by an interference fit between the shaft and the wheel; the sub-
assembly is then put on hold. Two instances of the “riser_asm” need to be assembly, also in this
case the assembly needs interference. These two identical sub-assemblies are put on hold too. At
this point the base component is fixed in the fixture, and the first “riser_asm” is pre-assembled
(screws are not tightened). The “wheel_asm” follows, and while it is manually maintained in position
the second “riser_asm” is placed in position. At this point all screws are tightened and the caster is

completely assembled.

Tab. 3.1: Assembly procedure with sub-assembly

The “riser_asm” is assembled by assembling
1 together the riser and the bushing. Two sub-

assemblies are needed.

The “wheel_asm” is assembled by assembling together the wheel

2 y
% and the shaft.
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3 The base component is place in the fixture.

4 The first “riser_asm” is placed in its slot into the base.

5 Two M10 screws are pre mounted to keep the first “riser_asm” in

place.
5 The “wheel_asm” is inderted into the bushing of the first
“riser_asm”.

; The second “riser_asm” is assembled by inserting its bushing into
the shaft and placing the riser in its slot into the base.

8 All the four M10 screws are tightened.

At this point, the Design for Assembly (DfA) methodology is applied. The DfA Index can be

calculated for the procedure with individual components using the following formula:

3 Npin

DFA =
Index = T4t Ass. Time
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where N,,,;,, refers to the total count of the minimum parts required for assembly (in this case,
6 components), 3 is a fixed value, and Tot. Ass. Time refers to the total assembly time calculated
as the sum of the times for each individual component.

In our case, the DfA index is:

DFAppgex = = 0.17(17%)

119,04

This result is considered as acceptable and the assembly procedure is confirmed. The

detailed assembly procedure for the caster case study is presented below.

The first operation to be performed is the positioning of the Base component (Fig. 3.8) on a
support and clamping plane to assemble the subsequent components in an organized and safe

way. From Fig. 3.8, it can be observed that the Base is placed by inserting it along the Y-axis.

Fig. 3.8: Base posing on the fixturing base.

Fig. 3.9 illustrates how the sub-assemblies “riser_asm” and “wheel_asm” are assembled. In
both cases, an interference fit is required between the components, namely riser + bushing and
wheel + shaft, with the X-axis as the insertion direction of the components. The bushing stops when
in contact with the riser along the X-axis, while the shaft and the wheel need to be aligned to create

a single surface on both sides.
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Fig. 3.9: assembly procedure to obtain the “riser_asm” and the “wheel_asm” sub-assemblies.

The next step is the pre-assembly of the “riser_asm” sub-assembly to the Base (Fig. 3.10)
by placing the “riser_asm”, bringing it into contact with the vertical surface of the Base, and aligning

the outer surfaces with those of the Base.

Fig. 3.10: “riser_asm” sub-assembly posing on the base component.
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At this point, it is necessary to pre-assemble the two screws by lightly screwing them in for
two simple reasons: the first is to free up the hand from holding the “riser_asm” sub-assembly in
place (Fig. 3.11); the second reason is related to the correct insertion and positioning of the next
sub-assembly. Since the “riser_asm” is not fully tightened, it will be possible to adjust its position to

accommodate the “wheel_asm”.

Fig. 3.11: Pre-mounting of M10 screws.

Now it is possible to insert the “wheel_asm” sub-assembly into the assembly already

assembled so far, following the insertion direction along the X-axis (Fig. 3.12).

Fig. 3.12: “wheel_asm” insertion.
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Next, proceed with the assembly of the second “riser_asm” sub-assembly (Fig. 3.13),
following the same operations performed earlier, taking care to ensure that the shaft is properly

seated inside the bushing.

Fig. 3.13: assembly of the second “riser_asm” sub-assembly.

The remaining operation is the assembly of the 4 M10 screws (Fig. 3.14) that secure the

complete object in place.
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3.3.4 Functional feature refinement
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Fig. 3.15: Refinement of assembly surfaces phase.

In many cases, it is possible that the extension of a geometric feature classified as functional,
according to the workflow, is much larger than the actual functional portion. For example, a planar
surface may be classified as an assembly feature due to its contact with an adjacent part/sub-
assembly, but the actual contact only occurs in a small portion of the surface.

If this is not addressed, in subsequent phases (functional specification), tolerances will be
assigned to larger features than necessary. This would imply the use of more precise and accurate
manufacturing processes than needed, resulting in increased production costs due to a poor
functional description. A functional specification should strictly specify only the pure functional
requirements, excluding functionality requirements that cannot be met. For instance, if a tight
location tolerance is applied to a large planar surface because it is classified as an assembly
surface, but the contact is limited to a small portion representing only 10% of the total surface area,
then 90% of the surface controlled by the location tolerance is actually nonfunctional. This means
that noncompliance in the nonfunctional area would lead to scrap a perfectly functional part.

Another peculiar case occurs when the same geometric feature serves two different
functional needs. For example, the same planar surface may serve as an assembly feature to the
previous level in one portion and as an assembly feature to the next level in another portion.
Although they are both assembly requirements, according to phases 1 and 2 of the geometric

specification methodology, the outcomes are very different. In the specification section, the
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assembly features for the previous level will become datum features, while the assembly features
for the next level will become controlled features. The refinement phase allows for the separation
of contributions that define pure functional features, making it easier to create tolerance stack-ups.
For example, if we assume the tolerance stack-up model proposed by Fischer [79], the ambiguity
of integrating form tolerances into the stack-up is resolved. Paul Drake Jr.’s example of how to
integrate form tolerances involved a geometric feature that is simultaneously an assembly feature
for both the previous and subsequent levels [80] 3.

For these reasons, it is crucial to refine the functional features for an effective functional
description. This operation can be performed natively within the SolidWorks software, which was
used throughout this case study. However, equivalent operations can be defined within each CAD
tool.

To perform this operation, a “Top-Down” approach should be followed. The contact area
between two components is identified by using the edges of the adjacent component's face. The
geometric sketch is created in the part being refined, as a “converted entity” from the adjacent part.
The shape of the geometric sketch depends on the shape of the adjacent part, while the sketch
position depends on the assembly constraint in the assembly model. Any modifications to the parts
or assembly constraint will impact the sketch accordingly. In some cases, the “convert entity”
function may not work properly, especially when working with imported files. In such cases, itis up
to the designer to properly remap the contact surface of the adjacent part, allowing for its
parametrization.

Finally, to create the actual assembly feature, the sketch is used to “split” the surface. This
can be achieved using the “Split Line” command in SolidWorks. The result of this process for our

case study is shown in Fig. 3.16.

3 The example can be found in sub-secion 9.3.1 and figure 9-10 of Paul Drake Jr.’s book [80].
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Fig. 3.16: Exploded view with all components where functional features are highlighted.

At this point, there is an interesting opportunity for visualizing the assembly, sub-assembly,
or parts. A copy of the product containing only the functional surfaces can be generated, as shown
in Fig. 3.17. The purpose is to “hide” all non-functional information that is not useful for the analysis,

allowing the designer to focus solely on the functional surfaces/features.

In SolidWorks, this result is achieved using the “Offset Surface” command and selecting an
offset distance of 0.00 mm. This creates a part file that includes both solid geometry (the modeled
part) and a set of surfaces (the extracted surfaces). By hiding the solid model, the “surface model”
can be viewed and studied. It is important to note that this result can be used as a baseline for
generative design. With the interfaces and critical surfaces/features defined, a generative algorithm
can optimize the material distribution, connecting these surfaces to withstand external loads and

conditions.
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3.3.5 Functional surfaces classification
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Fig. 3.18: Classification of functional features phase.

After analyzing the assembly procedure using the DfA analysis and confirming the optimal
assembly procedure, a classification of all functional surfaces/features is performed. This
classification is crucial for the subsequent phases as it allows for automated processing. During the
initial stages of the method, at the assembly level, a collection of functional features, namely chain
surfaces and other critical surfaces/features, were identified. With the help of the DfA analysis, the
assembly surfaces are also identified. At this point, a formal classification for all functional surfaces

can be as follows:

e Assembly surfaces/features:
o At the previous level: surfaces and/or features used to assemble the part to what has
already been assembled previously.
o Atthe next level: surfaces and/or features used to assemble additional components or
sub-assemblies to the part.
e Chain surfaces: surfaces that define gaps required for the proper functioning of the object and
can be controlled through a tolerance stack-up.
o Other “critical” surfaces/features: all other surfaces/features that serve a functional need but do

not contribute to the assembly or gaps controlled by tolerance stack-up.

Next, the results of the classification for each functional surface/feature in the case study
(caster) are presented and discussed.

Examining the Base component (Fig. 3.19), we can identify two surfaces marked with the
letter A, which represent a pattern of assembly surfaces at the next level. These surfaces will
accommodate the “riser_asm” sub-assembly that will be assembled later. The letter B indicates a
pattern of two vertical surfaces, which will serve as contact surfaces for the “riser_asm” sub-

assembly, and are therefore classified as assembly surfaces at the next level. The letter C indicates
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four features (threaded holes) that are categorized as surfaces with other functionalities. In this
case, these features are not defined as assembly surfaces because, although they mate with four
M10 screws and there is an actual assembly, the screws are considered off-the-shelf components.
Their misplacement may make the assembly impossible but does not significantly affect the location
of the parts in the final assembly. It is important to note that fastener elements should not be used
for alignment purposes as they provide poor alignment compared to other solutions, see chapter 7.
In fact, our focus is on the localization of these threaded holes with respect to the through holes in
the “riser_asm”.

Surface D indicates a chain surface because it defines a required gap to prevent contact
between the surface of the wheel and the Base. The four surfaces marked with the letter E identify
small areas used for the alignment of the “riser_asm” sub-assembly. These areas represent the
region used to align the “riser_asm” to the base. The alignment can be done manually (by the
operator using their fingertips) or with the assistance of an external fixture (as supposed in this

work). Therefore, these surfaces are classified as assembly surfaces at the next level.

Assembly surfaces

<

" at the next level
Assembly surfaces

" at the previous level

All ofher functional

h.’ surfaces

(2x+2x)x

Fig. 3.19: Base component functional feature classification. A) Assembly features at the next
level, B) Assembly features at the next level, C) Other functional features, D) Chain features, E)

Other functional features.

Fig. 3.20 summarizes the functional surfaces visible when the “riser_asm” sub-assembly,
consisting of the riser and bushing, is assembled. The two lateral surfaces indicated by the letter H
are used for aligning the “riser_asm” with the Base, as mentioned earlier when discussing surfaces
E on the Base (Fig. 3.19). In this case, these surfaces are classified as assembly surfaces at the
previous level. Surfaces | and J come into contact with the Base component, and are therefore
classified as assembly surfaces at the previous level. The two features identified by the letter K are
the through holes through which M10 screws pass to secure the “riser_asm” to the base. Since we
always want to maintain clearance between the holes and the screws, these are considered chain
surfaces, as a minimum gap between each screw and hole is required. The surface indicated by
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the letter L is also a chain surface, which is important for allowing the “wheel_asm” sub-assembly
to rotate without experiencing friction. A gap should always be present between this surface and
the “wheel_asm”. However, this same surface can also be considered an assembly surface at the
next level, as it is nominally in contact with the “wheel_asm”. Lastly, feature M is an assembly
surface at the next level, as the “wheel_asm” is assembled to it, creating a shaft-hole connection.
It is important to note that this connection needs to be a clearance fit to allow for the free rotation

of the “wheel_asm”.

Assembly surfaces

<4

" at the next level
Assembly surfaces

at the previous level

All other functional

h‘ surfaces

Fig. 3.20: “riser_asm” sub-assembly functional feature classification. H) Assembly features at the
previous level, 1) Assembly features at the previous level, J) Assembly features at the previous
level, K) Other functional features, L) Chain features / Assembly features at the next level, M)

Assembly features at the next level.

Analyzing the riser component in detail (Fig. 3.21), in addition to the surfaces mentioned in
Fig. 3.20 (I, J, K, H), we observe the following: the feature (hole) indicated by the letter F, which
represents an assembly surface at the next level where an interference fit between the riser and
the bushing takes place; and the surface indicated by G, which refers to the surface that will be in
contact with the bushing. Therefore, both the hole and the surface are considered assembly

surfaces at the next level.
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Fig. 3.21: Riser component functional feature classification. F) Assembly features at the next
level, G) Assembly features at the next level, H) Assembly features at the previous level, I)
Assembly features at the previous level, J) Assembly features at the previous level, K) Other

functional features.

For the bushing component (Fig. 3.22), the features L and M were already analyzed at the
sub-assembly level and their function does not change here at the component level. Besides these
two, we can also highlight surface N, which comes into contact with the riser, and feature O, which
mates with the riser through an interference fit. Therefore, both surface N and feature O are

considered assembly surfaces/features at the previous level.

Assembly surfaces

() b
" at the next level
Assembly surfaces
> Y at the previous level
X 7 X All other functional
0 h‘ surfaces

Fig. 3.22: Bushing component functional feature classification. L) Chain features / Assembly
features at the next level, M) Assembly features at the next level, N) Assembly features at the

previous level, O) Assembly features at the previous level.

Fig. 3.23, shows the classification of the functional surfaces after obtaining the sub-assembly
“wheel_asm”. The features indicated by the letter P refer to the features that have a clearance fit

with the bushings, therefore they are classified as assembly surfaces at the previous level. The
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surfaces labeled with the letters Q and S actually identify a single surface at the sub-assembly level
and are classified as chain surfaces that oppose the surfaces of the bushing (indicated by the letter
L in Fig. 3.22). Alternatively, these same surfaces can also be considered as assembly surfaces at
the previous level. The surface labeled with the letter U is also a chain surface since it defines the

gap with the base component that needs to be controlled.

" Assembly surfaces
" at the next level

Assembly surfaces

at the previous level

All other functional

-
surfaces

Fig. 3.23: — “wheel_asm” sub-assembly functional feature classification. P) Assembly features at
the previous level, Q) Chain features / Assembly features at the previous level, S) Chain features

/ Assembly features at the previous level, U) Chain features.

Analyzing the Shaft component, in addition to the surfaces indicated by the letters P and Q,
in Fig. 3.24, which were already analyzed at the sub-assembly level (Fig. 3.23), it is possible to
identify the feature labeled by the letter R. This surface represents an assembly surface at the next
level, as the wheel will be assembled with interference, ensuring rotation without slippage between

the parts.

Assembly surfaces
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Fig. 3.24: Shaft component functional feature classification. P) Assembly features at the previous
level, Q) Chain features / Assembly features at the previous level, R) Assembly features at the

next level.
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The wheel component (Fig. 3.25) also shows, in addition to surfaces S and U that were
already analyzed at the sub-assembly level (Fig. 3.23), the surface indicated by the letter T. This
surface serves as an assembly surface at the previous level, as it accommodates the interference

fit with the shaft.

Assembly surfaces
’ at the next level

Assembly surfaces
o
" at the previous level
All other functional

‘ surfaces

ATAN
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Fig. 3.25: Wheel component functional feature classification. S) Chain feature / Assembly features

at the previous level, T) Assembly features at the previous level, U) Chain feature.

The final result, as carried out in our case study, is depicted in Fig. 3.26, where only functional
surfaces are included in an “exploded” assembly. Functional surfaces with different purposes are
distinguished by different colors: green for chain surfaces and surfaces with other functionalities,

blue for assembly surfaces at previous level, and red for assembly surfaces at the next level.
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Fig. 3.26: Exploded view with all functional features highlighted.

3.3.6 Geometric specification

Assembly features Assembly features . Other critical
Chain surfaces
at the previous level at the next level features

Geometric specificaiton
(Phase 1 & 2)

Fig. 3.27: Geometric specification phase.

In this final phase, we encompass phases 1 and 2 of the Functional Geometric Specification
Method proposed by the Design Tools and Methods in Industrial Engineering Laboratory
(referenced in the introductory section of this chapter) to obtain the functional geometric
specification of the assembly/sub-assembly/parts we are dealing with.
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The main characteristics that a quality geometric specification must adhere to are as follows:

e Correctness: There should be no formal errors in the specification (incorrect usage of
symbology).

e Coherence: Different specifications should not contradict each other.

o Completeness: Each geometric element should be completely defined (all its degrees of
freedom shall be controlled).

e Essentiality: The interrelation between different geometric elements should be as direct as
possible, avoiding unnecessary information (e.g., avoiding the concatenation of Datum
Systems within a part).

o Effectiveness: The specification should contain only the relevant information needed for
functionality description.

e Efficiency: The specification should contain the least amount of information possible with the
largest tolerances possible, requiring less time to be generated and resulting in lower

production costs for the part.

Regarding this set of properties for a quality geometric specification, it is important to note
that the first three points are mandatory, as the comprehension of the geometric specification is at
risk without them. The last three points are “optional,” meaning that they are the properties that
distinguish an outstanding geometric specification from a good one.

To achieve a quality geometric specification, it is advisable to anticipate the distinction
between reference and referenced surfaces/features in phase zero. This involves distinguishing
between the datum features and the controlled ones, or in other words, determining which
surfaces/features will be included in the Datum System and in what hierarchical order.

The use of a model with pre-labeled surfaces, or even a model with only functional surfaces,
helps to avoid ambiguity in this phase as the designer is not distracted by non-functional
geometries. The refinement of functional surfaces also makes the process of identifying the Datum
targets or restricted zones in which specific tolerances will be applied more intuitive.

As a general rule, the assembly surfaces/features to the previous level become datum
features. These surfaces/features, which are used to position the part in the assembly, generally
restrict all degrees of freedom and represent the interface of the part with the already established
sub-assembly. Any misplacement of these surfaces will directly impact the placement of all other
surfaces/features of the part. For these reasons, they are the best candidates to become the
functional Datum System.

In cases where the part, when placed into the previous assembly, is not completely locked,
meaning that a datum system based on the assembly features to the previous level cannot restrict
all degrees of freedom, additional surfaces/features from the assembly level to the next level need
to be included to achieve a completely defined datum system that locks all functional degrees of

freedom. The selection of these surfaces/features from the assembly surfaces to the subsequent
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level depends on the assembly order, and the hierarchical order between datum features is derived
from the assembly order and sequence defined for the DfA analysis.

It is noteworthy that in order to define a completely defined Datum System, the functional
degrees of freedom are invoked. We can differentiate between geometric degrees of freedom,
which consider the full geometry of the part, and functional degrees of freedom, which only consider
the functional features (see also Fig. 3.26). Therefore, even if a part is not axisymmetric due to non-

functional features such as lightening holes, it can still be considered functionally axisymmetric.

Datum Features definition

In the following, a qualitative description of the Datum Systems for each sub-assembly and
part of our case study will be provided. It should be noted that at this stage, the focus is on identifying
the geometries that will compose the datum system and establishing the hierarchy among them,

rather than assigning actual specifications.

For the Base component (Fig. 3.28), as it is the first in the assembly process, it does not
have any assembly features to the previous level. Therefore, the datum features will be selected
from the assembly surfaces to the subsequent level. Firstly, there is a primary Datum, which is
defined by a common plane formed by the two horizontal surfaces where the risers are placed. This
primary Datum locks the translation along the Y-axis and rotations around the X and Z axes.
Secondly, there is a secondary Datum, which is defined by the collection of the two vertical surfaces
where the risers stop in the X direction, creating a midplane. This midplane locks the translation
along the X-axis and rotations around the Y-axis. Lastly, there is a tertiary Datum, which
corresponds to the middle plane identified by the 2+2 lateral vertical surfaces used for the risers'
alignment in the Z direction. This tertiary Datum restricts the remaining degree of freedom, namely
the translation along the Z-axis. With these datum features in place, the datum system for the Base

component is completely defined.

Secondary Datum (2x B)

Primary Datum (2x A)

Assembly surfaces

‘0
h’ at the next level
Assembly surfaces
o
h’ at the previous level

All other functional
surfaces

Tertiary Datum ((2x+2x)x E)

Fig. 3.28: Base component Datum System description.
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Regarding the sub-assembly “riser_asm” (Fig. 3.29), the primary Datum chosen is the lower
surface, which corresponds to the initial pose of the riser_asm on the Base. This plane locks the
translation along the Y-axis and rotations around the X and Z axes. The vertical surface in contact
with the Base has been identified as the secondary Datum, which locks the translation along the X-
axis and rotation around the Y-axis. Additionally, the middle plane identified by the two lateral
vertical surfaces will lock the translation along the Z-axis. It is evident that this Datum System aligns
with the one declared for the Base component. The other functional surfaces, all located in the

bushing component, will become referenced surfaces in the assembly.

Assembly surfaces

‘0’ at the next level
Tertiary Datum (2x H) Assembly surfaces
at the previous level

X All other functional
" surfaces

Primary Datum (J)

Fig. 3.29: “Riser_asm” Datum System description.

The riser component (Fig. 3.30) has the same Datum System as described in Fig. 3.29 for
the sub-assembly “riser_asm.” This is possible because all the datum features at the sub-assembly
level are from the same component, allowing for a direct transfer of the Datum System to the part

level.
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Fig. 3.30: Riser Datum System description.
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The Datum System of the “bushing” (Fig. 3.31) includes, as the primary datum, the axis of
the outer cylinder, the one mating with the riser. It locks both translations and rotations about the Y
and Z axes. The secondary datum is identified by the vertical surface in contact with the riser, which
locks translation along the X axis. By looking at the degrees of freedom locked by the datum system
it is possible to realize that the rotation around the X-axis is still free therefore the datum system
looks as it is not completely defined. Even though the datum system locks five degrees of freedom
out of six it can be considered fully defined since the part is functionally and geometrically

axisymmetric therefore the rotation around the X-axis cannot be lock in any case.

Secondary Datum (N)

Assembly surfaces
Y at the next level
) Assembly surfaces
P Dat 0
rimary Datum (0) X$Z @ at the previous level

j All ofher functional
" surfaces

Primary Datum (0)

Fig. 3.31: Bushing Datum System description.

The Datum System for the sub-assembly “wheel_asm” (Fig. 3.32) includes the axis common
to the two cylindrical features on the shaft that mate with the Bushings as the primary datum. This
datum locks translations and rotations about the Y and Z axes. The secondary datum is identified
by the collection of the two vertical side surfaces in common between the shaft and the wheel,
forming a midplane that locks translation along the X-axis. Similarly to previous cases, the Datum
System locks five out of six degrees of freedom, but since the sub-assembly is functionally

axisymmetric, the rotation around the X-axis does not need to be locked.
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Fig. 3.32: “Wheel_asm” Datum System description.
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For the Shaft component (Fig. 3.33), the primary datum corresponds to the datum identified
in Fig. 3.32 for the “wheel_asm” sub-assembly. Similarly, the secondary datum corresponds to the
portion of the secondary datum on the “wheel_asm” that pertains to the shaft, which includes the
two vertical side surfaces. The resulting Datum System is very similar to that of the “wheel_asm,”

and the same considerations can be made regarding its degrees of freedom.
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Fig. 3.33: Shaft Datum System description.

Regarding the wheel component, as shown in Fig. 3.34, the primary datum is identified by
the axis derived from the through hole that mates with the shaft component. It locks translations
and rotations about the Y and Z axes. The secondary datum coincides with the portion of the
secondary datum on the “wheel_asm” that pertains to the wheel component, specifically the two
side surfaces. This datum locks translation along the X-axis. Similarly to previous cases, we have
a completely defined Datum System that does not lock rotations around the X-axis, as the part is

axisymmetric.
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Fig. 3.34: Wheel Datum System description.

With this set of information in mind the actual phase of geometric specification can start
leading to the creation of 2D drawings and/or MBD. For our case study 2D drawings will be

presented in the next chapter.
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3.4|| Conclusion

The objective of this chapter was to introduce a formal methodology suitable for the functional
analysis of a product, leading to the identification of functional features. After this initial step,
functional features are further categorized into different clusters, including assembly features at the
previous and next levels, chain features, and other functional features. This categorization is
essential to streamline the subsequent geometric specification process, which will be detailed in
the following chapter.

The methodology is inherently top-down, seamlessly aligning with the framework outlined in
Chapter 2. Moreover, the methodology itself, which requires a physical or virtual disassembly of the
product, encourages designers to adopt a top-down approach, helping to overcome the deeply
ingrained “Bottom-Up” approach often prevalent in industry. Additionally, identifying sub-
assemblies for specification is crucial, as these sub-assemblies may represent products
manufactured by external suppliers. Having a dedicated functional specification that includes
assembly surfaces facilitates better coordination among different sub-assemblies.

The refinement of functional features, which essentially entails segmenting geometrical
features to extract their functional portions, is a step that enables a more focused examination of
the functionality of each geometry. However, its implementation may be influenced by the specific
software in use. Different strategies can be applied using various software packages. Nevertheless,
the segmentation procedure based on a top-down approach should be feasible with most major
CAD tools available on the market, requiring only minimal adjustments to the procedure presented
here.

Lastly, another notable aspect of this procedure is the integration of the Design for Assembly
(DfA) process into the definition of functional features. This integration, apart from being crucial for
identifying an optimal assembly procedure, has also proven effective in obtaining information about

surfaces that can serve as Datum Targets for individual parts.
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4 ]| Creation of functional specifications

Design must be functional, and functionality must be translated into

visual aesthetics without any reliance on gimmicks that have to be

explained.

In this chapter, the description of the methodology developed by the Design Tools and
Methods in Industrial Engineering Laboratory at the University of Padova for creating functional
specifications will be concluded. The preceding chapter covered “phase 0,” detailing a formal
methodology for conducting this phase, which was proposed and discussed. Here, the subsequent

phases, namely “phase 1” and “phase 2,” will be presented. An illustrative overview of the

Ferdinand Porsche

comprehensive methodology is depicted in Fig. 4.1.
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Fig. 4.1: Schematic view of the methodology to create functional specification.
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At the conclusion of phase 0, as described in the previous chapter, all functional
features/surfaces are identified and categorized. Additionally, the datum features and their
hierarchical order have already been established, although their formal indication as datum features
will be defined in phase 2.

In Phase 1, the functional dimensioning scheme is outlined. Each part (or sub-assembly,
considered independently as a whole) can be broken down into fundamental geometric
solids/elements (such as prisms, cones, pyramids, etc.) [81]. At this point, each geometric element
can be dimensioned to define its “bulk dimensions” (e.g., the radius of a sphere or the side of a
cube), and various basic solids can be spatially positioned in relation to one another, establishing
their interrelationships. These relationships can be explicit through linear/angular dimensions
referred to as “distances” or implicit through geometric constraints (e.g., collinearity,
perpendicularity, symmetry, etc.). Initially, all these dimensions, necessary to characterize the
dimensions of the basic solids and their relative arrangement, constitute the “geometric
dimensioning scheme.” As the name implies, this dimensioning scheme holds a purely geometric
significance and aligns with the set of dimensions and geometric relationships required to generate
the CAD model.

Within these dimensions, it's essential to differentiate between “Functional dimensions” and
“Non-Functional dimensions.” This differentiation traces its origins back to the standards of the
1960s [82,83]. As previously mentioned in this document, functionality pertains to the assembly.
Consequently, it's not feasible to distinguish between functional and non-functional dimensions
without an understanding of the assembly conditions between the part and its adjacent
components. While the concept of functionality plays a pivotal role in this chapter and will be further
explored later, for now, Functional Dimensions can be defined as encompassing all the essential
dimensions and distances involving functional features. The identification of functional features is
a part of Phase 0.

Within functional dimensions, two distinct categories of dimensions can be established:

e Sizes: These dimensions regulate the clearance or interference condition between two mating
features. Only “bulk dimensions” can be classified as sizes.

o Distances: These dimensions determine the position of functional features. All distances in the
“geometric dimensioning scheme” become “distances” within this context. “Bulk dimensions”
may also be categorized as “distances,” such as the bulk dimension of a solid utilized for a

Boolean subtraction.

This classification of dimensions diverges from the purely geometric meaning that is relevant
to the so-called “geometric dimensioning scheme” and starts to integrate functionality requirements
into its definition, thus evolving into the “functional dimensioning scheme.”

In Phase 2, specifications (tolerances) are introduced. While Phase 1 focuses on describing
the fundamental geometry, Phase 2 considers permissible deviations from the nominal dimensions.
It's essential to note that these specifications apply to the physical object (which can be described
using a skin model) rather than the ideal one (nominal). Dimensional tolerances are defined for
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sizes, and various modifiers can be added to these to refine the conveyed functional message.
Furthermore, geometric tolerances are defined to manage the allowable deviation from the ideal
geometry of actual integral or derived features.

Geometrically controlling these elements involves determining and defining the space
(nominal geometry) within which the real feature must fit to ensure functional requirements are met
(tolerance zones). To associate the real geometry with the nominal description of the tolerance
zone, a datum system is employed, which formally outlines how to make this association. While this
text does not aim to describe this procedure in detail, more information can be found in the relevant
standards [73]. A datum system relies on a collection of datum features, which should inherently be
functional features. All other functional features are located and/or oriented relative to the datum
system.

Various types of geometric tolerances can be identified:

e Position tolerances: These tolerances determine the location of the feature in relation to the
Datum System, resulting in a tolerance zone that is entirely constrained in all degrees of
freedom. As the actual feature must fit within this tolerance zone, it also constrains orientation
and form.

o Orientation tolerances: These tolerances govern the “inclination” of a feature with reference to
the Datum System, leading to a tolerance zone constrained only in rotational degrees of
freedom. This type of tolerance also restricts form deviations.

¢ Form tolerances: These tolerances control the shape of the feature in relation to its ideal shape.

The tolerance zone is essentially free to move in relation to the datum system.

In the following sections, a description of the actions required within each phase will be

presented. To illustrate the methodology, the riser component will be used as an example.

41| Phase 1: functional dimensioning scheme

Phase 1 is subdivided into five distinct subphases that guide the designer in defining the

functional dimensioning scheme:

e Phase 1.1: identification of size dimensions.

o Phase 1.2: identification of distance dimensions.

o Phase 1.3: identification of restricted feature dimensions.
¢ Phase 1.3: identification of non-functional dimensions.

e Phase 1.4: creation of the dimensioning scheme layout.
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In the following subsections, each sub-phase will be analyzed. The process starts with a
blank drawing featuring the basic geometry in orthogonal view, as shown in Fig. 4.2. In this drawing,

the feature refinement is already outlined.

@ |
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Fig. 4.2: orthogonal views of the risers.

411 Phase 1.1: Size dimensions

In Phase 1.1, the size dimensions are defined. Two distinct subpoints can be identified:

o |dentification of mating features (features of size).

¢ Addition of mating features' nominal dimensions to the drawing.

Mating features can be found among the assembly features. Holes through which screws or
shafts pass are always considered features of size, even if their classification can also be
considered as a chain feature as discussed in the previous chapter.

For the riser, the features of size can be identified as follows: the two features “K” where two

screws need to pass through, the feature “F” where the bushing is inserted with interference, and
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the thickness identified by the two planar surfaces “H” that are simultaneously used to center the
riser onto the base. The letters are the same as in Fig. 3.21. The identified features of size are
highlighted in Fig. 4.3.

2x

Fig. 4.3: orthogonal views of the risers with mating features (feature of size) highlighted.

A dimension is then added to the drawing for each of these features, as shown in Fig. 4.3
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Fig. 4.4: orthogonal views of the risers with size dimension.

4.1.2 Phase 1.2: Distance dimension

Also in Phase 1.2, two distinct sub-phases can be identified:

e |dentification of reference and referenced features.
e Addition of the nominal distance from the reference features to the referenced features on the

drawing.

The reference features are the datum features that were classified during Phase 0: surface
J as the primary datum, surface | as the secondary datum, and feature H (already defined as a
feature of size) as the tertiary datum. All other functional features are referenced features: the two
features of size K, the feature of size F, and the feature G. A summary of the reference and
referenced features is shown in Fig. 4.5 : in red reference features, in green referenced features; it
must be noted that for features of size, both the integral feature and the derived features are
highlighted.
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Fig. 4.5: orthogonal views of the risers with reference and referenced mating features highlighted.

A nominal dimension connecting each referenced feature to the relevant reference feature
can now be added to the drawing. Symmetries are assumed implicitly, zero values linear and
angular dimensions, and 90° or 180° angular dimensions are not explicitly added to the drawing.

The result for the riser is shown in Fig. 4.6.
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Fig. 4.6: orthogonal views of the risers with distance dimension.

4.1.3 Phase 1.3: restricted features dimensions

If, during the refinement phase (Phase 0), any of the integral features were partitioned, the
subdivision needs to be formally defined. According to the ISO GPS system, a feature is naturally
delimited by its borders (i.e., an edge); if the functional feature is delimited otherwise, dimensions
specifying the actual extension of the functional features need to be added.

In the case of the riser, two functional features are “artificially” delimited: feature | and feature

G. For these two specific dimensions, as shown in Fig. 4.7, are added.
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Fig. 4.7: orthogonal views of the risers with dimension to specified restricted features extension.

41.4 Phase 1.4: Non-functional dimension

All other dimensions needed to fully define the component geometry are non-functional and
can be added to the drawing. Among these non-functional dimensions, we can identify chamfer and

fillet dimensions, envelope dimensions, auxiliary dimensions, technological dimensions, etc.
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Fig. 4.8: orthogonal views of the risers with non-functional dimensions.

4.1.5 Phase 1.5: Dimensioning scheme layout

So far, four different dimensioning schemes have been separately created:

e The sizes dimensioning scheme.
e The distance dimensioning scheme.
e The restricted features dimensioning scheme.

e The non-functional dimensioning scheme.

Now, at the end of Phase 1, the four dimensioning schemes need to be merged together. By
doing so, the distance dimensioning scheme can be optimized without limitation, choosing between
parallel and series dimensions, since during Phase 2, these dimensions will become theoretically
exact dimensions (TEDs), and therefore tolerance accumulation is not an issue.

To help with subsequent phases, each layer of dimensions can be labeled in a different way

to aid identification later on. The use of layer may represents a valid option.
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Fig. 4.9: Functional dimensioning scheme at the end of phase 1.

4.2|| Phase 2

Phase 2 is subdivided into two main sub-phases that cover:

e Phase 2.A: size tolerances.

e Phase 2.B: geometric tolerances.

In the following subsections, each sub-phase will be analyzed. At this point, the evolution of

the geometric specification is incremental and starts from the results of the previous phase.
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421 Phase 2.A: Size tolerances

Phase 2.A is subdivided into two sub-phases that cover:

o Phase 2.A.1: size variability.

e Phase 2.A.2: size modifiers.

In the following subsections, each sub-phase will be analyzed. The starting point is the set

of orthogonal views with size dimensions, as shown in Fig. 4.4.

Phase 2.A.1: Sizes variability

First, the size variability is considered and specified. The variability can be expressed as a
deviation from nominal or using the ISO system for limits and fits (ISO 286-1:2010 [11]). The latter
is useful as it allows choosing classes of tolerances directly linked to functional requirements. For
instance, by referring to Tab. 4.1 and based on the specific application, it is possible to determine
the required amount of clearance or interference. Similarly, consulting Tab. 4.2 enables the

translation of this requirement into a specific tolerance class according to the ISO system.

Tab. 4.1: Fits requirements based on application, from [84].

Type Description Application

Loose Where accuracy is not essential, such as in building and mining equipment.

In rotating journals with speeds of 600 rpm or greater, such as in engines and some

Free .
g automotive parts.
©
§ Medi In rotating journals with speed under 600 rpm, such as in precision machine tools and
) edium
o precise automotive parts.

s Where small clearance is permissible and where matins parts are not intended to move

nu
9 freely under load.
Wringing Where light tapping with harmer is necessary to assemble the parts.

Tight In semipermanent assemblies suitable for drive or shrink fits on light sections.
[0]
§ Where considerable pressure is required for assembly and for shrink fits of medium
L Medium sections; suitable for press fit on generator and motor armatures and for automotive
(]
S wheels.

Heavy force or ~ Where considerable bonding between surfaces is required, such as locomotive wheels and

shrink heavy crankshaft disks of large engines.
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Tab. 4.2: Usual Fit tolerances table, from [85].

o ) Shaft o
Type Description  Hole Basis . Application
Basis
Loose Wide commercial tolerances or allowances on external
H11/cn 1/pm
Running members.
Free Large temperature variations, high running speed, or heav
, H9/d9 D9/h9 9 . P 9 _ 9sp . Y
Running journal pressure, but accuracy is not essential.
Clearance Close Accurate machines and for accurate locations at moderate
) i H8/f8 F8/h8
Fits Running speeds.
Not intended to run freely, but move and turn freely and
Sliding H?/g6 G#/h6
locate accurately.
Location /e Snug fit for locating stationary parts that can be freely
Clearance assemble and disassembled.
Similar H?/k6 K#/h6 For accurate locations.
Transition
Fits . For more accurate locations where great interference is
Fixed H7/n6 N7/h6 o
permissible.
For part requiring rigidity and alignment with prime accurac
Press H7/p6 P7/h6 P ) a g gty . g P ) y
of location but without special bore-pressure requirements.
Interference = For ordinary steel parts or shrink fits on light sections. (The
Driving H?/s6 S?/h6
Fits tightest usable fit for cast iron)
For part that can be highly stressed or for shrink fits where
Forced H?/u6 U7/h6

the heavy pressing forces required are impractical.

In cases of bolted connections where the nominal dimensions are already different between

the hole and shaft, there is no need to use the ISO system, and the tolerances can be assigned as

limits of variation, which will be subsequently defined using the boundary condition design criterion

(see chapter 6 and 7).

For the riser, four features of size were identified during the previous phase: two through

holes (features K) where screws need to pass, the hole where the bushing needs to be mounted

with interference (feature F), and the width of the riser (feature H).

For the first two holes (feature K), the size variation can be assigned as an upper and lower

tolerance since there is no specific clearance requirement, and tolerance values can be defined

through calculation. For the width of the riser (feature H), assuming a specific tool is used for

alignment, the ISO system is used to guarantee a precise alignment with location clearance

(referencing Tab. 4.2); therefore, a class of tolerance H/h is assumed, and being a shaft-like feature,

a tolerance of class h is assigned.
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Finally, for the hole where the bushing is mounted (feature F), interference is needed. In this
case (referencing Tab. 4.1), a tight interference can be assumed to avoid manual disassembly while
allowing the bushing to be disassembled if needed. Therefore, referencing Tab. 4.2, a press
interference can be assumed using an H/p class of tolerance; being a hole, a tolerance of class H
is assigned, and a tolerance of class p will be assigned to the bushing. The tolerance grade
(tolerance value) is still a free parametric variable and can be optimized based on the capability of
the manufacturing process.

The result of phase 2.A.1 is shown in Fig. 4.10.
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Fig. 4.10: orthogonal views of the risers with size dimension and their variability.

Phase 2.1.1: Sizes modifiers

Once the variability for the sizes has been set, eventual modifiers may be applied to refine
the functional description. Within the 1ISO system in ISO 14405-1:2016 [20], sixteen different
modifiers are defined, as seen in Tab. 4.3. These modifiers indicate the characteristics of the feature
that need to be compared to the tolerance values. The characteristics can be clustered into Local

Sizes, Global Sizes, Calculated Sizes, and Statistical Sizes.
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Local sizes represent values that can be defined locally, such as a two-point size that equals
the value that could be measured with a standard caliper. Local sizes of an actual feature are
potentially infinite (an actual feature of size has an infinite section, and each section has infinite
two-point sizes), and all of them need to fall within tolerance limits.

Global sizes represent a single value associated with the feature; they are obtained by
associating a perfect geometry to the actual one. An example is the Gaussian size that, for a
cylinder, gives the diameter of a perfect cylinder associated with the actual data using the Gaussian
best fit.

Calculated sizes represent a value that is calculated starting from another quantity, such as
the circumference diameter, which is derived by first measuring the circumference and dividing it
by .

Finally, statistical sizes define a selection criterion to choose, among a subset of
measurements, a single value. For instance, the average size when associated with a local size
defines the average among the infinite local sizes.

The standard also gives the possibility to change the behavior of a global size into a local
size (section by section) using the additional indication “ACS” (Any Cross Section) and the option to

define different modifiers for upper and lower limits.

Tab. 4.3: Size modifiers according to ISO 14405-1:2016.

Two-point size

© [0}

g N

-4 @ Local size define by a sphere

Lest-square association criteria

N Maximum inscribed association criteria
g
° Minimum circumscribed association criteria
o

>
M

Minmax (Chebyshev) association criteria

mM
M

Circumference diameter

Area diameter

Calculated
sizes

Volume diameter

Maximum size

(2]
=

©eEEEEERREANBEEEBIOE

Minimum size
Average size

Median size

Statistical sizes

n
ws)

Mid-range size
Range of sizes

Standard deviation of sizes

Envelope requirement
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This description of different modifiers is not intended to be exhaustive, as it falls outside the
scope of this chapter, which is presenting the methodology.

In the ISO system, the default modifier is the two-point size, indicated by the modifier (LP)
[Local Point], which, for the definition of size provided in this work, is not particularly useful. From a
functional standpoint, if an assemblability requirement is to be adhered to, the functional
requirement is always defined by a combination of two different modifiers applied to the upper and
lower limits. In the case of an external feature of size (i.e., a shaft), the upper limit has to be specified
with the (GN) modifier, defining as characteristic the Minimum Circumscribed Feature, while the
lower limit is specified with the (LP) modifier, which, as already discussed, indicates the two-point
size. For an internal feature (i.e., a hole), the upper limit has to be specified with the (LP) modifier,
and the lower limit with the (GX) modifier, defining as characteristic the Maximum Inscribed Feature.

Considering the definition of size previously given — “dimensions that control the clearance
or interference state between two mating features” — assembilability is crucial, especially when
clearance is required. Consequently, this type of indication is commonly used in a geometric
specification. To address this, the standard introduces an additional modifier, the Envelope
requirement (E), which allows for the avoidance of the double modifier indication.

Simultaneously, the standard offers the opportunity to overwrite the default by stating the
new default in the drawing notes. This is helpful to prevent the need to use the (E) modifier every
time. The notation for the notes is: “Linear size ISO 14405 (E)”; this notation is recommended in
accordance with this methodology and is employed in Fig. 4.11.

Different modifiers will be defined on a case-by-case basis, as needed. For instance, when
interference is required, the Gaussian size (GG) might be of interest since the focus is on the
“average” interference. If describing a connection between a rigid part and an elastic part, an
appropriate choice might be the circumference diameter (CC), as it directly controls the tightness of
the connection when an elastic part is involved.

In our case, the default has already been modified to the Envelope requirement. Therefore,
for feature K and H, no additional modifiers need to be added, as the envelope requirement aligns
with our intentions in these cases. For feature F, as an interference fit is needed, the (GG) modifier
is added.

The final result is depicted in Fig. 4.11.
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Fig. 4.11: orthogonal views of the risers with size dimension and their variability and modifiers.

4.2.2 Phase 2.B: Geometric tolerances

Phase 2.B is subdivided into seven sub-phases that cover:

e Phase 2.B.1: datum feature tolerances.

e Phase 2.B.2: datum feature tolerances modifiers.
e Phase 2.B.3: position tolerances.

¢ Phase 2.B.4: position tolerance modifiers.

e Phase 2.B.5: orientation tolerances.

e Phase 2.B.6: form tolerances.

e Phase 2.B.7: general tolerances.

In the following sub-section, each sub-phase will be analyzed. But before beginning with

Phase 2.B.1, the Geometrical Tolerance Hierarchical Matrix (H-Matrix) will be presented.
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Geometrical tolerance hierarchical matrix (H-Matrix)

The H-Matrix is a tool that helps the designer determine the correct tolerance that needs to
be applied to each feature. From a methodological point of view, the first step is to assess the
tolerance zone geometry and its constraints without considering the “name” of the tolerance itself.
With the tolerance zone identified, it is possible to use the H-Matrix, shown in Fig. 4.12, to determine

the correct tolerance to apply.

LEVEL 1 Derived =
Z —ves—>{_towsion ]
Location tolerances @YES Feature YESW
Yls ¢ Surface profile El
'YE:

| Surface? NOS

degrees of constraint NO NO Line profile
of the feature contained

Symmetry IE'

'YES

whithin the degree of
constraint of the Datum System?
FNO
Coaxiality
LEVEL 2
? —
NO Orientation tolerances _)@_YES ) (? »| Surface ves—>| _ Angularity |

Symmetry is
functional?

Y

—YES—»| Surface

T Surface profile @
| Line profile
A 4 o Only implicit
. A Perpendicularit, -
any degrees of constraint 90° TEDs P y
K . Surface profile El
of the feature is not contained - -
whithin the degree of NO
constraint of the Datum System? | Only implicit
“l0°/180° TEDs >
LEVEL 3

NO
NO
NO
NO
NO

ves—{ s ] (0]
co—>{ Swagness | []
+es—>{ Ramaness ] [0
ves—»{ St | [

Form tolerances

YES

Y

No Datum System available? |

Fig. 4.12: H-Matrix, Geometrical tolerance hierarchical matrix.

While determining the type of tolerance to assign to a feature, the following considerations
need to be taken into account: first, we need to consider the invariance degree of the feature and
its degrees of constraint. The degrees of constraint are complementary to the invariance degree.
The invariance degrees according to the ISO system are defined in ISO 17450-1:2011 [38].
Secondly, we need to establish the datum system that will be used to control the feature. For a
referenced feature, the full datum system is used. For datum features, a datum defined by

previously established datum/datums features is used. In each case, the degrees of constraint of
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the datum system need to be defined, consisting of the union of the degrees of constraint of the
datum features.

The first step in using the H-Matrix is to compare the degrees of constraint of the feature we
want to specify with the degrees of constraint of the datum system.

If the degrees of constraint of the feature are contained within the degrees of constraint of
the datum system, we enter level 1: position tolerances.

If any of the degrees of constraint of the feature is not contained within the degrees of
constraint of the datum system, we enter level 2: orientation tolerances.

If no datum system is available, we enter level 3: form tolerances.

When the feature to be controlled is part of a pattern and any of the degrees of constraint of
the feature is not contained within the degrees of constraint of the datum system, we might consider
entering level 1 to emphasize the mutual position between each feature of the pattern. Moreover,
for common datums, each datum feature enters level 1 and the datum use is the common datum
itself.

Once we have entered the correct level, if there is an explicit dimension locating or orienting
the feature, we proceed horizontally in the matrix; if there is not, we move down and select the
proper tolerance based on the feature's geometry (plane, line, complex surface, complex line).

The application of the H-Matrix will be presented in the following paragraphs.

Phase 2.B.1: Datum Features tolerances

The first step involves examining the datum features that were already defined during phase
0 for the riser: surface J as the primary datum, surface | as the secondary datum, and feature H
(already defined as a feature of size) as the tertiary datum. If a feature of size is involved, the datum
feature is the derived element and not the integral feature.

At this point, each datum feature can be formally defined by assigning a name to each of
them, as shown in Fig. 4.13. If a feature of size is a datum feature, the indication of the datum needs
to be placed in line with the dimension. At this point, a tolerance frame is added for the actual
specification of the datum features, but it is left empty.

A reference system can be associated with the datum system, which is useful to define
degrees of constraint in an unambiguous way.

The tolerance zone is topologically defined by the nominal geometry, often referred to as
Theoretical Exact Feature (TEF). For a plane, the tolerance zone is the space between two planes;
for a straight line (axis), it is the space within a cylinder; for a complex surface, it is the space
between two surfaces defined as an offset from the nominal one. In general, the tolerance zone is
the portion of space that is swept by a sphere whose diameter is the same as the tolerance values
and whose center lays on the nominal surface (TEF) or its offset if a UZ (Unequally disposed
tolerance zone) modifier is used.

From the distance dimension scheme (Fig. 4.6) and the restricted features extension
dimensioning scheme (Fig. 4.7), we need to check whether there are explicit dimensions describing
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the mutual position of the datum features or specifying the tolerance zone extension. In case these
dimensions exist, they need to be extracted and converted into Theoretically Exact Dimensions
(TEDs). In our case, we need to record the dimension of 10 mm, which specifies the vertical
extension of the secondary datum feature's tolerance zone. In Fig. 4.13, the tolerance zones for the
datum features are indicated.
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Fig. 4.13: orthogonal views of the risers with datum features tolerance zone and datum features

naming.

For the primary datum (feature J), no previously defined datum features are associated,
therefore no datum needs to be added to its tolerance frame; the datum is simply given the name
[P]. The tolerance zone for a plane is the space between two planes, thus we can parametrically
add the tolerance value to the tolerance frame. If the tolerance zone were cylindrical or spherical,
the diameter or the spherical diameter symbol, respectively, would need to be included before the
tolerance value. Since no datum applies to this tolerance, we enter level 3 of the H-Matrix; given
that the feature is a plane, the tolerance is a flatness.

For the secondary datum (feature ), the datum [P] has already been defined, so it is added
to the tolerance frame; the secondary datum is named [R]. Similarly, the tolerance zone for a plane

is added parametrically. The degrees of constraint (referencing to Fig. 3.30 at page 94 for the
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reference system associated to the part) for feature | are T, R,, and R,, while the datum system
(IP1) has degrees of constraint T, R,, and R,. Since T, and R, are not constrained by the datum
system, we enter level 2 of the H-Matrix; as no explicit angular dimension is given and the nominal
angle between feature J and feature | is 90°, the appropriate tolerance is perpendicularity.

For the tertiary datum (feature H), both datum [P] (primary) and datum [R] (secondary) have
already been defined, and together they form the datum [P|R], which is added to the tolerance frame;
the tertiary datum is named [T]. The tolerance zone is still the space between two planes, and its
parametrical value is included. The degrees of constraint for feature H are T, R,, and R,, whereas

the datum system ([P|R]) has degrees of constraint T, T,, R,, R,, and R,. Because T, is not

ys
constrained by the datum system, we enter level 2 of the H-Matrix; likewise, as no explicit angular
dimension exists and feature H is mutually perpendicular to both feature J and feature |, the
appropriate tolerance is perpendicularity.

The complete datum system becomes [P|R|T], effectively constraining all degrees of freedom.

The outcome of the specification for the datum system can be found in Fig. 4.14.
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Fig. 4.14: orthogonal views of the risers with datum features geometric specification.
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Phase 2.B.2: Datum Features tolerances modifiers

Once the geometric tolerance for the datum features has been applied, any potential
modifiers need to be evaluated.

If a datum feature is part of a pattern, the use of the CZ (combined zone) is needed to ensure
that the tolerance zone of each feature in the pattern is constrained together.

If a datum feature is a feature of size, the application of the Maximum Material Requirement
(MMR) to both the tolerance of the datum feature and to each reference of the datum in the
tolerance frames permits the description of cases where assembly clearance might result in shifts
between parts.

In the case of the riser, no pattern is used as a datum feature, thus no (Z is required. Datum
[T] is a feature of size. Whether to apply the material requirement depends on the assembly
procedure. Functionally, if manual alignment is performed, the operator's hand touches the part,
resulting in no clearance and making the material condition irrelevant to assembly conditions. If a
tool is used for alignment, the clearance between the tool and the riser can cause shifting during
assembly, making the material condition necessary to describe assembly conditions.

In our assumed scenario of using a tool for alignment, the material condition is added.
Consequently, the complete datum system becomes [P|R|T(M)]. The final geometric specification for

the riser can be observed in Fig. 4.15.
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Fig. 4.15: orthogonal views of the risers with datum features geometric specification with

modifiers.

Phase 2.B.3: Position Tolerance

At this point, the datum system is fully defined and specified, intended to lock all degrees of
freedom of the part. As already discussed in subsection 3.3.6, exceptions are possible for
functionally axisymmetric components where not all six degrees of freedom are locked, but all the

degrees of constraint of functional features are locked.

In this context, when dealing with referenced features, the first aspect to consider is position
tolerances, which corresponds to level one of the H-matrix. Similar to datum features, the initial step
involves defining the topology of the tolerance zone, following the same guidelines provided for
datum features. In our case, the referenced features include hole F, shoulder G, and the two holes
K. Since holes F and K were previously defined as features of size, it's important to remember that
the referenced feature is the derived element, namely the axes. As a result, the tolerance zone for

these elements is the space within a cylinder. On the other hand, for feature G, being a plane, the
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tolerance zone corresponds to the space between two nominal planes. Fig. 4.16 illustrates the

tolerance zones for the referenced features.
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Fig. 4.16: orthogonal views of the risers with referenced features tolerance zone.

Each of these tolerance zones needs to be located from the full datum system and, if
required, defined in terms of extension. Referring to the distance dimension scheme (Fig. 4.6) and
the restricted features extension dimensioning scheme (Fig. 4.7), all the dimensions that are used
to establish the nominal position of the nominal features and the dimensions used to specify
tolerance zone extensions need to be extracted and converted into Theoretically Exact Dimensions
(TEDs): “squared” dimensions. If phase zero was carried out accurately, all dimensions in Fig. 4.6
and Fig. 4.7 should be converted into TEDs. The outcome is depicted in Fig. 4.17.

At this juncture, it becomes possible to describe the position and orientation of each tolerance
zone in a clear and unambiguous manner.

For feature F, the axis of the tolerance zone is perfectly parallel to the primary datum of the
full datum system, perfectly perpendicular to the secondary datum, it coincides with the tertiary
datum, and is located 69 mm from the primary datum.

Concerning feature G, the tolerance zone is entirely perpendicular to both the primary and

tertiary datums of the full datum system, while its median plane rests on the secondary datum. Its
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radial extension spans 15 mm ($30 mm) from a point coinciding with the intersection between the

secondary datum and the axis of the tolerance zone for feature F.

As for features K, both axes are perfectly perpendicular to the primary datum of the full datum
system and are parallel to both secondary and tertiary datums. They are each positioned 28 mm

away from the secondary datum and 35 mm away from the tertiary datum in opposite directions.
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Fig. 4.17: orthogonal views of the risers with referenced features tolerance zone and TEDs.

Now, for each referenced feature, the appropriate type of tolerance to be applied needs to
be determined using the H-matrix. Here, only level one is relevant since we are focusing on location
tolerances.

For feature F, we enter level one; as there is an explicit TED, we proceed horizontally. Given
that it's a derived feature, the required tolerance is a position tolerance.

Concerning feature G, we enter level one. As there isn't an explicit TED, we move down the
matrix. Since the feature has no functional symmetries with respect to the Datum System, we move
up. As it's an integral feature, the appropriate tolerance is a surface profile.

For features K, we enter level one. As there is an explicit TED, we proceed horizontally.

Given that they are derived features, the necessary tolerance is a position tolerance.
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The outcome for the specification of referenced features can be observed in Fig. 4.18.
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Fig. 4.18: orthogonal views of the risers with referenced features specification.

Phase 2.B.4: Position Tolerance modifiers

Once the geometric tolerance for the referenced features has been applied, any potential
modifiers need to be evaluated.

Whenever a referenced feature is part of a pattern, the (Z modifier may be added to
emphasize the pattern behavior. In this context, the (Z modifier doesn't alter the behavior of the
tolerance zone. As per the proposed methodology, it is suggested to use the (Z modifier whenever
a pattern is invoked, particularly if the feature functionally constitutes a pattern (not solely
geometrically, where the same geometry repeats, but each repetition functions independently
without interaction). Applying the CZ modifier when it has no impact doesn't change the functional
description of the part. However, not using the (Z modifier when it's needed can significantly alter
the functional description.

In cases where a referenced feature is a feature of size, the application of the Maximum
Material Requirement should be considered. The Maximum Material Requirement is to be

employed whenever a clearance fit is necessary. However, it might not be suitable for an

124



interference fit and should never be utilized when the feature of size is employed for alignment. A
detailed discussion on the impact of material condition when the feature of size is used for alignment
can be found in chapter 7, on page 179.

Regarding the riser, both features K are part of a pattern; therefore, the (Z modifier is added.
Additionally, as they are features of size where clearance is necessary, the Maximum Material
Requirement is also included. The other feature of size is feature F, and since an interference fit is
required, the material requirement is not applied in this instance. The final outcome is depicted in
Fig. 4.19.
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Fig. 4.19: orthogonal views of the risers with referenced feature full geometric specification.

Phase 2.B.5/6: Orientation and Form tolerances

The geometric specification developed thus far comprehensively controls all the functional
features of the component. In many cases, this type of functional description might suffice.
However, there are instances where the need arises to enhance the functional description by
introducing additional constraints to referenced features. Location tolerances inherently regulate
orientation and form as well. The degree to which orientation and form are controlled might not

always be adequate. An illustrative example is a table's geometric specification. While the location

125



tolerance for the table's top surface might be relatively large, even on the order of 1 cm, insufficient
orientation control could lead to round objects sliding off the table. In such scenarios, an added
orientation tolerance is necessary to more precisely define the functional requirements. The same
consideration applies to form tolerances.

It's important to note that each new tolerance increment increases manufacturing costs and
thus should be carefully evaluated. For each additional tolerance, the steps include defining the
tolerance zone's topology, determining the datum system (which might potentially be a local one),
specifying the appropriate tolerance to apply, and evaluating any necessary modifiers.

Regarding the riser, there is no requirement to introduce any additional tolerances beyond

those already defined.

Phase 2.B.7: General tolerances

After all the functional features have been fully specified and any necessary refinements
have been added, the last consideration is addressing non-functional features. As the name
suggests, non-functional features aren't critical for the functional specification. Therefore, these
features are controlled using general tolerances.

In Phase 1, the non-functional dimensioning scheme was defined. At this stage, variability
for all these dimensions needs to be established. Formerly, the practice involved using general
tolerances according to ISO 2768, encompassing both parts one and two. Part one addresses linear
dimensions, while part two addresses geometric tolerances. A recent development in the ISO GPS
syste