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ABSTRACT

Abstract

Geometrical and dimensional metrology is used to verify that manufactured and assembled
products satisfy the defined geometrical requirements and thereby the functional requirements.
The dimensional measurement planning operation is carried out to define how the measurements
are going to be collected and it has to consider the reliability, uncertainty and economics of the
measurement procedure. The thesis work has been performed to map the current knowledge
regarding measurement strategies and principles and to develop recommendations regarding a
framework which defines how the measurement planning work should be carried out. The purpose
of the work was thereby to perform a state-of-the-art study to map the available theoretical and
empirical measurement strategies and principles. The purpose was also to test the impact of the
strategies in a measurement experiment in order to validate the methodology.

To fulfil the purpose of the work, a literature review and a case study was initially performed. The
literature review investigated the available academically knowledge and the requirements defined
in international standards regarding the measurement planning work. The case study mapped the
methodologies and principles which were used in industry through contextual research and
qualitative interviewing. The majority of the case study was carried out at Saab Aeronautics but to
obtain a wider understanding of the topic a survey were also conducted where additional
manufacturing companies were participating. The outcome of the case study and the literature
review were thereafter merged and further analysed though the measurement analysis.

The case study and the literature review shown that there existed several different methodologies
and guidelines regarding how the work should be and was performed. Some of the factors which
were further investigated were the impact of the number of measurement points, distance between
the measurement points, uncertainty of the strategy and the considerations connected to the
selection of the geometrical features.

The measurement analysis provided insights regarding the impact on average, minimum-,
maximum deviation and the variance due to the amount and distribution of the inspection points.
The findings were presented as a resulting outcome of the recommended measurement strategy
framework methodology. The methodology of analysing the impact of the measurement strategy
was therefore implemented into the recommendations regarding the measurement planning
framework. The purpose of the framework is to offer a reliable, standardized and traceable
measurement planning process where knowledge sharing and continuous improvements are
possible to implement.

In addition to the analysis of the measurement planning strategy the most important findings to
consider in the adjacent process steps were investigated and presented. These findings are
presented to enable a broad understanding of the requirements throughout the measurement
process at Saab Aeronautics. The knowledge obtained in the literature review, case study and the
measurement experiment was included in the measurement strategy framework which was the
delivery of the thesis work.

Keywords: measurement strategy, measurement point planning, geometrical and dimensional
tolerancing, framework development
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INTRODUCTION

1. Introduction

The thesis work addressed strategies and principles used for dimensional and geometrical
measurement point planning which is a part of the metrology science field. Metrology is defined
according to Bureau International des Poids et Mesures (BIPM, 2016) as:

Metrology is the science of measurement, embracing both experimental and theoretical
determinations at any level of uncertainty in any field of science and technology.

The definition covers several fields of measuring e.g. measurements of volume, length, time
etc. Metrology has a central part in the business environment and it is a condition for successful
commerce (Hageryd, et al., 2002). Measuring enables companies to verify that the
manufactured products fulfill the defined requirements. The collection and analysis of
measurements is also a corner stone of the continuous improvement work carried out today. If
there is no collection of measurements there is no information available of the current process
performance and thereby no information of were to focus the quality improvement work
(Bergman & Klefsjd, 2002). In order to use the information, collected by the measurements, in
the development of the processes and to ensure that only correct products will be delivered to
the customers it is of great importance that the collected data is valid. Since metrology is based
on real world observations all measurements include uncertainties in e.g. measuring procedure,
measuring object, measurement equipment and environment (SIS, 2011d). The uncertainties
have to be monitored during the measurements. Kunzmann et al. (2005) conclude that
measuring is necessary to understand the processes, the gain from measuring increases when
the uncertainty of the measurement decreases and measuring in combination with theoretical
analysis is the foundation for the improvement of both products and processes. The authors also
state the following “A product cannot be developed and produced without the application of
metrology” (Kunzmann, et al., 2005, p. 163).

The following section of the report initially presents the background to the thesis work and the
problem statement. The problem statement is thereafter narrowed down to the purpose and the
research questions in the succeeding section of the work. The delimitations which restricted the
work are presented in the end of the chapter.

1.1 Background

The business concept of Saab AB is to serve a global market with products and solutions in the
range from military defense to civil security. This is done through an overall vision which states
that it is a human right to feel safe. Saab aims to fulfill the vision through a mission consisting
of continuous development and improvement of systems and solutions. There are three core
values that defines the company; Trust, Expertise and Drive. These values represent firstly
honesty and reliability, secondly knowledge, skills and constant learning and thirdly a passion
for innovation, openness for change and flexibility. Saab is divided into six business areas:
Aeronautics, Dynamics, Surveillance, Support and Services, Kockums and Industrial Products
and Services. The business area where the thesis work was carried out was within Saab
Aeronautics which develops military and civil aviation technology. The services and solutions
that are offered by Saab Aeronautics are the Gripen fighter aircraft and unmanned/autonomous
systems. In the development of the Gripen fighter Saab has reached a high knowledge level in
several engineering areas. One of these competences and knowledge areas within Saab
Aeronautics is dimensional and geometrical metrology and planning of measurements.
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The purpose of the geometrical metrology planning work is to apply measurement strategies
and measurement point planning that verifies the geometrical requirements of manufactured
and assembled products.

There is, at Saab Aeronautics, an identified and existing gap in knowledge and working
methodologies on how to perform the measurement planning work efficiently and with the best,
known and available, working practices. The thesis work was therefore initiated to perform a
state of the art study to map the available documentation and working practices concerning
measurement strategies and measurement point planning. The principles and rules were
intended to be a support for the measurement planning personnel in the creation of verification
and control plans. The verification of the requirements is performed by the use of stationary and
portable coordinate measuring machines. Because of industrial and civil regulations there is a
100 % verification of the requirements when a new product is manufactured. When serial
production starts the target is to reduce the amount of measurements carried out but still ensure
that all products fulfill the functional requirements.

1.2 Problem statement

The objective of the Dimensional Management and Production Engineering Metrology
department at Saab Aeronautic is to verify and validate, manufactured and assembled
geometrical requirements in an efficient and reliable manner. In order to be able to keep up with
increasing production volumes and in parallel deliver a reliable quality assurance process the
geometrical assurance work, carried out by the coordinate measuring machine equipment, has
to be further developed. In the current working methodology there are some undefined sections
regarding how the measurement point selection should be carried out. This results in different
working procedures which could and sometimes are carried out mainly dependent on the
measurement planner. This leads to uncertainties and ambiguities regarding the verification
procedure and the results obtained from the measurements. It is desirable to standardize this
task to ensure that each verification operation will be performed in the most efficient and
trustworthy way (Liker & Meier, 2006). By the implementation of a standardized measurement
strategy the measuring point planning work was thought to be more uniform by the personnel
at Saab Aeronautics. The expectations of a standardized process at Saab Aeronautics are that
appropriate amount of measurement points will be selected, the outcome of the verification
process will clearly state if a manufactured part is approved or not and the internal customers
will have an understanding of how the verification procedure has been carried out. Time
consumption and training are also expected to be improved.

A standardization aims to reduce the variation in the measurement planning process which is
the root cause of many costs (Jasurda, 2015). To reach the objective the gap between the current
working methodologies and the investigated state of the art methodologies has to be reduced.
The objective of the thesis work was thereby to define a standardized method of measurement
point selection and to establish an efficient utilization of measuring equipment and human
resources. The scope of the work was also to present recommendations, based on the work,
regarding which content to include in the supporting documentation and the practical guideline
framework at Saab Aeronautics.
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1.3 Purpose

The purpose of the thesis work is to make a state of the art study and test the impact of a set of
principles and rules for measurement strategies and measurement point selection. The purpose
is also to deliver recommendations regarding which content to include in the measurement
strategy at Saab Aeronautics.

1.4 Research questions

In order to narrow down the problem and to achieve the purpose of the project the following
research questions will be investigated and answered in the thesis work:

RQ1: What knowledge and guidelines regarding measurement strategies and measurement
point planning exist today?

RQ2: What potential key benefits will be expected by using a standardized and clearly
defined measurement strategy?

RQ3: How can the state of the art methodologies be adapted, validated and incorporated
into efficient and standardized working practices at Saab Aeronautics?

1.5 Delimitations

To ensure that the thesis work fulfilled the purpose of developing recommendations for
appropriate measurement strategies and principles the following delimitations were active
during the work. The work was delimitated to geometrical and dimensional measurements
carried out by coordinate measuring machines i.e. the strategy development did not consider
other types of measuring equipment e.g. portable measuring devices and analog measuring
devices. Strategies for other physical measurements e.g. microscopically properties and
surfaces and physical properties were not included in the study. A visualization of the
geometrical delimitations of the work is displayed in Figure 1. The thesis work focused on
tactile measurements performed by CMM equipment through the use of tactile measuring
probes. Laser and vision based CMM measurements were not considered in the work. The
process of determining and selecting tolerances, the selection of criticality, key characteristics
and simulation of assembly variation were not included in the study.

[ Geometrical properties ]

k ]
1 dimensional [ 2 and 3 dimensional ]
Macroscopical Microscopical
properties Form properties Surface
(=== ——F = ) )
Elementary Free form . Surface roughness
L |[ shapes J l surfaces J [ Waviness J [ and surface defects J
I |
I |
I |
Dimensional | Geometrical Dimensioning | Surface structure
tolerances l and Tolerancing (GD&T) |

Figure 1. Delimitations, geometrical properties (Lindqgvist, 2011)
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The process mapping focused on the information flow in the measurement support process and
not the main manufacturing process. The support process at Saab Aeronautics delivered
required measurement results which had to be available for the manufactured products. Therefor
the implemented approach of process mapping was considered to be valid, even though the
main manufacturing steps were not mapped in detail, since the result of the support process was
required by the end customers.

Each interview was carried out individually, there were not any discussions in focus groups.
The questions used in the survey were created by breaking down the interview questions. The
survey was sent to seven selected companies which were verifying manufactured products by
the use of CMM equipment. The companies were chosen because of existing collaboration and
personal contacts.
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2. Research method

The research methods which were used in the thesis work are described in this chapter. To ease
the understanding of the research process an overview of the work is initially presented. The
different methodologies used in the thesis work are thereafter presented. The thesis work
consisted of three main blocks of research methodology, a literature review, case study and a
statistical analysis. The selected and used methods are discussed in the end of the chapter.

2.1  Overview of the research process

The research method consisted of three main steps: state of the art study, analysis of the impact
of the measurement strategy and the development of recommendations based on the result of
the previous steps. A model of the working process and the connection to the research questions
is visualized in Figure 2. Step one has been conducted to answer the first research question
regarding which knowledge and guidelines that exist today and the second research question
which is investigating the benefits of a standardized measurement strategy. The first step was
divided into two parallel processes, one theoretical study focusing on the requirements set in
industrial standards and the theory presented in academic research and one qualitative case
study focusing on the currently implemented and used measurement strategies and principles.
The selected methods to answer the two first research questions were an exploratory case study
(Yin, 1994) and a semi-systematic literature review (Snyder, 2016). The methods are further
described in the following sections 2.2 Literature review and 2.3 Case study.

By utilizing the parallel approach, the state of the art study investigated both theoretical and
empirical strategies and principles used during the thesis work to determine the measurement
planning work. The requirements which an updated measurement planning documentation had
to fulfill were investigated through qualitative interviews and questionnaires (Kvale, 1997).
This was done to obtain an understanding of which content that was consider to be important
to include by the measurement planning personnel since they were the people who had an
insight in the work they perform.

_____________ I e e e e e e O TEEEEEEEEEE
| T~ - o | 1 I
1 | |I | I
1 | |I | |
I Case study :| I :
| |

| I
| | . . | I

I 1] Anal f .

I, nalysis otimpact §__yf pocommendations | |
I I on result I |
| : I I 1
¥ Literature review :| I :
| |

I 1
| | | 1

1 I A How can the state of
» !, What potentialkey | the art methodologi I
' | What knowledgeand |1 benefits will be | e ar metiocyiosies
| : nat xnowledge | h ted by usi I be adapted, validated |
I, guidelines regardmg. I, expected by using I | A
I, measurement strategies :| astandardizedand | e o o :
1 : | . .

! and measure;ment point I: clearly defined e I e |
I : planning exists today? | " measure?ment I practices at Saab !
: ; :I strategy: : Aeronautics? :

e - _ al ;

e e A }

Figure 2. Model of the working process
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The second step of the master thesis work consisted of measurement experiments which were
utilized to analyze the impact of the chosen measurement strategy and measurement points. By
analyzing the impact of the strategy through a statistical analysis the third research question
was investigated. The results of the measurement experiment were used to validate different
measurement principles and strategies and to investigate the appropriateness of adaption into
working practices at Saab Aeronautics. The knowledge obtained from the case study and the
measurement experiment was analyzed and the results were presented in a proposal for the
incorporation of the measurement strategy into working instructions framework at Saab
Aeronautics in the last step of the thesis work. Due to the parallel process in the first phase of
the thesis work both deductive and inductive approaches were used (Okasha, 2002). This were
done by implementing approaches described in the theory into practical experiment and
complemented the outcome of those by the observations from the case study.

The outcome of the experiment was used to develop recommendations consisting of a
measurement strategy framework where the impact of the measurement strategy is visualized
and traceable. The purpose of the thesis work was reached through development and
deployment of recommendations regarding the measurement planning instructions supported
by academic research and industrial standards. By bridging the gap between the theoretical and
practical principles and rules a state of operational excellence in the field of geometrical and
dimensional metrology is expected to be reached at Saab Aeronautics through the
implementation of the measurement strategy framework.

2.2 Literature review

To find appropriate documentation regarding the subject area a literature review was carried
out (Hart, 2009). The literature review was performed in similarity to the four phase
methodology described in Health Care Customer Creativity (Snyder, 2016). The four steps are
visualized in Figure 3. The first phase of the literature review was conducted at the same time
as the development of the research questions to be able to focus the work. The main purpose of
the literature review was to find the theoretical state-of-the-art measurement strategies and
principles and the benefits of implementing the presented measurement methodologies.

Phase 1: Phase 2: Phase 3: Phase 4:
Designing Conducting Analysis Writing up
the review the review the review

Figure 3. Overview literature review process (Snyder, 2016)

The conduction of the literature review started by a semi-systematic approach to obtain an
overview of the available academic articles, industry and company standards and books related
to the field of geometrical measurement strategies and principles. A semi-systematic literature
review can be both systematic and non-systematic. The benefits of performing a semi-
systematic review are that the method offers a broad overview of a science field and makes it
possible to track development over time (Snyder, 2016). Documentation containing the
following keywords were investigated; Measurement Strategy, Measurement Principles,
Geometrical Product Specifications, Coordinate Measuring Machines, Uncertainties and
Metrology to get an understanding of what knowledge that was available in the literature. The
literature review thereby initially covered knowledge regarding metrology, tolerancing and
measurement strategies in general terms. Several databases were searched in order to get a
holistic perspective and to get a large sample of sources to the literature review. Some of the
ransacked databases were: DiVA, Scopus and ScienceDirect which were accessed through the
web-search function of the library at Linkdping University.
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The databases were selected because of the accessibility to published academic content. The
literature review thereafter focused, through an integrative review, into the field of CMM
measuring and more specific documentations regarding the methodologies for the verification
performed by the CMM equipment. The integrative review methodology is performed to assess,
critique and synthesis the sources and to develop new knowledge and theoretical frameworks
(Snyder, 2016). The study aimed at finding appropriate and broadly accepted approaches for
quality assurance performed by stationary CMM.

During the third phase of the literature review, extra focus was to find theories which were
possible to implement at Saab Aeronautics and thereby be possible to evaluate and compare to
the currently implemented measurement strategy through qualitative and quantitative methods.
Due to industry regulations the mandatory industry standards were included in the research to
ensure that the requirements defined therein were taken into account in the creation of the
measurement strategy. The analysis of the literature review focused on the last question in the
problem statement, the adaption, validation and incorporation of the findings into the
measurement strategy at Saab Aeronautics.

The main findings of the review were presented and written down in the fourth and last phase
of the literature review. The main findings of the literature review are presented in the
theoretical framework in the next chapter of the report. The theoretical framework consists of
the following topics: Introduction to metrology, Tolerancing, Geometrical features, Coordinate
Measuring Machine, Measuring guidelines from standardization institutes and Measurement
uncertainty. The findings of the literature review are further analyzed by quantitative methods
in the Findings and Analysis section of the report.

2.3 Case study

The case study research method was used in order to understand how the measurement planning
work were performed and the currently implemented working principles used at Saab
Aeronautics. Case study research methodology is used to answer how and why questions in
contextual empirical situations where the investigator has little control of the process (Yin,
1994). Case study as a research method also argued for in the article ‘Five misunderstandings
About Case-Study Research’ (Flyvbjerg, 2006). The case study was carried out by analyzing
the current working methodologies and principles which were used during the thesis work at
Saab Aeronautic to answer the research question: ‘RQ1: What knowledge and guidelines
regarding measurement strategies and measurement point planning exist today? ‘. The case
study started by an overall process mapping to create a foundation for the investigation of the
first research question regarding how the requirements and information were set and transferred
between departments at Saab Aeronautics (Brook, 2014). After the initial holistic approach, the
working methodologies in each process step were further investigated to obtain an
understanding of the current measurement point selection procedure, settings used in the
software, measuring procedure and requirement specification.

The work was thereafter carried out through semi-structured interviews and questionnaires
based on the process mapping and the research questions to ensure a structured gathering and
sorting of the information collected, these methods are further presented in 2.3.2 Qualitative
interviewing and 2.3.3 Survey. Yin introduces the methodology of including several strategies
into a study, i.e. the inclusion of interviews and a survey within the case study since the
strategies are not mutually exclusive (Yin, 1994).
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A model of the development of the interview and survey questions relatively to the research
questions is shown in Figure 4 (Kvale, 1997). The interviews and the survey gathered refined
information and personal thoughts regarding the current working methodologies and the
available working instruction compared to the holistic view of the process mapping.

Survey
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question 1 :
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Figure 4. Development of questions

2.3.1  Process mapping

A process is an operation which transforms an incoming product, need or requirement into an
outgoing resulting product or service (Bergman & Klefsjo, 2002). A process map is usually
visualized as a linear flow starting by a customer need that will be fulfilled through one or
several process steps and further on delivered to the end customers. Processes are according to
Bergman and Klefsjo (2002) divided into three groups Main -, Support - and Management
processes. The main process is the process that consists of the steps that develops, produces and
delivers the products and services to the end customers. The support processes consist of the
services that support the main process e.g. recruiting and quality assurance. The management
process includes e.g. the activities regarding business development and strategic planning.
Process mapping is a tool that can be used to understand how a process at a company works
(Brook, 2014). It is a tool to visualize a process and thereby enable a better understanding of it.

The process mapping performed in the thesis work was carried out through down-stream
mapping of the flow through each step by starting at the ‘supplier’ and ending at the ‘end-
customer’. By following the flow downstream problems e.g. rework and delays in the process
were visualized which is not visualized in the upstream process map which is created by
following the flow upstream and thereby only passing the process steps in the intended and non-
interrupted way. The most commonly implemented approach is following the process upstream
which is shown in Figure 5.
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Supplier . Process 1 ~D— Process 2 D Process 3 .

Following the product upstream the process flow
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Figure 5. Upstream process map (Liker & Meier, 2006)

The downstream process mapping approach which was used in the thesis work is shown in
Figure 6. An example of a rework loop between process 1 and 2 is visualized in the figure. The
process map was created through discussion with personnel at Saab Aeronautics which had long
experience and a wide understanding of the process steps which were included in the process
mapping. After the creation of the process map it was verified by follow-up discussions. The
resulting process map which was developed in the thesis work is shown and further discussed
in 4.1 Process mapping.

Rework loop
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Figure 6. Downstream process map

The yellow square boxes represent the process steps where the products are passing through
and are further refined and additional value is added. The green boxes represent the output of
each process step, which is delivered to the next step in the chain or in the last step to the end
customer. The product in the flow can be a physical product or a service which is offered to the
customers.

2.3.2  Qualitative interviewing

To ensure that the interviews were performed in a scientific manner the theories of scientific
interviewing, described by Kvale, were used in the thesis work (Kvale, 1997). Kvale presents
an interview methodology which consists of seven steps:

Thematizing
Designing
Interviewing
Transcribing
Analyzing
Verifying
Reporting



MEASUREMENT STRATEGY FOR GEOMETRICAL VERIFICATION

Some of the interviews were recorded to ensure that the transcribing included all relevant
information which was brought up during the sessions. The interviews which were carried out
in closed rooms were recorded. The interviews carried out in the office landscape were written
down during the interviewing sessions. The main outcome of the transcribing is presented in
Results - case study. The case study also investigated where knowledge of measurement
strategies and principles are needed to enable efficient incorporation of a state of the art strategy
at Saab Aeronautics.

Each step of the interviewing process is shortly described in the following section. In the
thematizing step the purpose of the interviews was established and in the designing step were
the planning of what knowledge to collect carried out. In the thesis work, the thematizing was
based on the purpose and problem statement of the thesis and the designing step was established
simultaneously as the overall project plan to ensure the fit of the interviewing sessions to the
time schedule of the thesis work. In the interviewing step, the actual interviews were carried
out. There are three different approaches to perform an interview structured, semi-structured
and unstructured (Cohen & Crabtree, 2006). In the structured approach the interviews are
carried out by following predefined questions. By using this methodology, the interviews are
easy to compare and analyze but there are limitations regarding additional inputs from the
interviewed person due to the inflexibility of the interviewing method. In the unstructured
approach the interviews are carried out without any predefined questions resulting in open
interviews where the topics can differ a lot between the interviewing sessions. The semi-
structured approach is a mixture of the other methods; some predefined questions are used as
guidelines but there is room for extra topics during the interviewing session. The overall
interview questions were created by breaking down the research questions presented in the
problem statement into more specific and detailed form (Kvale, 1997). Some of the interviews
were recorded to ensure that no important parts were left out in the transcription of the spoken
word. After the interviews were performed the information collected therein was transcribed in
the transcribing step. This step transformed the spoken words into written data. Due to the
nature of the thesis work the transcribing only stored the information that was selected, by the
author, as relevant for the thesis work. This was done by storing the information which was
used for the research questions in the problem statement and leaving out the linguistic parts of
the interviews. The fifth step in the interviewing method was the analyzing step where the data
which was obtained was analyzed according to the purpose of the interviews. The analysis was
performed by comparing the result of the interviews and the content of the theoretical study.
The sixth step was the verifying step where the reliability and the validity of the data was
investigated. The qualitative part of the interviews was verified by follow-ups and the
quantitative part of the interviews was verified by measuring experiments. The last step of the
interviewing method was the reporting where the result of the interviews was presented. The
reporting of the interviews is presented in Results - case study.

Each interview during the thesis work was carried out in Swedish since it was the native
language for the interviewed personnel, an English translation of the questions used in the
interviews are presented in Appendix B — Interview questions. Five interviews were performed
with different measurement planners at Saab Aeronautics. The interviews consisted of ten
prepared questions which were developed by breaking down the three research questions,
presented in the Research questions section, into more specific sub-questions. Each interview
was carried out individually during a 1-2 hours’ session. The interviews were performed at
several occasions during a three-week period in collaboration with the people working in or
close to the measurement planning process at Saab Aeronautics.

10
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In order to store and further analyze the collected knowledge regarding the working procedures,
obtained from the personnel at Saab Aeronautics, the interviews were transcribed. This was
done either during the interview session or afterwards depending on the interview procedure.
When the transcription was carried out after the interviewing session the interviews were
recorded to ensure a high quality of the transcription output. In the transcription process the
information which was considered to be relevant for the master thesis work was recorded in a
separate word-file and in parallel to this stored in an excel-matrix. The matrix was used to store
the collected data from different information sources and to give an overview of the parallel
process of the thesis work (Miles & Huberman, 1994). By utilizing the matrix, the comparison
of different sources was more transparent. Each question in the problem statement was divided
into different sub-segments in the matrix to further ease the comparison of the information
collected from different sources.

2.3.3  Survey

After the initial interviews and the literature review a survey was carried out to obtain input
regarding measurement strategies from external sources and other companies facing similar
requirements and difficulties as Saab Aeronautics. The following companies were included in
the study: GKN Driveline, Leax, Sandvik Coromant, Scania CV, SKF and Volvo Cars. The
companies included in the survey were selected because of similarities in manufacturing and
verification processes relatively to Saab Aeronautics and because of personal contacts. The
survey was sent to one person at each company which thereafter forwarded the document to the
personnel which worked with measurements and verification. A total of 13 replies were
obtained where some of the replies contained answers from several persons. The questions used
in the survey were a refinement of the interviewing questions and the theory presented in the
literature review. The purpose of the survey was to understand how other companies were
working with the measurement planning and verification of products and thereby get a better
understanding of the problems which could occur. By using a survey instead of interviews for
the external study a larger amount of feedback was possible to obtain in a time efficient and
easily comparable manner. The interviews and the survey were performed to collect feedback
regarding how the measurement strategies should be presented in company documentation and
which information to include therein in addition to the minimum required content. To ensure
comparability of the feedback, the survey was also sent to the measurement planning personnel
at Saab Aeronautics which had participated in the interviews.

The survey which was used in the thesis work consisted of eight qualitative questions regarding
the measurement planning work and a table to fill in the number of inspection points used to
verify different geometrical features. An English translation of the survey which was used is
shown in Appendix C — Survey questions. The survey which was used in the thesis work had
bigger boxes where the respondents could write down their replies. The qualitative questions
covered the following topics: background information about the respondent, measurement
strategies used at the respondent company, the amount and distribution of inspection points,
uncertainties and feedback regarding implementation of a standardized measurement planning
process. The survey was answered by personnel working in the field of measurement planning.

11
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2.4 Analysis

The result of the two working processes in the state of the art study were analyzed through an
evaluation of the most efficient outcome of the studied methodologies where all mandatory
regulations were fulfilled. The main purpose of the measurement analysis was to answer the
third research question: ‘RQ3: How can the state of the art methodologies be adapted, validated
and incorporated into efficient and standardized working practices at Saab Aeronautics? ‘. The
methods used to set the amount of measuring points, both theoretical and the know-how
experience were tested by application of the theories on a manufactured demo-article.

The demo-article consisted of some of the most commonly used and relevant geometrical
features which were manufactured at Saab Aeronautics. By analyzing the outcome of the
literature study and the case study in parallel the most relevant knowledge from both sources
was taken into account in the creation of the measurement strategy. The impact of the analyzed
factors was evaluated through an analysis of maximum and minimum deviation from nominal
value (Ymax, Ymin), standard deviation (oy) and mean value of the sample (uy). The collected
data was divided into groups and compared by the use of a matrix in order to ensure that all
collected information was used in the analysis. The thesis work delivered recommendations
regarding a measurement strategy based on the results which will be further discussed in the
discussion section. A conceptual model of the basic approach to the analysis is graphically
displayed in Figure 7 which visualize a cross section of a measurement. The lines which are
shown in the figure represent the nominal target value of the surface, the actual form of the
surface, the specification limits, the uncertainty of a non-reduced infinite measurement (Uxx)
and the uncertainties of a reduced finite measurement set (measurements of the red dots to verify
the surface). The goal of the analysis was to present a representation of the measured product
by the use of a discrete number of inspection points where the information loss was traceable
and comprehensible.

------------------------------------------------------------------------------ usL
Reduced upper

""""""""""" e Uy UPPET
e /.X.—/’/. Actual form
./_/./ Nominal value
- Uy, lower

Reduced lower

Figure 7. Concept model analysis

The measurement guidelines and principles were implemented on a CNC-milled aluminum
demo-product. The product was selected because it included complex surface features and the
product also represented the manufacturing process, at Saab Aeronautics, in a good way. The
demo-product is visualized in Figure 8. Three rectangular areas projected on a free-form surface
were selected on the manufactured demo-article to be investigated. The features were selected
to represent many of the features which were described in the internal measurement planning
documentation at Saab Aeronautics. A measurement program was developed for the project in
PC-DMIS (software used for the creation of measurement programs) in collaboration with
Hexagon Manufacturing Intelligence. The result of the measurements was afterwards exported
from PC-DMIS to Microsoft Excel and thereafter into Minitab for further analysis.

12
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Figure 8. Demo-product

2.4.1  Statistical analysis

To analyse the impact of different measurement strategies several statistical tools were used in
Minitab. The purpose of the statistical analysis was to create an understanding of the impact of
the measurement strategies. This was performed through simulated measurement strategies
derived from the raw data set. 100 simulated averages, maximum and minimum values were
created by the implementation of different measurement strategies and were analysed and
compared to each other and to the values of the raw data set. The following steps were
performed in Minitab:

1. Probability check
2. Graphical representation of the data
3. Hypothesis tests

The analysis started by a probability check to ensure normality of the data sets before using the
tools which required normality. The probability check was done thought the internal function
in Minitab which uses a p-value of 0.05 in the standard settings to determine the probability of
fit of a distribution. After the normality check, the data of the strategies were further analysed
by histograms and boxplots to obtain an overviewing understanding of the distribution of the
data sets. Histograms presents the shape and distribution of a data set in a visual manner. The
function sorts the data according to the value of each data point and groups it into bars. The
next step in the analysis were to perform hypothesis tests to verify if there were any significant
differences and similarities of the measurement point distribution strategies. The hypothesis test
consisted of one-way ANOVA (Rutherford, 2011), one-sample T-tests and two-sample T-tests
to analyse the differences in mean values. The one-way ANOVA analysis was used to analyse
the averages of more than two data groups and it was performed for each measured surface
independently. The one-sample T-test was used to analyse the averages of the samples relative
to the average of the complete measurement sample. The two-sample T-test was used to
compare the averages of two sample groups to analyse e.g. the differences of using more or less
inspection points. In addition to the hypothesis tests of the mean values, test for equal variances
were used to analyse if there were any significant differences regarding the resulting variances
of the analysed methods. The samples which were normal distributed were analysed by the use
of Bartlett’s test and the samples which were not normal distributed were analysed by the use
of Levene’s test in order to obtain the probability of equal variances, both the test were
performed in Minitab.

13
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The maximum and minimum values of the methods were analysed by comparing the absolute
differences of the sets and the visual differences though boxplots where the maximum and
minimum values of the complete raw data sample were displayed. The outcome of the statistical
analysis was used to give recommendations for an evaluation method of the uncertainties related
to the inspection point distribution method and the number of inspection points which could be
implemented in the measurement strategy framework.

2.5 Method discussion

The following section presents a discussion regarding the validity, reliability and ethics of the
methods used in the thesis work and the delimitations of the measurement experiment.

The measurement experiment was limited to three measurement runs because of restrictions in
time available to perform the measurement. Three free-form surfaces were analyzed in the thesis
work. Other types of geometrical features and assemblies were not analyzed due to economical
and time limitations. The measurement experiment was performed in one type of CMM and by
using one type of measuring probe. Three repeated measurement sets were used during the
measurement experiment. The methodology development was delimited to analysis of the
amount of inspection points.

251 Validity

The definition of the validity of the research is presented and described in Business Research
Methods (Bryman & Bell, 2011). The following definition of validity was used “you are
observing, identifying, or “measuring” what you say you are” in combination with the internal
and external validity (Bryman & Bell, 2011, p. 395). The internal validity concerns the match
between the observations and the developed theories and the external validity concerns the
possibilities to generalize the findings.

The methods selected to answer the research questions in the problems statement was
considered to have a high validity due to the implementation of both qualitative and quantitative
tools and the step-by-step base work methodology used in the thesis work. The qualitative part
of the work was performed to gather a large amount of feedback from the measurement planning
personnel which was verified by the theoretical findings and thereby ensuring an internal
validity. Several people, with knowledge about the measurement planning process, were
included in the qualitative interviewing and survey phase. They were involved to increase the
quality of the feedback regarding the appropriateness of the methods used in the case study.
The validity of the work was also supported by the description of the uncertainties related to
measurements described in the international standards, ISO 14253-2:2011. The work was based
on theoretical findings to increase the external validity of the work.

The validity of the statistical methods and the data analysis was supported by the theoretical
framework which thereby supported both the external and internal validity. The data was
carefully collected and sorted during the master thesis work and each surface and inspection
point selection method had dedicated Excel-files and tabs to keep track of each data set. Several
measurement properties were investigated to ensure that no important parts were left out of the
analysis. When transferring data from Excel to Minitab several checks were performed to ensure
that the correct data was transferred. A general confidence level of 95 % was used in the analysis
which was considered by the author to be a suitable level for the descriptive purpose of the
methodology.
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252  Reliability

The definition of the reliability which was used in the thesis work are described in Business
Research Methods (Bryman & Bell, 2011). The reliability is divided into two segments, external
and internal reliability. The external reliability focus on the replicability of the work and the
internal reliability focus on the internal agreements of the observations (Bryman & Bell, 2011).

The internal reliability of the methods used in the thesis work was supported by the involvement
of the people working in the process and continuous feedback during the thesis work. In addition
to the feedback from the personnel working in the measurement planning process, theoretical
sources were used to ensure the appropriateness of the methods used. The performed
measurement procedure to collect the data was conducted in collaboration with Hexagon.
Hexagon developed and distributed the CMM equipment and the software PC-DMIS which
was used in the measurement experiment. The steps which were conducted was documented to
support the external reliability, i.e. the degree of replicability of the work (Bryman & Bell,
2011).

Since the tools used in the analysis of the measurements were the integrated functions of the
software, the data analysis part of the thesis work was performed with a high external reliability.
By following the described steps of the thesis work the result of a repeated work procedure was
considered to result in the same conclusion as the thesis work. Small differences could occur
due to the randomization of the 100 samples used to analyze the measurement point selection
methods.

25.3 Ethics

The identity of the people which contributed to the interviews and surveys was kept anonymous
throughout the work. None of the interviews or the survey contained any personal information
and to ensure that the interviewed personnel felt comfortable to share their opinions, the result
of the case study was merged before presented in the report.
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3. Theoretical framework

This part of the report presents the theories which were used in the case study, measurement
analysis and strategic findings. The theoretical framework also presents concepts and terms to
give the reader a better understanding of the subject. The theoretical framework consists of the
definition of geometrical features, introduction to CMM equipment and guidelines regarding
measuring principles presented in international/national standards. The theoretical framework
was, through the literature review, created from academic articles, material published by
standardization institutes and books covering the field of geometric dimensioning and
tolerancing to answer the research questions: ‘RQ1: What knowledge and guidelines regarding
measurement strategies and measurement point planning exist today?’ and ‘RQ2: What
potential key benefits will be expected by using a standardized and clearly defined measurement
strategy?’.

3.1  Tolerancing

To ensure that the designed products fulfill the functional requirements the designer defines the
dimensional requirements and tolerances in the drawing. This is done to reduce any ambiguity
regarding the product and to provide a basis for the contract between a supplier and customer.
During the thesis work the drawing could be either a traditional 2D-drawing or a 3D-model by
the use of Model Based Definition (MBD) (Lindgvist & Jansson, 2016). The tolerancing can
be performed according to traditional tolerancing annotations or by a further developed system
like the GPS (Geometrical Product Specification) system (Bennich & Nielsen, 2005).
Tolerancing can consist of e.g. dimensional -, surface -, form - and orientation requirements
where each one is defined according to currently used standards.

3.1.1 Geometric Dimensioning and Tolerancing (GD&T)

Geometric dimensioning and tolerancing (GD&T) is a system used for defining tolerances
(ASME, 2009). The purpose of GD&T is to more thoroughly define the products compared to
the former limit dimensioning used for tolerancing form, orientation, location and profile of
features. GD&T states the requirements of the product in a more detailed manner compared to
limit dimensioning. GD&T is defined in several standards e.g. ASME Y14.5-2009, ISO
5459:2011 and ISO 1101:2013. The ISO and ASME standards share many similarities in the
definition and notation but in some aspects there are differences. ASME Y14.5-2009 is a
complete documentation of the dimensioning and tolerancing while the ISO standard consists
of several individual documents describing segments of the 1ISO standard.

3.1.2  Geometrical Product Specifications (GPS)

Geometrical product specification (ISO GPS, henceforth GPS) is developed by ISO and the
purpose of the system is to communicate requirements defined by the drawings in an
unambiguous manner (SIS, 2015). GPS is defined as “...the system used to define the
geometrical requirements of workpieces in engineering specifications, and the requirements for
their verification.” (SIS, 2015, p. V). GPS is used worldwide and the system has come to replace
several previously used national standards (SIS, 2007). The benefits of using the GPS standard
are a reduction of costs due to quality problems, an enabler of continuous improvements and an
optimization of the allocation of resources. In the GPS standard there exist nine geometrical
properties that are used during the thesis work to define a geometrical feature. The properties
are the following: size, distance, form, orientation, location, run-out, profile surface texture,
areal surface texture and surface imperfections. By using the geometrical properties, there is a
uniform way of defining the properties of a workpiece. The characteristics and symbols used
for different tolerances are shown in Table 1.
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Table 1. Tolerances, characteristics and symbols (SIS, 2013).

Tolerance | Characteristics | Symbol | Tolerance Characteristics | Symbol

Form Straightness - Location Position '@'
Flatness £ Concentricity @
Roundness O Coaxiality @
Cylindricity @r Symmetry =
Profile line Y Profile line 7
Profile surface - Profile surface 2

Orientation | Parallelism // Run-out Circular run-out /
Perpendicularity | _ | Total run-out Z/
Angularity 4 Distance/size | Between -
Profile Line & From ... to -
Profile surface -

3.2 Geometrical features

Each workpiece which is designed consists of one or more geometrical features that are defined
through functional requirements. Geometrical features are defined according to 1ISO 17450-
1:2011 (SIS, 2011f) as a point, line, surface or volume. Geometrical features can be divided into
two separate groups’ ideal features and non-ideal features. The ideal features are used to define
the nominal model by the designer in the development process. The non-ideal features are used
to represent the manufactured workpiece where the features have deviations in straightness,
surface etc. The non-ideal feature is used as a mindset for the tolerancing and to emulate the
manufactured workpiece when defining the requirements. In addition to the ideal — and non-
ideal representation a third model, the discrete skin model, is defined to represent the actual
measurement (Anwer, et al., 2013). Figure 9 below displays an example of an ideal feature to
the left, a non-ideal feature in the middle and an example of an actual measurement result to the
right. The skin model in the example below is only verifying the contours and not the surfaces
of the product. A complete skin model would include measurement points on the surfaces as
well.

Figure 9. Ideal- and Non-ideal feature and skin model (Anwer, et al., 2013)
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3.21  Duality principle

When designing a workpiece, the designer is creating a nominal representation of the model
that fulfills the functional requirements (SIS, 2011f). The nominal requirements are in practice
impossible to manufacture due to variation in the real world process. Therefor are tolerances
added to the description of the workpiece to enable manufacturing and in parallel ensure that
the workpiece fulfill the functional requirements. The tolerancing is carried out with a non-ideal
surface model in mind to set the tolerances (SIS, 2011f). The definition that is carried out by
the tolerancing of a requirement on the drawing is specifying the specification operator (SIS,
2007). The purpose of the specification operator is to ensure that the functional requirements of
the geometrical feature will be fulfilled and to reduce any ambiguity regarding the definition of
the workpiece (SIS, 2011f). After the manufacturing of the workpiece, the measuring of the
workpiece defines the verification operator (SIS, 2007). The verification operator should be as
close as possible to the specification operator to verify the function of the workpiece in an
economical manner. The operators are defined in the duality principle statement according to
the following (SIS, 2011g, p. 5):

The duality principle states that:
1. a GPS specification defines a GPS specification operator independent of any
measurement procedure or measurement equipment, and;
2. the GPS specification operator is realized in a verification operator which is independent
of the GPS specification itself, but is intended to mirror the GPS specification operator.

3.2.2  Feature operations

In order to define the specification operator and to be able to verify the verification operator,
feature operations are used according to ISO 17450-1:2011 (SIS, 2011f). The feature operations
can be used to obtain ideal and non-ideal features. ISO 17450-1:2011 defines seven feature
operations that can be used in any order and on both ideal and non-ideal features (SIS, 2011f).
The feature operations defined in 1SO 17450-1:2011 are the following seven which are
visualized in Figure 10:

Partition
Association
Extraction
Collection
Construction
Filtration
Reconstruction
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Figure 10. Feature operations (SIS, 2011f)

The first feature operation is ‘Partition” which is used to identify a part of a geometrical feature
e.g. the identification of one surface of a cube. Partition is also used to identify segments of
features. The second feature operation is ‘Association’; the operation is used to fit an ideal
feature to a non-ideal feature according to a specified criterion. An example of association is
the fitting of a nominal line to the measured points of a non-ideal line on a real feature by the
use of the Gaussian Least Square method. The third operation is ‘Extraction’ which is used to
obtain a finite number of points from a non-ideal feature. Example of this is the selection of 50
points on a rectangular surface. The forth feature operation is ‘Collection’ (SIS, 2011f).
Collection is used to identify features that together fulfill a functional role. An example of the
use of the collection operation is the collection of two centrum lines to define a datum. The
collection operation can be performed on both ideal and non-ideal features. The fifth defined
operation according to ISO 17450-1:2011 is ‘Construction’ and is used for the creation of new
features by the use of existing ones. Construction can be used to create a line by the use of the
intersection of two planes. The sixth operation is ‘Filtration’ and is used to separate information
regarding roughness, structure and form etc. from each other as well as to reduce measurement
noise. Filtration could be used to separate the structure of an orange-peel from the circular form
of the fruit. The seventh operation is ‘Reconstruction’ and it is used to create a continuous
feature by filling gaps in the definition. Reconstruction is often required to create an intersection
between ideal and non-ideal features since there are often undefined points in between due to
the variation of the non-ideal feature.

3.3  Coordinate Measuring Machine (CMM)

Measuring devices can be divided into three categories (Hageryd, et al., 2002). The first
category is fixed measuring devices; the devices have specified dimensions that are used to
verify the products, examples in this category are feeler gauge and plug gauge. The second
category is displaying devices that have a readable scale telling the dimensions, examples in
this category are caliper and bore gauge. The last group is other measuring devices, in this
category is the coordinate measuring machine located. The history, types of equipment and
functionality of the coordinate measuring machine will be presented in the following chapter of
the report.
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3.3.1  History, equipment types and probes

The history of Coordinate Measuring Machine (CMM) is presented in (SIS, 2008). CMMs were
introduced during the 1950’s. The first versions of the equipment consisted of stiff iron stands
with an integrated scale which were manually movable in one axis each. The stands were
oriented in 90° relative to each other and by using a fixed probe the users of the equipment
obtained the coordinates of the measured point by reading each individual scale. The principle
of using the Cartesian X-Y-Z coordinate system is the most commonly used configuration of
the CMM inspection space. Today is the CMM equipment digitalized, the movements of the
axes are controlled by electric motors and the calculation and presentation of the result is done
by computers. The CMM systems are today closely integrated with CAD systems which enable
a fast and reliable information transfer (Hageryd, et al., 2002). The measurement result from
the CMM measurement can easily be analyzed by exporting the measurement data into e.g.
statistical process control software.

There exist different types of stationary CMM equipment. The most common ones are the
cantilever, bridge and horizontal-arm CMMs (SIS, 2000). Each of the three different types
consists of components that move perpendicular to one another. The equipment differs in the
possibility to reach measuring points and the accuracy of the measurement (SIS, 2008). Due to
the different properties of the CMMs, it is important to investigate what accuracy and
reachability that is needed when investing in new equipment. In addition to stationary
equipment there exists special types of CMMs; one kind is the portable CMM. The portable
equipment can e.g. consist of portable measuring arms or handheld point probing devices
connected to a laser tracker system. To measure the products, the CMM utilize a measuring
probe to gather the information. There exist three main groups of probing systems, touch trigger
probes, scanning probes and optical/laser scanners (SIS, 2008). The touch trigger probe is the
most common system and the measuring principle is based on an electrical circuit that is broken
when the probe touches the measuring object. When the probe hits the surface of the measured
object the probe flexes slightly due to a spring based construction and the electrical circuit is
thereby broken. When the circuit is broken the CMM records the orientation of the probe and a
measurement is performed. Scanning probes have an integrated measuring system that enables
the probe to follow a surface and thereby continuous collecting measuring points. The
optical/laser probing system is often used when it is not possible to use any other probing system
due to fragile, large or complex parts. Modern CMM can automatically switch between different
probes by using a storage rack containing several probes. This increases the flexibility of the
coordinate measuring machines.

3.3.2  Uncertainties effecting the measurement

To ensure that the measurement performed by the CMM is reliable the environment where the
measuring takes place has to be tempered, clean and vibration free (Flack, 2014). The
temperature variation is the factor that disturbs the result the most according to Flack. Therefor
is it recommended to use thermal isolation around the measuring equipment and an air-
condition unit to retain a stable room temperature. The workpiece that is going to be measured
is also a factor that is influenced by the temperature. The measuring of the workpiece should
therefore not be performed before the workpiece have reached a stable temperature. Cleanliness
can also affect the measuring results. If there is an unclean environment, dust can introduce a
measurement error (Flack, 2014). NLP recommends the use of a fan that creates a higher air
pressure surrounding the CMM to avoid the influence of the dust when measuring. The
maximum allowed vibration that the CMM can be exposed to is presented in the equipment
documentation. If there are risks of higher level of vibration, absorbing isolation can be used to
reduce the impact of it (Flack, 2014).
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3.3.3  Evaluation methods

To compare the measured points of a manufactured product to a nominal model and thereby
verify the product, different types of association algorithms are used by the CMM software.
The association method that is usually utilized in the CMM software to fit the measured points
to an ideal feature is the Gaussian Least squares method (SIS, 2008). The algorithm minimizes
the sum of squares of the errors for every possible solution of an overdetermined system. The
method results in a mean representation of the feature were the distance of the highs and lows
in relation to the mean are minimized. Other common association methods are the minimum
circumscribed circle and maximum inscribed circle. The methods are used for envelope
requirements where the maximum size of e.g. an axle is calculated by the minimum
circumscribed circle (the smallest circle that encloses the feature) and a hole is calculated by
the maximum inscribed circle (the largest circle that can be inscribed in the feature). A third
commonly used association method is the Minimum Zone Circle (MZC) where the difference
between the minimum circumscribed circle radius and the maximum inscribed circle radius is
calculated and presented.

3.4 Measuring guidelines

The available recommendations regarding general measuring guidelines, the amount of required
inspection points and the distribution of the points are presented in this chapter. Methods used
to calculate the amount of inspection points and to reduce the number of measuring points are
also presented.

The ASME Y 14.5-2009 standard defines some fundamental rules concerning dimensioning and
tolerancing (ASME, 2009). In short the rules state that each necessary dimension shall be
shown, easily readable and have a unique tolerance so that there is a full understanding of the
feature. The drawing shall not define the manufacturing method if there is no explicit need for
it but when it is required it shall be shown directly on the drawing or by a reference to another
document. If there are non-mandatory processing dimensions these shall be easily identifiable.
All tolerances and dimensions are applicable at a free-state condition at the temperature of 20°C
unless other is defined. A right hand coordinate system is used to define the product unless other
is specified.

In Good Practice Guide No. 41 published by NPL, six principles of good measurement practice
are presented. The practices are defined according to the following (Flack, 2014):

e The right measurements: Measurements should only be made to satisfy agreed and
well-specified requirements.

e The right tools: Measurements should be made using equipment and methods that
have been demonstrated to be fit for purpose.

e The right people: Measurement staff should be competent, properly qualified and well
informed.

e Regular review: There should be both internal and independent assessment of the
technical performance of all measurement facilities and procedures.

e Demonstrable consistency: Measurements made in one location should be consistent
with those made elsewhere.

e The right procedures: Well-defined procedures consistent with national or
international standards should be in place for all measurements.
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The rules presented in Good Practice Guide No. 41 are of a general nature but good to keep in
mind in the creation of the measurement strategy. The use of the term ‘the right measurements’
presented in the first bullet point is interpret as the correct measurements.

3.4.1 Number of measuring points

According to Good Practice Guide No. 41, varies the amount of measuring points required to
verify a geometrical feature depending on the purpose of the measurement (Flack, 2014). If the
measurement only has to verify a geometrical feature the mathematical minimum of points is
enough but if the measurement also has to include information regarding form error a larger
amount of measuring points will be required (Flack, 2014). The distribution of the points is also
an important factor to consider, it is recommended to avoid evenly and extreme distributions of
the points in order to ensure a good and representative outcome of the measurements. A large
amount of correctly distributed points will result in a reliable outcome but since a large number
of points will be more time consuming to measure there often has to be a balancing between the
accuracy of the measurement and the economics of the procedure. Table 2 presents the
mathematical and recommended minimum amount of points.

Table 2. Number of contacts points required (Flack, 2014, p. 31)

Number of contact points required
Geometrical feature | Mathematical minimum | Recommended minimum
Straight line 2 5
Plane 3 9
Circle 3 7
Sphere 4 9
Cone 6 12 (Straightness) alt. 15 (Roundness)
Ellipse 4 12
Cylinder 5 12 (Straightness) alt. 15 (Roundness)
Cube 6 18, minimum 3 per face

The guidelines presented by SIS are shown in Table 3. The recommendations have some
differences compared to the guidelines presented by Flack. Two additional features, point and
torus are included in the SIS recommendations. The author emphasize that the amount of
measurement points is the minimum required and a larger amount might be needed to ensure a
valid measurement result.

Table 3. Number of contact points required (SIS, 2008, p. 58)

Number of contact points required

Geometrical feature | Mathematical minimum | Recommended minimum
Point 1 --

Line 2 5

Plane 3 7

Circle 3 7

Sphere 4 11

Cylinder 5 11

Cone 6 13

Torus 9 19
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Hageryd et al. also presents guidelines regarding the amount of measurement points for the
verification of a number of geometrical features (Hageryd, et al., 2002). The recommendations
are presented in Table 4 where the authors also have included the amount of measurements
required to verify the shape of the feature.

Table 4. Number of contact points required (Hageryd, et al., 2002, p. 56)

Number of contact points required
Geometrical feature | Minimum amount Recommended Amount of
minimum measurements, shape
deviations
Plane 3 4 13
Sphere 4 5 13 — half, 18 — full
Cylinder 5 6 20
Cone 6 7 20

3.4.2  Pattern and distance between measuring points

When products are measured by the use of a touch probe the number of measurements is set to
a definite number of contact points. The operation is defined in 1ISO 17450-1:2011 as Extraction,
see chapter 3.2.2 Feature operations. The reason for the extraction is that it is not economically
beneficial or physically possible to measure an infinite number of inspection points by the use
of a touch probe CMM (Ricci, et al., 2013). The extraction shall be performed, if possible, in a
way so that no information is lost during the operation. ISO 14406:2011 generalize the Nyquist
theorem which states that an infinite long signal, that consist of no shorter wavelength than a
specific length, can be restructured by regular spaced intervals that are no longer than half of
the specified shortest wavelength (SIS, 2011e). The Nyquist theorem thereby offers some
guidelines regarding the spacing allowed between the inspection points. An example of the
implementation of the Nyquist theorem is shown in Figure 11 were the shortest wavelength is
visualized by the black dots and a complete representation of the curve is created by the grey
dots.

Figure 11. Nyquist theorem

The reconstruction, see 3.2.2 Feature operations, of the feature can be carried out by either
Wavelets which results in an exact representation of the true feature in similarity to the Nyquist
theorem or by a Morphological filter which gives a representation consisting of a known limited
error due to the measure tool. In practice, if the required number of inspection points is set by
the minimum wavelength this often result in a large number of measurements. It is often
preferred to have some degree of information loss to be able to perform the measurements faster.
The result of a circular measurement tool and a morphological filter is shown in Figure 12.
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Figure 12. Morphological filter

Distribution of measuring points

NPL describes two approaches to distribute the inspection points (Flack, 2014). The first one is
the simplistic and easy to use uniform ad hoc approach. A shortcoming of the uniform
distribution is that it takes no account of actual form error or historical data according to the
author. The second method is described as the scientific approach because the method is based
on actual measurements and analysis of produced part. The scientific method offers a good
balance between the accuracy and the cost of the measurements according to Flack. The
implementation of the uniform method for some geometrical features will be described (Flack,
2014). The selection of measuring points on a line is recommended to be done by dividing the
line into 3N — 2 number of intervals where the points are randomly placed in the 3N — 2th
intervals to ensure that periodic disturbances get detected. The selection of N points for a
rectangular plane is carried out through dividing the surface into N; x N, sub rectangles
where N; N, = N. The points are then randomly distributed inside each sub rectangle.

To obtain a uniform distribution of the circumference of a circle it is divided into N equal arcs.
It is important when selecting N that the number is not even or a multiple of a presumed amount
of lobes, otherwise there is a risk of missing the lobe imperfection of the circle. The selection
of N points on spherical and cylindrical features is done by calculating the number of points per
plane npand number of planes nc by the use of equation (1) and (2), where h is the height of the
sphere/cylinder, r is the radius and n,, n. € Z.

_|Nh (1)
Me 2mr
N
Tlp = TI._C (2)

For the implementation on cylindrical features it is recommended to alter the number of points
between odd and even for each plane to easily detect lobes. The last element described in the
NPL guidelines is the extraction of the conical element (Flack, 2014). To distribute N number
of points on a cone the following formulas are used. The main difference of the conical feature
compared to the cylindrical feature is that the amount of measuring points decreases when the
cone narrows. First the side length | calculated according to equation (3), where h is the height
of the cone and ry, 1, are the radii at the ends r, > ;.

L= V2 + (r; —11)? @3)
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The number of planes are calculated according to equation (4) and the reduction of number of
points per plane are defined according to equation (5).

IN 4)

m(r, — 1)

G = 2”(7'21— 1) (5)

The second method i.e. the scientific approach requires previous knowledge about the
workpiece which can be obtained through in-process measurements etc. Due to the uniqueness
of the approach it will not be presented here, for further reading see Good Practice Guide No.
41 (Flack, 2014).

Sampling strategies

ISO 14406:2011 describes sampling strategies for the following nominal geometries: spherical,
planar, cylindrical, surface of revolution, prismatic, helix tube and complex (SIS, 2011e). The
sampling strategies which can be used to verify the nominal geometries are shown in Figure 13.
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Figure 13. Sampling strategies (SIS, 2011e)

The first sampling strategy is the orthogonal grid. The grid is defined by equally spaced lines
in two orthogonal axes. The spacing is not required to be equal in both directions. Notice the
similarities of the orthogonal grid and the uniform pattern described by NPL in the previous
section. The second scheme specified grid which consists of evenly distributed patterns which
does not have to be orthogonal. Example of this is a triangular patterns covering a rectangular
surface. The third sampling pattern is the helix pattern, which is formed by a helix of constant
angle following a center line. The forth sampling strategy is the spiral which is as implied a
spiral pattern covering a circular area. The fifth pattern is the stratified, which consist of equally
spaced profiles in one direction. The sixth is the the points method. The sampling consists of
randomly or patterned distribution of points across the surface. The seventh sampling method
is the bird cage pattern which is a special application of the orthogonal grid.
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The grid is applied on the surface of a cylinder where the pattern is evenly distributed along the
central line and evenly angular distributed in the orthogonal direction. The pattern takes the
form of a cylindrical cage thereof the name. The eight is the polar grid which consists of equally
distributed concentric lines and orthogonal evenly angular distributed straight (radial) lines
covering a circular segment. The ninth and last sampling strategy is the spider web, which is a
combination of the spiral pattern with an addition of equally angled radial straight lines that
creates bounded sections of the spiral pattern. The sampling strategies are used to verify the
manufactured features in reliable and efficient manner.

Extraction: Flatness and straightness

The distribution of inspection points and the extraction procedure implemented on flatness and
straightness requirements requires some additional information as input compared to regular
dimensional tolerancing in order to follow a unique specification operator. In order to be able
to verify the conformance of the verification operator to the specification operator the
specification has to define the filter cut-off, probe tip radius and method of association, 1SO
12780-2:2011 (SIS, 2011b) and ISO 12781-2:2011 (SIS, 2011c). These requirements
concerning additional information are needed to ensure that the verification is performed in a
suitable manner accordingly to the designer’s intention. The filter cut-off is the wave length that
is used for low-pass filtration of the profile curve i.e. the profile is smoothen and waves of high
frequency are removed. The probe tip radius is the radius of the probe that is used for the
verification. The probe tip radius will influence the possibility to reach and measure the product.
If the radius of the probe is too large it will not be possible to collect high frequency waves due
to the limitation of the probe geometry in similarity to the morphological filter. The method of
association tells the specification operator what reference line/plane that is supposed to be used
in the verification procedure. 1ISO 12780-2:2011 recommends seven measuring points per cut-
off according to the Nyquist theorem to collect all information about the feature (SIS, 2011b).
The flatness requirement is a special application of the straightness requirement because it is an
area instead of a line (SIS, 2011c). The flatness is verified by the use of sampling in two defined
orthogonal directions i.e. verification of straightness in e.g. x-axis and y-axis. The
recommended amount of measuring points is derived by the use of seven points per cut-off
length for each orthogonal direction. The rule of seven points per cut-off is the theoretical
maximum distance between the points to mathematically have no information loss in the
measurement. A uniform grid strategy implemented on a rectangular 60 x 50 mm workpiece
surface with the cut-off of 2.5 mm will result in a total number of 17,575 measuring points by
the implementation of the described theory (Ricci, et al., 2013). To perform the example
measurement a maximum stylus tip radius of 1.5 mm has to be used (SIS, 2011b).

Extraction: Roundness

The verification of roundness also requires some additional input in the specification operator
due to limitations in the 1SO 12181-2:2011 standard (SIS, 2011a). The UPR (short for
Undulations per Revolution which relates to the harmonics of a wave), probe tip radius and the
method of association has to be defined to ensure uniqueness of the specification operator. The
first specification requirement is the only difference compared to the straightness and flatness
specification described previously. 1 UPR is the first harmonic, 2 UPR is the second harmonic
etc. The first harmonic creates the circumference of the circle. By specifying a suitable limit of
the UPR the shape of the circle will be separated from the roughness of the surface. ISO 12181-
2:2011 defines the number of inspection points given an upper UPR limit and the minimum
ratio of the radius of measured circle divided by the radius of the stylus tip. There is no defined
maximum distance between the inspection points set in the ISO standard.
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Hammersley’s algorithm

Lee et al. presents an algorithm based method to distribute the inspection points used to verify
different geometrical features (Lee, et al., 1997). The authors present and validates the
implementation of Hammersley’s sequence algorithm to distribute a stratified sample of
measuring points across different geometrical features. The Hammersley’s algorithm defines
the location of a predefined number of points. The coordinates (s;, t;) of a Hammersley point is
defined accordingly to equation (6) and (7), where 0 < s;,t; < 1, N is the amount of points,
i€{0,..,N—1} and k =[log,(N)], k € Z. An example of the implementation of
Hammersley’s algorithm for the distribution of 13 points is shown in Figure 14.
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Figure 14. Example of Hammersley's distribution of 13 points.

The basic definition of the Hammersley distribution of points can be used without any
modification for rectangular features. To use the algorithm on circular features the Hammersley
equation has to be transformed into polar coordinates according to (8) and (9). s; represent the
radius and t; the degree in the polar coordinate system. R is the radius of the circle. The central
point of the circular feature is used as starting point in the standard expression. By replacing t;
in (8) with (1 — ¢t;) any point at the edge of the circular surface can be chosen as starting point
instead of the central point.

s{=ti1/2*R (8)
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tll = §; * 360° (9)

The Hammersley’s equation can by the addition of third degree of freedom be used to create a
sampling pattern for conical and hemispherical feature surfaces with the coordinates (s;, t;, w;).
By defining w; the height of the cone will be considered in the creation of the grid, see (10)
were h is the height of the cone. If the central point/tip of the cone is used as starting point (8),
(9) and (10) are used to calculate the Hammersley coordinates. In the case of using a point
located at the edge of the cone in (R, 0,—h) as the starting point, t; in (8) has to be replaced with
(1 —t;) as for the circular surface.

The Hammersley’s equation for hemispherical surfaces is defined according to (11), (12) and
(13). The equation is valid when the starting point is selected at the apex of the hemisphere
surface. If a starting point at the edge i.e. (R, 0, —R) is chosen, (1 — t;) in (11) has to be replaced
by t; and —t; in (13) has to be replaced by (t; — 1).

si=y1-(1—-t)**R (11)

The performance of the Hammersley’s algorithm was compared to the performance of random
samples and uniform samples by the authors and the result of the simulation showed that the
use of Hammersley’s sequence had a potential of a quadratic reduction in the number of
inspection points (Lee, et al., 1997). The Hammersley’s sequence has also been used in an
analysis of the accuracy of the measurement which was influenced by different surface
structures (Raghunandan & Venkateswara Rao, 2008). The authors conclude that the surface
finish will influence the amount of measuring points; a rougher surface will require a larger
amount of measurement points. Therefore, the surface finish has to be considered in the process
of determining the amount of inspection points.
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3.4.3  Inspection point reduction

Two methods used to reduce the amount of inspection points when verifying geometrical
features were found during the literature review. The methods and the theory behind are
presented in the following section.

Cluster analysis

Cluster analysis can be used to better utilize the available CMM capacity. The purpose of the
cluster analysis is to reduce the amount of inspection points that are required to be inspected to
verify the properties of an element (Wérmefjord, et al., 2013). The cluster analysis is a statistical
method that is based on the relationship in movement between inspection points. The measuring
points which shares the similar characteristics are clustered together, through equation (14) and
(15), and by doing so only one of the points in the cluster has to be measured to determine the
characteristics. It is critical that the information loss during the clustering is considered to ensure
that the measurement still represents the complete measurement set. Another requirement for
the clustering is that the process producing the products is in statistical control. If it is not in
statistical control the outcome of the process is unpredictable and no information can be
acquired by the use of statistical tools due to the randomness in the result. The main steps of the
inspection point reduction are presented in the following chapter (Wéarmefjord, et al., 2013).
The clustering starts by an analysis of the correlation r,, between two individual points, x and
y by the use of the sample averages x and y, the normal standard deviations S, and S,, in N
amount of measurements. The following expression in equation (14) describes the relation
between the points.

IR CTEEIIC/ ). 14
Ty = 5.5, (14)

When the initial clustering of individual points is done the procedure continues by clustering
several separate clusters into bigger groups according to equation (15). U and V represent two
clusters consisting of n; and n, points. ry,, is the correlation between point x in cluster U and
pointy in cluster V.

) erxEU,er (15)

Tyy =
nin,;

After the clustering procedure one point in each cluster is selected to represent the cluster. This
is done according to the method of inner clustering where one of the first points that were
clustered is chosen (Warmefjord, et al., 2013). The clustering procedure continues until a stop
criterion is reached to control the information loss, the authors recommends the stop criterion
to be 1y, = 0.45. The authors also recommend a minimum sample size of 50 samples to ensure
a high statistical confidence and an understanding of all characteristics of the process where the
information is collected.
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Design of Experiment

Ricci et al describes another approach to reduce the amount of required inspection points (Ricci,
etal., 2013). The method is based on the use of Design of Experiment (DoE) where the residuals
are analyzed to determine the increase of uncertainty in relation to the reduction of measuring
points. The authors describe a framework that consists of an uncertainty model and a cost
evaluation engine to evaluate the uncertainty versus the cost of the measurement/cost of defects.
The factors that were analyzed by the authors were the chosen sampling grid, the sampling
distance, the profile distance and the association criterion. Due to the limitations of the DoE,
the result of the method is only valid for features of the same class i.e. the same manufacturing
process, material and size. The authors of the article are emphasizing that a perfect verification
operator should be used to calibrate the DoE model i.e. a mathematically defined complete set
of inspection points shall be used. The method and implementation uncertainty is defined
accordingly to the following expression uye; = f(Specpara, Verifyarq) Where the function f
represents the regression equation obtained by the DoE. The input parameters
Specpara, Verifyarq are depending on the analyzed process. By defining the compliance
uncertainty as a sixth of the instrument MPE, equation (16) is obtained. The equation is valid
for a Gaussian error distribution with a 99.7 % confidence level.

5 MPE\? (16)
Uc = wrar T (T)

To evaluate the cost of the inspection Ricci et al. defined a cost model C,,, equation (17),
consisting of the time required to measure a surface g,(Pty,), the time for data elaboration
g2 (Elabrim.) and expected cost of an error h(w).

Cv = g1(Pty,) + g2(Elabrime) + h(w) (17)

The use of the framework gives an overview of the uncertainties versus the total cost of the
inspection. In the conclusion the authors recommended a further development of the framework
where a future implementation into PLM systems was advised to enhance the ease of importing
the influencing parameters into the formulas. Since the method is based on a perfect verification
of the feature it was also recommended to establish a database containing all the required
product data (Ricci, et al., 2013).

3.5 Measurement uncertainty

The steps from translating a functional requirement into a specification requirement and then
afterwards into a verification operator/measurement consist of uncertainties in the correlation,
specification, method and implementation (SIS, 2012). The last two uncertainties are included
in the definition of the measurement uncertainty. The method uncertainty consists of the
uncertainties in conformity between the specification operator and the verification operator. If
the specification operator is not fully defined the verification of the workpiece can be performed
in a way that does not ensure that the intended requirements are verified e.g. the measurement
tells that a cross section of a cylinder is approved when there are form errors outside of the
tolerances. The implementation uncertainty consists of the physical uncertainties occurring
when performing the measurement e.g. geometrical imperfections of the measuring tool. When
performing the measurement, the result can be influenced by several uncertainties.
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ISO 14253-2:2011 defines ten main categories that should be considered in the determination
of the uncertainty (SIS, 2011d):

e Environment — temperatures, vibration, contamination, gravity etc.

e Reference element of measurement equipment — stability, calibration etc.

e Measurement equipment — interpretation system, reading system etc.
Measurement setup — stiffness/rigidity, tip radius, warming up etc.

Software and calculations — rounding, algorithms, filtering etc.

Metrologist — education, experience, honesty etc.

Measuring object — surface roughness, form deviation, ageing etc.

Definition of the characteristic — datum, reference system, tolerance feature etc.
Measuring procedure — condition, number of measurements, clamping etc.
Physical constants — knowledge of correct value, material properties etc.

All of the previously stated categories will add uncertainties to the measurement result. ISO
14253-2:2011 describes two methods to calculate the total uncertainty, one is based on historical
measurement data and statistical calculations (Type A) and one is based on the summation of
the individual uncertainties (Type B). The methods are further described in the following
sections: 3.5.1 Type A calculation and 3.5.2 Type B Calculation. The choice of validation
method is depending on the available information regarding the process and the validation
environment. According to ISO 14253-2:2011 is the result of the statistical method (Type A)
generally more accurate, but 1ISO also tells that in some situations is the summation method
(Type B) offering a sufficiently accurate result (SIS, 2011d).

3.5.1 Type A calculation

If historical measurement data is available, the uncertainties of a measurement can be calculated
by the evaluation of standard uncertainty (SIS, 2011d). The definition of the uncertainty u,, in
a single measurement is shown in equation (18), where s is the estimate of the standard deviation
of the distribution o, t is the safety factor calculated by Student’s t-distribution, x is the index
of the sample and n is the amount of measurements. The safety factor t is used when the
measured sample is too small to ensure a good approximation of a normal distribution. Student’s
t-distribution is included in Appendix A — Student’s T-distribution.

uxx == Sx,n Xt (18)

The standard deviation, s, ,, is defined accordingly to equation (19) where X is the estimate of
the true mean value p of the distribution. Each measurement is compared to the average and the
square of the difference is then summarized. After the summation, the total sum is divided by
the number of measurements minus one and then is the square root of the expression calculated.

_ [ - x (19)
Sn = T
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3.5.2  Type B calculation

When using the summation approach instead of the statistical method to determine the
uncertainty, the individual uncertainties are set by e.g. equipment specification, previous
experience or simple guessing by experience (SIS, 2011d). The uncertainty in this case is
defined according to the expression: u,, = a X b . The factor a represents the limit value of
the specific uncertainty and the factor b is a scaling according to the distribution of the
uncertainty. Accordingly, to 1SO 14253-2:2011, experience has shown that three types of
distributions are sufficient to fully describe the uncertainties which can affect the measurement
result. Gaussian distribution (b = 0.5), rectangular distribution (b = 0.6) and uniform
distribution (b = 0.7). The distribution has to be chosen according to the behavior of the
uncertainty. 1ISO 14253-2:2011 presents some examples of implementation of the Type B
calculation. In the examples a uniform distribution is used for the calculation of the impact of
the temperature difference and the temperature expansion coefficient. In the same example of
implementation, a rectangular distribution is used for the calculation of the error of indication
of the horizontal measuring machine.

3.5.3  Black box model of uncertainty estimation

The total effect of each uncertainty is defined as the combined standard uncertainty (u.) which
is displayed in equation (20), u, is the sum of strongly correlated (p = 1 or — 1) components,
u; represent the i:th uncertainty factor of a total of p uncorrelated components. Equation (20) is
used for the black box method of uncertainty estimation where the measurement Y is described
accordinglyto Y = X + C, X'is a reading of the measurement and C is a correction factor. If the
correlation between the components is unknown, it is recommended to include them in u,.. The
uncertainty u, is equal to the square root of the sum of correlated components to the power of
two plus the sum of each uncorrelated component to the power of two.

(20)

3.6  Theoretical overall quality process

The overall quality process used in the aerospace industry consists of four main steps: CAD
Simulation, Measurement planning, Inspection of parts and Analysis of the result (Jasurda,
2015). The first step is the creation of the cad file which ranges from the creation of the design
to the tolerance analysis which defines the required dimensions and tolerances. The second step
is the creation of the measurement plan which is based on the requirement set in the previous
step. The third step is where the inspection is carried out by adequate equipment to ensure that
the manufactured parts fulfill the requirements. The fourth and last step is the analysis of the
result where the calculations of e.g. Cp and Cpk are performed. To be able to use the capability
calculations, the analyzed process has to be stable and in statistical control. If the process is not
stable the resulting Cpand Cpk tells nothing about the performance. In the article Jasurda argues
for the benefits of creating a feedback loop from the fourth step to the first and thereby use the
result of the analysis as a source for the decision making in the first step (Jasurda, 2015). By
implementing the closed loop principle, the measurements will offer more value to the chain
and it will work as an enabler of continuous improvements.
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Lindgvist & Jansson describes the process further by including the input and output of the
measurement planning and measuring activities (Lindqvist & Jansson, 2016). The input data to
the measurement planning operation are the following: tooling/jigs/fixtures, 3D model based
definition, assembly/build sequence and the workshop layout. The output of the measurement
planning and the input to the physical measurement is the measurement program which defines
the collection of the measurements. When the measurements have been collected the output of
the activity is the measurement protocol. The article describes the creation of a measurement
planning process and a case study carried out at Saab Aeronautics where the impact of the
information flow was investigated. The authors concluded that an important factor for the
development of an efficient measurement planning process was to clearly define the procedures
in the internal company standards.

3.7 Literature discussion

The sources which were included in the theoretical framework stated some general guidelines
regarding the amount and distribution of measurement points that should be used for the
verification of some specific geometrical features. These guidelines were presented in the
sources without any references regarding how the amount of points were selected and verified.
This was a shortcoming which added ambiguity to the evaluation of the content presented in
the sources and to the comparison of the recommendations. The recommendations were not
related to the capability of the processes or the importance of the features. Due to this it was
common that different persons interpreted the recommendations differently. The standards
presented in ISO was quite theoretical which introduced problems when translating the
standards into actual working practises. The large amount of different 1ISO standards was also
adding difficulties when analysing the content. Each standard was covering a small segment of
the topics which resulted in a high workload to read through all documentation and also adding
a risk of missing important parts.

During the literature review several data bases were searched for literature related to the field
of geometrical metrology. It was a relatively small amount of available documentation
compared to the large scale of industries implementing geometrical metrology. There existed
several sources covering different narrow aspects of the topic but few general overviewing
documents. In the guidelines presented by NPL the author presented recommendations in
several steps of the measurement planning process but the recommendations lacked deeper
explanations of the impact of the amount and distribution of measurement points relative to the
validity of the measurement. Generally, a large amount of the documentation either lacked the
theoretical depth or the practical applicability. The recommendations had to satisfy an adequate
confirmation of the functional requirement of the manufactured part as well as an economically
feasible implementation of the measurement procedure. The literature review resulted in the
understanding that there were no universal measurement strategies available. There existed no
single best practise method during the thesis work but each source presented segments which
could be merged into an adequate measurement strategy at Saab Aeronautics.

3.71 Presentation of institutes

There existed several national and international organizations which were managing the
standards in the field of metrology. The following section introduces some of the organizations
which have published material which was used in the thesis work. At Saab Aeronautics there
were a large number of standards in use but for the thesis work the 1ISO and ASME standards
were mainly considered. The following information is presented to legitimate the
recommendations which have been presented and further analyzed in the thesis work.
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International Organization for Standardization (1SO)

International Organization for Standardization (ISO) is an international organization that is
creating and defining standards that specifies products, services and systems (ISO, 2016). The
goal of the standardization is to ensure that the users, by following the standards, will offer
products/services that fulfill the requirements set by the customers regarding quality, safety and
efficiency. The standards are developed to create a way to communicate requirements between
stakeholders in a clear and unambiguous manner. The ISO organization consists of 162 national
standard bodies and the organization has published more than 20,500 standards (ISO, 2016).
ISO is divided into several technical committees (ISO, 2016). The documentation created by
the ISO/TC 213 committee was mainly used as source in the thesis work. The scope of the
ISO/TC 213 committee cover standardization of macro- and microgeometry specifications i.e.
geometrical and dimensional tolerancing, surface properties and verification/uncertainties of
measurements. Some of the standards which were used in the theoretical framework were the
ISO 1101:2013 - Geometrical product specifications (GPS) — Geometrical tolerancing —
Tolerances of form, orientation, location and run-out and ISO 17450-2:2012 - Geometrical
product specifications (GPS) — General concepts — Part 2: Basic tenets, specifications,
operators, uncertainties and ambiguities.

National Physical Laboratory (NPL)

National Physical Laboratory (NPL) is the national measurement institute of United Kingdoms
(NPL, 2016). NLP is developing and maintaining the standards of UK and has the vision of
delivering a social and economic impact through the measurement science. NLP is London
based and there are over 500 scientists working at the institute. The institute has published
material containing guidelines and recommendation in the field of metrology. One of the
publications that were used in the thesis work is the Good Practices Guide No.41 written by
Flack (2014). The guide describes the practices and recommendations developed by NPL
regarding CMM measurements.

Swedish Standards Institute (SIS)

Swedish Standards Institute, SIS is an organization that coordinates and develops the
standardization in Sweden (SIS, 2016). SIS is a part of ISO and represents Sweden therein. SIS
did in year 2014 consist of 1700 members and approximately 170 employees. SIS distributes
the standards nationally and offers education and guidance regarding the standards. The I1SO
standards which were used in the thesis work was adapted nationally and distributed by SIS.
This is shown by the name of the standards e.g. SS-EN I1SO 1101:2013, where SS represented
‘Swedish Standard’ and the adoption into the national standard. EN represented the adoption
into the European Union standards. To enhance the readability of the report the SS-EN part was
excluded from the name of the standards in text. See reference list for full name of the standards.

American Society of Mechanical Engineers (ASME)

The American Society of Mechanical Engineers (ASME) is an organization that aims to enable
knowledge sharing, collaboration between the members and skill development (ASME, 2016).
The organization consists of 140,000 members from 151 countries. ASME has the mission
statement of advancing, disseminating and applying engineering knowledge to improve the
quality of life. The material developed by ASME which was used in the thesis was the AMSE
Y14.5-2009 — Dimensioning and Tolerancing standard which is covering the subject area of
dimensioning and tolerancing.
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4. Results - case study

The measurement planning methodologies applied during the thesis work at Saab Aeronautics
and the companies included in the survey are presented in the following section. The case study
was performed to obtain a contemporary understanding of the measurement strategies and
principles used in the investigated industrial environments and thereby find the answer to the
two research questions: ‘RQ1: What knowledge and guidelines regarding measurement
strategies and measurement point planning exist today?’ and ‘RQ2: What potential key benefits
will be expected by using a standardized and clearly defined measurement strategy?’. The
mapping of the methodologies was carried out through a process mapping at Saab Aeronautics,
internal interviews at Saab and an external/internal survey. The first section ‘Process mapping’
presents how the measurement planning work was performed at Saab Aeronautics during the
thesis work and it was performed to create a foundation for the other steps of the case study.
The succeeding sections present the outcome of the internal interviews and the internal and
external surveys which consist of more details regarding the measurement strategies used and
the improvements which could be done.

4.1 Process mapping

The measurement planning work performed at Saab Aeronautics is divided into two separate
working groups, one group focusing on individual manufactured articles and one group
focusing on the measurement planning work of the assembled products. The programming of
the inspection programs is done to large extent by in-house personnel but since the workload is
high, external consulting resources are also used for the creation of the measurement programs.
The focus area for the case study was the measurement planning process performed by the group
where the inspection plans for single manufactured components are developed. The majority of
the measurement programs are developed for the verification of CNC-milled articles, sheet
metal and composite products. The processes which were investigated and mapped at Saab
Aeronautics during the thesis work are presented in the following section. The main focus of
the project was to map the sub-process of the overall measurement process i.e. the Measurement
Planning Process. The measurement planning process is the process step where the
measurement plans are defined and the measurement programs for the CMM are programmed.

4.1.1  Saab measurement process

To understand the information flow, how the requirements were set and the overall purpose of
the measurements, an overall measurement process map was created to visualize the process
steps. Five main steps were identified, by the author in collaboration with the employees, at
Saab Aeronautics: Definition of functional requirements, Design of the product, Measurement
Planning, Measuring Procedure and Delivering/storage of results. The process steps are
presented in Figure 15.

Customer Definitlon of l Design of MeasuremEnt@Measurement Delivering/ Custome
functional A storage of need
(need requirements the product planning procedure nadss flETSy

—Manufacturing

Figure 15. Saab measurement process
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The deliveries of the process steps in Figure 15 were the following:

Specified need

Designing properties and restrictions defined
3-D model

Measurement program

Manufactured product

Measurement results

Verified need

NookrwbdPE

The overall process, which the measurement planning process is a part of, starts by the
functional definition of a feature by one of the system departments. The requirements can be
e.g. mounting areas for electronic devices, hydraulics, aerodynamics etc. The next step in the
process chain is the designing of the parts which has to fulfill the functional requirements set in
the previous step. The designing is at Saab Aeronautics performed in Catia, a CAD-software
developed by Dassult Systemes. The 3D-model has almost fully replaced the 2D-drawings at
Saab by the implementation of Model Based Definition (MBD). By using MBD there is no need
for the creation of 2D-drawings, the information is stored in the 3D-model which is used for the
definition of the product and information transfer between the process steps in the overall
measurement process. The 3D-model, which is created by the design department, contains in
some situations/projects no manufacturing information or assembly features e.g. mounting
holes etc. These features are in those cases created and stored in an external file that
accompanies the main CAD-file. The next step in the overall measurement process is the
creation of the measurement program in the Measurement Planning step. The measurement
program states how the measurement should be performed by the CMM, which features and
points that are going to be inspected and which probes and other equipment to use. The software
used for creation of the measurement programs is PC-DMIS which is developed by Wilcox and
distributed by Hexagon Manufacturing Intelligence. The software has the capability of
importing CAD-models and thereby ease the measurement planning procedure by offering the
measurement planner a visual representation of the measurements, see Figure 16.

Figure 16. Measurement planning PC-DMIS, Hexagon Eskilstuna, modified by the author
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After the creation of the measuring program the measuring procedure takes place and the
measurements are afterwards displayed and stored in a measurement report. Moving bridge
CMMs are the most commonly used equipment for the verification procedure at Saab
Aeronautics. The CMMs are equipped with touch probe systems consisting of several different
sizes of probes. Some of the CMM systems are also going to be equipped with scanning probes,
which enables a fast collection of a large amount of inspection points. The manufactured
products are brought to dedicated, tempered inspection rooms for the measurement procedure.
After the measuring has been performed a measurement report is created automatically which
contains the measurement results. In the last process step Delivering/storage of results the
measurement report is either delivered to the customer when it is required or stored in a
database. It is mandatory in the aerospace industry to store the results of the measurement for a
specified time to enable traceability of all products used in the operational aircrafts.

4.1.2  Measurement planning process

The measurement planning process step in the overall process map was broken down into five
sub-process steps: Selection of measuring probe, Setting references - Alignment, Selecting
features/adding inspection points, Inserting tolerances and Creating layout for measurement
report. The measurement planning process is visualized in Figure 17. The start and end points
of the Measurement planning process are the preceding and succeeding process steps in Saab
Aeronautics measurement process, Figure 15.

. Selecting Creatin
. ) . g layout]
Design of Selection of l Setting l features’/ Inserting for remen
measuring references - _addin easurement]
Ge product probe Alignment |nsp¢c{;i%n tolerances mear%l.gcn)errpent E procedure
points

Figure 17. Measurement planning process
The deliveries of the measurement planning process were the following:

3-D model

Measurement equipment defined for the measurement
Alignment defined for the measurement

Geometrical features and measurement points selected
Tolerances added to geometrical features
Measurement program

carwhdE

The first step in the measurement planning process is to select and define which measuring
probe that is going to be used for the measurement. The selected probe will have an influence
on the measurement result and the probes has to be calibrated in every angle which are going
to be used during the measuring of the product to ensure a reliable measurement result. To
ensure a valid measurement result the probe is calibrated by measuring a known and predefined
geometry e.g. a spherical reference object, see Figure 18. The calibration sphere is often
mounted in a fixed position of the CMM. By using a fixed position of the reference object, it is
possible to create a sub-program which is performing the calibration of the probe and there is
no need to add this operation in the main measurement program. The main program only has to
start the sub-program. The CMM equipment has the possibility to use a rack to store different
measuring probes and probe tips which made it possible to change measuring equipment during
the measurement procedure. The rack is located in the back of Figure 18.
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o IS
Figure 18. Calibration

In the succeeding step, of the measurement planning process, the references of the 3D-model
are connected to the reference system of the CMM equipment. This is called alignment. This
step defines the location of the object which is going to be measured within the CMM measuring
space. The procedure of setting up the reference system can be performed according to different
methods. The most commonly used method at Saab Aeronautics is the 3-2-1 locating principle
which is done by first locking the article in one axis by three points, the next axis in two points
and the last axis in one point. By using the 3-2-1 principle, over determination of the system is
avoided. The location of the points which are used for the reference system has an impact on
every other measurement because the points states how the product is orientated in relation to
the CMM coordinate system. An example of 3-2-1 principle is shown in Figure 19 where three
points create a supporting plane, two points a supporting line and one-point support in the last
direction.

"

Figure 19. 3-2-1 alignment principle
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The following step in the measurement planning process is the selection of features that are
going to be inspected and adding inspection points to measure the selected features. All the
features that are going to be measured are defined by the designing department and displayed
in the 3D-model by geometrical dimensioning and tolerancing. In addition to the specified
requirements of individual features there are often global tolerances covering all geometric
aspects of the product geometry. There are several predefined settings in PC-DMIS to select the
inspection points which are going to be used to measure a specific feature. The method used for
the selection of points was during the thesis work unstandardized and largely dependent on the
measurement planner and the manufactured product which was going to be inspected. When
the features which are going to be measured have been selected, the inspection points are
distributed, see Figure 20. After the distribution of the inspection points the defined tolerances
are added to each feature. The software offers a dialog window to ease the insertion of the
tolerances. After the insertion of the tolerances, the layout of the measurement report is created
from a predefined template. When the selection of features is performed the measurement
planner selects which inspections that are going to be presented in the report. To ease this task,
the software offers tools to select which 3D-views to add and present in the report to ease the
understanding of which measurements that have been performed during the inspection.

u/‘
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Figure 20. Inspection point distribution PC-DMIS, Hexagon Eskilstuna, modified by author

When the measurement has been performed the measurement data is added in the measurement
program automatically i.e. the same program is used for the programming and running of the
CMM equipment. PC-DMIS offers the possibility to simulate the measuring operation before
running the program online in the CMM to ensure that there are no collisions or other problems
during the inspection procedure.

4.2 Current working methodologies

The current working procedures were mapped though interviews, investigation of internal
documentation and through a conduction of an external/internal survey. The mapping was
performed to collect input from the employees at Saab Aeronautics and the external companies
included in the survey.
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Saab Aeronautics interviews — gathering of current knowledge

Internal interviews were performed during the thesis work to map the applied working
principles and to gather the available knowledge regarding measurement point planning at Saab
Aeronautics in Linkoping, Sweden. The measurement planning work was a craftsmanship
where experience and knowledge had a large impact on how the products were verified. The
interviews were carried out through a semi-structured approach to gather input from the
personnel in an efficient and open manner. Ten prepared questions regarding measurement
strategies, measurement point selection and measuring guidelines were used as a starting point
for the interviews. After the initial questions were discussed, follow-up questions were used
depending on which topics that were brought up from the main questions.

Saab Aeronautics documentation — guidelines and principles

Saab Aeronautics had developed company specific measurement guidelines and practices
regarding the distribution and the amount of inspection points that should be implemented in
the CMM measurement planning process. The guidelines and principles were divided into two
product maturity segments (i.e. grouping according to the maturity phase of the product were
the level of inspection need varies), First Article Inspection (FAI) parts and serial production
parts (ASD-STAN, 2014). The FAI inspection was more thorough than the serial production
inspection and more measurement points were used to verify the newly developed products and
the process producing them. When the initial FAI requirements were approved the inspection
procedure was transferred from the FAI inspection to the serial production inspection segment.
The serial inspection was a reduced version of the FAI inspection used to speed up the
verification of the manufactured products. In serial production the lead time was generally
shorter and the processes were more stable which thereby enabled the implementation of
methods to reduce the amount of inspection points and in parallel sustain a sufficient reliability
of the verification. The current inspection guidelines had been developed internally at Saab
Aeronautics with respect to requirements defined by the customers of the company. Ten
different types of features were defined in the measurement planning documentation. The
amount of points used for FAI and serial production inspection were presented in the
documentation. In addition to the presented amount of points, supplemental notes were included
in the documentation to further define the requirements and to reduce the ambiguity that could
occur in the measurement planning process.

Survey

The respondents of the survey worked with programming of CMM equipment, measuring point
planning, methodology development, measuring in CMM and other equipment, hardware
support, calibration, Measurement System Analysis (MSA), metrology education, Production
Part Approval Process (PPAP) verification and drawing review. The level of standardization of
the CMM measurement point planning work varied across the represented companies. In the
majority of the companies there were no explicit standardization regarding the measurement
point planning process. At some companies the level of standardization varied across the
departments at the companies, one department had higher level of standardization compared to
another at the same company. Some of the companies relied on the guidelines developed by the
equipment manufacturers and the requirements regarding documentation of the measurement
results defined by the customers of the company. During the thesis work there were an ongoing
work to standardize the measurement planning work at some of the companies represented in
the survey.
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4.2.1  Amount of measuring points

The case study findings which were related to the number of inspection points to use are
presented in the following section. The findings are sorted according to the method used to
collect the information. The outcome of the case study regarding the amount of inspections
points which are further investigated in the measurement analysis are the following:

e Impact of the amount of measuring points

e Information loss due to reduced amount of points
e Tolerances

e Type of requirement

Saab Aeronautics interviews

The amount of inspection points used, during the thesis work, for the CMM measurement
planning work at Saab Aeronautics was largely dependent on the measurement planner. The
selection of measuring points was often carried out as a result of previous experience. There
were few standardized guidelines regarding the amount of inspection points to use for the
verification of the geometrical features. For example, the common approach used to verify the
contours of a product was one inspection point per contour change e.g. the change from a
straight line to a radius of a corner. If the feature that were going to be measured was considered
large some extra inspection points were added to capture more information about the feature. If
there were many features close to each other sometimes some of the features were ignored and
no inspection points were added to measure the features when the manufacturing process was
considered stable. Because of this, it was sometimes difficult to predict the time required for
the creation of the measurement program and for running it in the CMM. There was no clear
definition regarding the size of a feature i.e. if the feature was considered large or small, this
resulted in an ambiguity regarding how the measurements had been carried out and which
segments that were inspected.

When holes were used for the alignment of the reference planes of a product the amount of
points used at each hole varied between the measurement planners at Saab Aeronautics.
Sometimes eight points per hole were used where five of the points were place in the circular
hole and three were placed at the perpendicular surface plane. There were also occasions when
seven points were used for the same measurement definition, four in the hole and three on the
plane. Figure 21 shows the principle of using eight points to the left and seven points to the
right. The distance between the centre line and the points defining the plane varied as well
because of ad hoc distribution. Often a maximum distance for the points at the plane was defined
in the CAD-model but it was not always used. The dashed lines in Figure 21 represent the
defined maximum distance which was used for the points on the plane. When measuring a hole
which was not used for the alignment of the reference system the most common amount of
inspection points used at Saab Aeronautics was four points inside the circle to verify the size
and location of the hole.

—_——— ———
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Figure 21. Point selection methods: hole
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The amount of points used for the verification of a plane were dependent on the requirements
and the size of the surface. When there was no requirement regarding the profile of the surface
three points were used and when there were requirements regarding the form of the plane five
points were used. Large products usually had a greater amount of inspection points compared
to smaller products but there were no predefined guidelines stating how many points to use.
The tolerance interval was not considered in the decision of the amount of inspection points.
The measurement planners had to consider the time required to perform the measurement when
creating the inspection program. Generally, the time to collect one measure point by the use of
individual tactile probing was, by one of the interviewed measurement planner, assumed to be
approximately 1.2 s which, the measurement planner said, at first glance appeared to be quite
short time but when measuring a large amount of points, the time summed up and had to be
considered. Because of this, the opinion of the measurement planners at Saab Aeronautic was
that they had to focus on performing the measurements fast and meanwhile ensuring that the
verification represented the physical product in a good and reliable way.

To sum up the results from the interviews there existed several unstandardized feature
operations at Saab Aeronautics and the work was performed based on individual opinions and
experience of the measurement planners. The following considerations encountered in the
interviews will be investigated further on in the report:

e Impact on result due to number of inspection points
e Information loss due to small amount of points
e 5 points to verify form requirement

External survey

The amount of measurement points used at the external companies was mainly set by previous
experiences of the measurement planning procedure. There were generally no standardized
guidelines regarding the amount of measurement points used for the verification of a specific
geometrical feature. The amount of measurement points was selected by consideration of the
tolerances, manufacturing process and the impact the measured features had on other features.
Some of the companies in the survey used general recommendations developed internally or by
the manufacturers of the measurement equipment. The most important considerations which
were brought up in the survey were the considerations of the tolerances, classification of
importance and if the feature was used as a reference. When a feature had a tight tolerance,
classified as important or used as a reference the measurement strategy was considered to be
more important compared to other features. The factors related to the number of points which
were presented as important by the respondents of the survey were the following:

Size of the object — large/small

Tolerances — tight/loose

Form, size or position requirement

Alignment errors

Filtration settings

Importance of object — critical part

Datum feature

Functional requirements

Manufacturing process/method — stability, capability
Expected deviations — knowledge about the product and process
Size related to tolerances

Measuring equipment
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4.2.2  Distribution of measuring points

The findings regarding the distribution of inspection points are presented in the following
section. The findings are sorted according to the method used to collect the information. The
outcome of the case study regarding the distribution of inspections points which are further
investigated in the measurement analysis are the following:

e Grid used for the distribution
e Distance between the inspection points
e Manufacturing process — surface structure

Saab Aeronautics interviews

The measurement points were distributed across the geometrical elements without any specific
guidelines in the measurement planning documentation at Saab Aeronautics. The distribution
was done by experience and each measurement planner had an individual way of working when
selecting which points to measure. A general standpoint was that there should be approximately
one measurement point per contour change for a feature as described in the previous section.
This was however not a rule that was always used and implemented. If there were several
contour changes in a small range less inspection points were used and if there were very few
contour changes in a large range more points were used. This resulted in the fact that there was
no standardized method defining the distribution of measurement points when verifying the
contours of a product. The location of the points was generally randomly distributed across the
circumference. When measuring surfaces of the products the points were often distributed
across the surface to cover the complete area and to gather an understanding of different
segments of the surface. The distance between the inspection points was selected in relation to
the size of the product. A large product had larger distance between the points compared to a
smaller product. There were during the thesis work some concerns regarding the traceability of
the inspection points and the addition of variability in the process through the unstandardized
measurement point selection procedure. The flatness, straightness, roundness and form
requirements were thought to be influenced by the distribution and density of the measuring
points.

External survey

The survey presented some other approaches which were used for the distribution of the
measuring points. In some cases, described by the respondents, the sampling strategies were
developed, tested and verified on generic geometrical features and the result of the measurement
was later on used for the creation of the inspection point distribution for products which shared
similar properties as the verified geometrical features. Measurement System Analysis (MSA)
and Gage Repeatability and Reproducibility (GR&R) were sometimes used for the
determination of sampling grid when the selection was based on previous measurements. One
important factor which was brought up in the survey was the time required to perform the
measurement.
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The factors, related to the distribution of the inspection points, which were thought to be the
most important considerations of the measurement planning work were the following:

e Distribution across the geometry

e Distribution according to dice pattern (e.g. 5 points)
e Consideration of obstacles

Functional requirements of the feature
Flexibility regarding design changes
Result of MSA and GR&R

Time required to finish the measurement
Movement distance of the CMM
Distance between inspection points
Manufacturing process and method
Dimensions used to control the process

4.2.3 Uncertainties

Some uncertainties were presented in the interviews and the survey as important factors to
consider when performing the measurement planning work. The uncertainties were categorized
and divided into two main groups, Specification and Verification uncertainties. The groups
were defined according to the definition of uncertainties in the ISO 14253-2:2011 standard, see
Theoretical Framework.

Specification - Saab Aeronautics interviews

The uncertainties related to the specification uncertainty are presented in the following section.
The first specific uncertainty that was brought up during the interviews at Saab Aeronautics
was the definition of a centerline through several holes with different diameters. In the
instructions which were handed to the measurement planner only the center line was marked
and there was no definition of which of the cylindrical features that was supposed to be used to
define the centerline. Due to this there existed an ambiguity regarding the specification of the
centerline. The specification of the tolerancing contained no information regarding the
association method and there were several different options in PC-DMIS regarding this
operation. The most often used setting was the standard option which was the Gaussian Least-
Square method. Since there were many options it might be situations when a non-preferable
alternative was used to verify a specific requirement. When verifying the flatness and
straightness requirement the specification operator, delivered in the CAD-model, was not fully
defined according to ISO 12780-2:2011 and 1SO 12781-2:2011. There were no information
regarding probe tip radius, filter cut-off or extraction method. Because of this there was during
the thesis work no uniquely defined method to verify the flatness and straightness requirements.
This was a shortcoming in the specification operator that was used for defining the requirement
and because of this it was the task of the measurement planner to select an appropriate
measurement strategy.

Specification — External survey

In the external survey, the lack of a fully defined specification due to the use of dimensional
tolerancing and the absences of a fully defined filtration was brought up. By not implementing
geometrical product specification there was a large ambiguity in the specification of a product
since the requirement only had to be fulfilled at one cross section of the geometry. The drawings
were brought up as a source of errors if there are shortcomings in the readability, use of
improper requirements, unclear references or over determination of the product in the drawing.
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Verification — Saab Aeronautics interviews

The measurement planners at Saab Aeronautics had during the thesis work no possibility to
analyze how the product was manufactured and how the CNC-programs were defined and
executed. It was brought up during the interviews that a perception was that only two points per
machining operation would be needed to verify. This would be possible if the process was stable
and no variation in performance occurred between the starting and stopping points. The starting
point of the operation and the ending point of the operation was thereby thought to be enough
to verify for a CNC-operation. By ensuring that the process alarms if something was going
wrong during the operation all points between the start and ending point would be possible to
verify by the use of the end-points and knowledge of the stability of the machining process. The
verification of the features at Saab was during the master thesis work often performed by less
than the recommended minimum amount of inspection points presented by NPL, SIS and
Hageryd. Since the products were produced by CNC-machinery which had a high capability,
the number of selected points were considered to sufficiently describe the characteristics of the
manufactured products according to the measurement planners.

Verification — External survey

The most important and influencing uncertainties of the verification procedure, according to the
respondents, were presented in the survey. The method and implementation uncertainties,
which occurred in the verification process, were handled by the use of MSA and the knowledge
of the manufacturing process at one of the external companies. The manufacturing process was
analyzed to predict the expected form and surface deviation and this information was used to
ensure a reliable measurement result. The use of simplified measurement methods was brought
up as an uncertainty. Alignment errors in the CMM equipment were also brought up as a source
of error when performing the measurement procedure.

In addition to the previously described uncertainties the following points were presented by the
respondents of the survey. The first was the risk of errors due to the measurement probe
touching the product in an undesirable way e.g. the shaft of the probe touched the product
instead of the tip of the probe. The second source of errors which could occur during the
verifications was the impact of uncleanliness. Dirty measurement equipment or products could
influence the measurement results. The third risk which was brought up in the survey was the
temperature variation of the products and the equipment. The temperature could alter the size
of the products and introduce reading errors in the CMM equipment. The calibration of the
measuring probes was also presented as a source of measurement errors. If the calibration of
the measuring equipment was performed incorrectly, then the following measurements would
include a systematic error.
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4.3 Opinions, insights and suggestions from the respondents

The opinions concerning the current measurement planning documentation and the suggestions
for a future development of the measurement planning documentation were brought up during
the interviews and the survey and are presented in the following section.

Saab Aeronautics interviews

The content of the documentation used during the thesis work at Saab Aeronautics was, by some
employees, thought to be quite good because it described the working procedures in an easy to
follow and understandable manner. A suggestion for improvement of the instructions was to
use more suitable terms in the descriptions to enhance the feeling of professionalism and state
of the art content. The currently used documentation contained limited information regarding
the impact of different tolerance levels relative to the amount of inspection points. The
documentation was by some persons thought to be too specific to be usable due to the large
amount of different articles manufactured at Saab Aeronautics.

There were two separate standpoints regarding the manual, one which stated the manual was
too specific to be generally usable and one which stated that it should be used to ease the
understanding of the measurement planning procedure and to ensure a high quality of the
measurement planning work. Since the documentation used at Saab Aeronautics were company
specific and consisted of adapted interpretations of the international standards it was thought to
be relatively easy to implement new working methodologies into the measurement guidelines.

By implementing standardized working methodologies which are clearly defined in the working
instructions it was thought to be easier to perform follow-ups on the measurement results and
the measurement procedures at Saab Aeronautics. If the work was clearly defined in the manual
the follow-up could be performed by someone who has not worked with the particular product
and everyone in the process would have an understanding of how the verification has been
carried out.

External survey

The survey brought up a presumed impact of the surface structure on the measurement result.
One area which was considered as an important area for further improvements was the
categorizing of surface types in the measurement planning work. The respondent wanted to be
able to connect a surface type to a specific measurement strategy. In some occasions the
measurement planners felt stressed due to a high pressure to deliver measurement results fast.
A high workload and unstandardized working methodologies increased the stress of the
planners. The main obstacle to overcome in order to create efficient working methodologies for
the measurement planning process was the time required to develop the guidelines. Many of the
companies in the survey manufactured several different products which complicated the
standardization procedure. Several people in the survey felt that there was no time to analyse
the impact of the strategy. It was thought that the impact of different machines, surface types
and tolerances resulted in a large number of different inputs to the measurement planning
process. One important comment in the survey was that a standardized working methodology
might result in a false secureness if the selected method is not 100 % correct. It was pointed out
that the measurement planner still has to ensure the appropriateness of the method used.
Continuous improvements would be a requirement for the continuous use and development of
a state of the art strategy.
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4.4 Benefits of standardization

The expected benefits presented by the personnel, at Saab Aeronautics and the external
companies, are presented in the following section.

Saab Aeronautics interviews

By updating and further standardize the measurement planning work some benefits were
expected to be achieved by the measurement planning personnel at Saab Aeronautics. The first
expected benefit of a standardized working procedure was a time reduction for creation of the
CMM measurement program. This was thought to be achieved through a reduction of manual
decisions in the process of selecting the amount and location of measurement points. By using
predefined standards, the measurement planner would have more time available for the actual
creation of measurement programs and less time would be spent on investigating how to
perform the task. The standardized working method was also thought to result in a reduction of
the variation within the measurement planning work and by collecting data in a uniform manner
across different products the variation in the result would better display the true performance of
the processes. The operator running the CMM equipment would receive a more predictable
workload if the measurement planning work was performed in a standardized manner. The time
required for the inspection could thereby be easier predicted and a more evenly distributed
workload could be reached. Another benefit that was thought to be the outcome of the
standardization was that the amount of measurement points used for the verification of a feature
better stated the importance of a measurement. An important feature with a tight tolerance
would probably require a larger amount of inspection points while a non-critical feature would
probably require a smaller amount of inspection points. This might lead to an increase in the
total amount of measurement points but the result would better represent the true manufactured
product and thereby offer a better understanding of the process and requirements.

External survey

The standardization of the measurement planning process would ensure that the measurements
would be performed by similar uncertainties, the uncertainties in the measurement planning
work would generally decrease and training of new measurement planners would be more
efficient according to the opinions collected in the survey. The most important benefits of a
standardized measurement planning processes, presented in the survey, are listed below:

Less time required for the measurement planning

Easy to use work instructions

Improved consistency of the measurement planning work

Reduction of uncertainties in the measurement planning process

Faster and more efficient training of new personnel

Clear connection between the time consumption and quality of measurement
Easier to include more personnel in the measurement planning work
Knowledge transfer

More predictable measurement results
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45  Summary of results

The main outcome of the case study is presented in the following chapter. The outcome of the
strategies was analysed in the succeeding chapter, implemented into the measurement strategy
framework and further discussed in the Discussion chapter. The interviews of the case study
resulted in a deeper understanding of the current working practises and measurement strategies
used at Saab Aeronautics and the companies included in the survey. The interviewed
measurement planners were helpful in the investigation and described their work and thoughts
in a good way. The current working procedures at Saab Aeronautics were during the thesis work
focused on a mixture between FALI, serial production and development projects which increased
the variation in the planning process. Since the instructions presented in the internal
documentation did not cover all geometrical features, tolerance levels and sizes for the
manufactured parts the working procedure was mainly dependent on the measurement planner.

The most commonly used CMM equipment at Saab was moving bridge CMM and the software
used for the programming was PC-DMIS. The measurement planning process was eased by the
guidelines presented in the internal measurement documentation. 3-2-1 product alignment was
one of the most commonly used methods implemented to define the datum of the products. The
documentation and standardization of the measurement planning process was during the master
thesis work limited at the majority of the companies. The planning work was dependent on
several factors and often performed in an individual manner. There existed no explicit
guidelines regarding the amount or distribution of the inspection points to use when verifying
a product. Some important factors were presented in the case study regarding the measurement
planning process. The following bullet points, related to the number of measurement points and
distribution of the points, was selected to be further analyzed in the next chapter of the report:

Distribution across the geometry

Distribute 5 points according to dice pattern
Distance between measurement points
Surface structure

Tolerance

Grid used for inspection points

The uncertainties which were presented in the case study were the following: not fully defined
specification operator, cleanliness, calibration, temperature and probing errors. The biggest
obstacles to create a standardized measurement planning process were thought to be the time
required to test and analyze the impact of the strategy due to the large variety of product groups.

The expected benefits of a standardized measurement planning process were a more reliable
measurement planning process, a reduction of time required for the measurement planning
process, knowledge sharing and a uniform outcome of the work independent of the
measurement planner. The variation in the process was thought to be reduced by the
standardization and the workload of the measurement planner and the CMM operator was
expected to be more evenly distributed.
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5. Findings and analysis - measurement experiment

This chapter of the report presents the findings and analysis of the impact on the measurement
result derived from the measurement principles and strategies presented in the theoretical
framework and the case study. The measurement experiment was conducted in order to develop
a foundation for the measurement strategy framework which is used to answer the third research
question of the thesis work: ‘RQ3: How can the state of the art methodologies be adapted,
validated and incorporated into efficient and standardized working practices at Saab
Aeronautics?’. The setup and the conditions of the measurement procedure, the result of the
raw data measurement set and the impact of different measurement point strategies are
presented in the chapter.

To ease the readability of the content the analysed result, presented in the results - case study,
from Saab Aeronautics and the external companies was merged in this chapter. The findings
which were further analysed are presented in the summary of the case study. The strategic
findings of the literature review and case study are further discussed in the strategic findings
section. A measurement strategy framework which was developed through the findings is
presented in the end of the chapter.

5.1 Measurement experiment

The following section includes a description of the setup and the conditions of the measurement
procedure, the measured product, the result of the complete measurement set and the
uncertainties in the raw data measurement set accordingly to the uncertainty calculations
presented by ISO.

5.1.1 Measurement setup

The result of the impact of different measurement guidelines was based on three repeated
complete measurement sets i.e. each surface was measured three times. By performing repeated
measurement sets of the product the impact on the variation related to the measurement
equipment were included in the measurement result. The measurement runs were performed at
one occasion during a full day measurement session at Hexagon Metrology Nordic in
Eskilstuna, Sweden. The time required for measuring one measurement set in the CMM was
approximately 1 hour including measurement, transport and calculation time. Each surface area
required approximately 15 minutes to be measured and some additional time for calculation and
transportation when the measurement was completed. The measurement procedure started by
an iterative alignment which were performed to locate the product in the CMM measuring space
during the measurement. The iterative alignment measured the product several times and further
refined the position of the product in relation to the CAD-file used in the CMM software for
each run. In the measurement procedure three iterations were used to locate the product.
Theoretically the iterative alignment resulted in a fixture precision equal to the precision of the
CMM equipment. The CMM equipment which was used during the measurement session was
a DEA Global Silver Advantage 12.30.10 CMM equipped with a HP-S-X1S scanning probe
and a 50 mm long styli with an @ 3.0 mm ruby tip. The product specifications of the equipment
are presented in Appendix D — Equipment specifications. The scanning speed used during the
measurement was 10 mm/s and the temperature in the measuring room was 20.04 °C.

After the measuring procedure the software required approximately two hours per surface
segment to finish the calculation of the perpendicular deviation of each measurement point and
to export the results of the measurements to a txt- file for further analysis. The data which was
exported to the txt-file contained the x-y-z-coordinates, Id of the measurement point, nominal
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value, measured value and the perpendicular deviation of each point in the measurement set.
The txt-files were exported to excel where several simulated measurement runs according to
different measurement point distribution strategies were performed for each measurement set.

5.1.2  Description of the measured product

The product used for the measurement experiment was a curved part with the approximate size
of 500x375x170 mm. The geometrical features which were used for the analysis were three
surface segments with profile surface form requirements, see 3.1.2 Geometrical Product
Specification (GPS). The measured surface segments were defined on a surface by three
rectangular projections with the dimensions of 50x100 mm, see Figure 22. By implementing a
cut-off wavelength of 8 mm, according to the definition in ISO 12780-2:2011, a maximum
distance of 1.14 mm between the measurement points was defined. To add a safety margin due
to the projection operation the distance between the points was set to 1.00 mm in the grid. The
ISO 12780-2:2011 standard consisted of the definition of a straight line and by implementing
the principles of orthogonality defined in ISO 12781-2:2011 the definition was expanded to a
flat surface. By utilizing the distance of 1.00 mm a total of 50 x 101 points were used for surface
1 resulting in 5050 points, 51 x 101 points for surface 2 resulting in 5151 points and 52 x 101
points for surface 3 resulting in 5252 points. The difference in amount of points was due to the
difference in curvature of the three surfaces which effected the actual size of the rectangular
projection. There existed an integrated function in PC-DMIS to distribute the inspection points
across the surfaces with a predefined spacing in between, see Figure 23.

Figure 22. Measured surfaces: numbering of the segments

Surface segment 1 and 2 shared similar surface properties, surface 3 had been processed in one
additional process step which resulted in a smoother surface. Half of the product had one surface
structure and the other half of the product had another surface structure. The differences in
surface structure were visually recognizable and it was easy to separate them by a visual check.
The three surface segments had different forms and curvatures. Surface measurements were
performed at six random locations on the product, three measurements of the properties of
surfacel and surface 2 and three measurements of surface 3. The measurements of surface 1
and surface 2 resulted in Ra = 0.814, 0.810 and 0.633 um and the measurements of surface 3
resulted in Ra=0.470, 0.179 and 0.262 um. The resulting averages were Ra = 0.752 for surface
1 and surface2 and Ra = 0,304 um for surface 3 which verified the visual observation.
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Figure 23. Measurement grid PC-DMIS, Hexagon Eskilstuna

The datum points used to align the product in the CMM during the measurement are shown in
Figure 24. The 3-2-1 alignment principle was used by measuring the location of three holes
which are marked in relation to the surface by the circles in the figure. A1-A3 defined a plane,
B1-B2 defined a line and C2 defined a stopping point. The measured product consisted of
additional features which were hidden in the figure due to secrecy. This is the reason to why
the datum points appear to be located outside of the product in the figure.

Figure 24. Reference points

The orientation of the coordinate system is shown in Figure 25. The coordinate system was
aligned to one of the end surfaces of the product resulting in an angle deviation between the
measured surfaces and the coordinate axes. Because of the angle deviation the numbering of
the rows and columns were also stored and used in the analysis.
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Figure 25. Coordinate system

During the measurement the scanning probe scanned one column, lifted from the surface and
moved 1 mm to the right and then scanned the next column and then repeated the procedure
until the surface was scanned. The starting direction and pattern is shown in Figure 26. Notice
the angle between the measuring direction and the coordinate axes in Figure 25. The numbering
of the rows and columns were performed according to the order of the measurement, column
number one is furthest to the left and row number one is the uppermost row in Figure 26.

Figure 26. Measuring direction

5.1.3  Result of complete measurement set

The measurement procedure was repeated three times to gather input of the variation within the
measurement process. After the measurement the result of each separate measurement set was
merged and the average perpendicular deviation of each measurement point was calculated i.e.
the three measurement sets of each surface were used to calculate the average deviation for each
surface. By calculating the averages, nine measurement sets became three, one for each surface
segment. Figure 27, Figure 28 and Figure 29 displays the average perpendicular deviation of
each measured surface in the x-y plane. The surfaces were transformed by Minitab into
rectangular areas, the form and orientation of the surfaces relative to the coordinate system are
shown in Figure 25. The figures presented the shape of the measured product in a visual manner
were an initial understanding of the measurement could be obtained.
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Contour Plot of Avg Surface 1 vs Y-axis; X-axis
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Figure 27. Surface plot of Avg. Surface 1

Contour Plot of Avg Surface 2 vs Y-axis; X-axis
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Figure 28. Surface plot of Avg. Surface 2
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Contour Plot of Avg Surface 3 vs Y-axis; X-axis
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Figure 29. Surface plot of Avg. Surface 3

There existed patterns in the perpendicular deviation relative to the nominal model across each
of the three surfaces resulting in a non-normal distributed deviation across the surfaces. The
deviation relative to the nominal value were lowest in the upper left corner and increased across
the surface and peaked in the lower right corner. Each surface segment shared the similar pattern
which hinted that there was a global shape deviation of the measured surface. This finding can
be used for further analysis of the process producing the product. But since this was not in the
scope of the analysis the deviations were not further investigated within the boundaries of the
thesis work. The perpendicular deviation of each complete measurement set is further displayed
in Figure 30 where the individual measurement points are displayed in histograms. The
histogram also implied a non-normal distribution of error across the surfaces which had to be
taken into account in the succeeding analysis.

Histogram of Surfacel_RawData; Surface2_RawData; Surface3_RawData
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Figure 30. Histograms, raw data
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To handle the non-normality of the error distribution, the analysis proceeded by the creation of
100 simulated measurement runs by the use of the collected raw data. This was performed to
better understand the impact of the measurement point selection strategies and to obtain normal
distributed data sets for further analysis. The random data sets were created by using the
integrated randomize function in Microsoft Excel to randomize the selection of measurement
points in the raw data set. To ease the management of the measurement data the columns and
rows of the collection procedure were used to select the randomized measurement points. Due
to this the random points were selected according to the 2-dimensional projection on the free-
form surface.

The selection of the random points in the RND datasets were performed by using the randomize
function and scale the x and y intervals of the randomized values according to the sizes of the
measured surfaces. The 5-point method were implemented through the definition of five
rectangular boxes where one of the five points were randomly distributed inside one of the
areas, see Figure 31. The uniform and the Hammersley’s distribution of points were created by
using £ random intervals for each point in the sets. This was performed to simulate uncertainty
intervals in the selection of each measurement point according to the measurement principles.

Figure 31. 5-Point method

5.1.4  Uncertainty Type A/B

The uncertainty of the measurements was analysed according to the definition of Type A and
B in the ISO 14253-2:2011 standard. The Type A calculations were performed by initially
calculate the standard deviation of each individual measurement point. The average standard
deviation and the maximum standard deviation of each surface were afterwards calculated and
extracted. The resulting standard deviations and uncertainties (uxx) are presented in Table 5. It
could be seen that the average and maximum values were not correlated across the surfaces. By
using the conservative approach and choosing the largest value of uncertainty, a general
uncertainty of the measurements could be set to 0.05 mm.

Table 5. Uncertainty Type A, 95 %, two-sided tgs = 3.18

[mm] ST.DEV, avg. ST.DEV, max  uxx avg. Uxx, max

Surface 1 0.003330 0.008079 0.010590 0.025693
Surface 2 0.000589 0.005397 0.001874 0.017163
Surface 3 0.002935 0.013410 0.009334 0.042645

To visualize the differences of the Type A and Type B uncertainty calculations an attempt to
calculate the uncertainty according to Type B were done. Since many of the uncertainties which
influenced the measurements were unknown only two uncertainties were included in the
calculations.

e CMM uncertainty = 2.52 um
e Probe resolution uncertainty 0.05 um
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By using the black box method to summarize the uncertainties the resulting total uncertainty
were 2.52 um. This indicated that there exist several uncertainties which were not included in
the estimation of the Type B uncertainty. This highlights the problems of implementing the
Type B uncertainty relatively to the Type A uncertainty.

5.2 Measurement findings

The following section describes the results obtained by using small versus large amount of
points, uniform versus Hammersley’s versus random grid versus dice pattern and large versus
short distance between the measurement points for each one of the three measured surfaces.
The reduction of the amount of measurement points to analyze was performed through an initial
reduction performed by selecting approximately every tenth measurement point from one of the
raw data measurement sets. The reduction was performed in two directions i.e. both in the x-
and the y-direction. This resulted in approximate a 66 points level which thereby was used for
each method and surface segment. The succeeding reduction was carried out through the
selection of every second point in the 66 points sample resulting in an 18 points level. The 5-
point method was used according to the findings of the case study.

The characteristics of the average, maximum and minimum values of each individual run in the
100 simulated measurement point selection runs were investigated in the analysis. The analysis
started by an overviewing printout of the descriptive statistics for each data set, see Appendix
E — Descriptive Statistics Average. The printout resulted in an initial understanding of the
differences of the data sets regarding the average, ST.DEV and median values. To ensure
normal distribution of the measurement sets, probability plots were created for each method and
surface, see Appendix F — Normality test. A 95 % confidence interval was used for the normality
tests. Only one of the tested averages of the methods did not exceed a P-value above 0.05. The
affected method and surface which had a low P-value of 0.010 were the distribution of 66
random points on surface 2. Since only one surface and method resulted in a P-value lower than
0.05 the result of the method was still used further on in the analysis and the distribution of the
measurement sets were assumed to be normal distributed for each set and method.

5.2.1 Impact on average

The average of each measurement set is shown in the histograms in Figure 32, Figure 33 and
Figure 34. Each data collection in the histogram represents one of the analysed measurement
point selection methods. Even though some of the histograms at first glance did not appear to
be normal distributed the normality check verified the requirement in the preceding step. The
histograms showed that there were differences in the distribution of the data due to the selected
strategy.
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Figure 32. Histograms, Average Surface 1 Overview
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Histogram of Surfacel_5Po; Surfacel_66H; Surfacel_18H; ...
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The 5-point method, 18 and 66 randomly chosen points had the largest spread in the histograms.
The smaller spread of the other methods was thought to be due to the smaller degree of

randomization because of the pre-defined grids used in the sampling methods.
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Figure 33. Histograms, Average Surface 2 Overview
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The histograms of surface 2 shared similar characteristics compared to surface 1. The spread of
the SPNTS and RND were larger compare to the other methods.
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Histogram of Surface3_5PN; Surface3_66H; Surface3_18H; ...
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Figure 34. Histograms, Average Surface 3 Overview

Surface 3 had some differences compare to the two other surfaces. There were smaller
differences in the spread compared to the first two surfaces. After the initial check of the
histogram there were few conclusions which could be made except of a variation in the spread
of the values for different methods and distance used. The analysis therefore continued by the
creation of boxplots to further visualize the differences between the measurement point
selection methods. The boxplots are shown in Figure 35, Figure 36 and Figure 37. The boxplots
present the median value of the data samples i.e. the line in the middle of the blue box, the data
values within quartile one and two as the blue box and whiskers as the range of the data. The
whiskers have a maximum length of 1.5 times the length of the blue box, if there are values
outside of this range these are known as outliers which are marked by an asterisk in the boxplot.
To ease the comparison of the complete measurement sets of each individual surface the average
value of it is shown as a red dashed line in the boxplots.
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Boxplot of Surface1_5Po; Surface1_66H; Surfacel_18H; Surfacel_66U; ...
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Figure 35. Boxplot, Average Surface 1

Figure 35 highlighted some interesting findings of the measurement methods. It could be seen
that the 5 PNTS, 18 RND and 66 RND methods included a large amount of average values
which covered the average of the complete measurement set. The methods also had a large
variance which increased the probability of covering the average of surface 1. The
Hammersley’s and uniform distribution of points had a smaller variance and the quartile 1 — 3
boxes did not cover the average of the complete measurement set. This implied that the methods
were adding a constant error in a predictable way.
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Figure 36. Boxplot, Average Surface 2
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The resulting boxplot of surface 2 had some differences compared to the boxplot of surface 1.
In this case all methods except of 18 Ham had quartile 1 — 3 covering the average of the
complete measurement set. The variances of the methods share similar characteristics as for
surface 1.
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Figure 37. Boxplot, Average Surface 3

The boxplot of surface 2 showed that each of the analysed methods represented the complete
average relatively good. The variation of the methods shared similar characteristics as the result
of surface 1 and 2.

After the analysis of the boxplots the mean values and the standard deviation of the
measurement set were thought to be different due to the visual representation of the averages
of the sampling methods. Therefore, the analysis continued by using One-Way ANOVA and
Test for equal variances to performed hypothesis tests to check if there were any significant
differences between the analysed methods. The resulting interval plots of the ANOVA are
shown in Figure 38, Figure 39 and Figure 40 where the average of the complete individual
measurement sets are marked in the figures as red dashed lines. The output of each ANOVA
test is presented in Appendix G — ANOVA Output. None of the analysed surface segments
resulted in a p-value above 0.05 which verified that at least one method in each analysis resulted
in a different mean value with a 95 % confidence level. The result of the Test for equal variance
also shown that each analysed method was different since the analysis resulted in p-values <
0.05, see Appendix H — Test for Equal Variances.
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Individual standard deviations were used to calculate the intervals.

Figure 38. Interval plot ANOVA Surface 1
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Individual standard deviations were used to calculate the intervals.

Figure 39. Interval plot ANOVA Surface 2
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Individual standard deviations were used to calculate the intervals.

Figure 40. Interval plot ANOVA Surface 3

In addition to the ANOVA tests and the Test for equal variance, One-Sample t-tests were
performed to analyse if the averages of the different methods were significantly different
compared to the average of the individual measurements in the raw data sets of each surface,
see Appendix | — One-Sample t-test. The t-test used 95 % confidence intervals by using the
means and standard deviation for each measurement set which were compared to the averages
of the complete measurement sets of the surfaces. The P-values varied across the surfaces and
the point selection methods, Table 6 shows the resulting P-values. The 5 PNTS, 18 RND and
66 RND methods had P-values larger than or close to 0.05 for each surface segment which
resulted in the conclusion that the null hypothesis could not be rejected i.e. it could not be shown
that there were any significant differences. The other methods were significantly different from
at least one of the reference measurement sets.

Table 6. P-value, t-test average

One-Sample t-test, a =0.05

Surface 1 2 3
5PNTS 0.033 0.193 0.439
66HAM 0.000 0.002 0.000
18HAM 0.000 0.000 0.000

66UNI 0.000 0.002 0.565
18UNI 0.000 0.699 0.000
66RND 0.072 0.495 0.270
18RND 0.639 0.181 0.790
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5.2.2  Impact on maximum deviation

In addition to the analysis of the average of the distribution methods the maximum values of
each simulation run were analysed to understand how well the methods were detecting the
maximum deviation of the raw data measurement sets. The maximum deviation was the
requirement which had to be fulfilled to tell if a measure product was manufactured according
to the specifications. The first step of the maximum analysis consisted of a normality check, see
Appendix F — Normality test. The maximum values were not normally distributed for each
method due to the limitation in number of different maximum point which had been selected
by the methods. The uniform and Hammersley grids resulted in the selection of a smaller set of
different maximum points compared to the randomized methods due to the controlled selection
of measurement points. Boxplots were created after the normality tests to ease the understanding
of the differences of the methods, see Figure 41, Figure 42 and Figure 43. The individual
maximum value of each surface are shown as red dashed lines in the figures.
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Figure 41. Boxplot Surface 1 Maximum Deviation

Only one of the analysed methods included the global maximum of surface 1 i.e. 66 randomly
distributed points. Each method represented the maximum value in a different way, the
Hammersley’s and uniform distributions showed a smaller variance of the maximum values. 5
points distributed accordingly to a dice pattern had the largest deviation from the maximum
value. The reason for the large deviation were probably related to the limitations of the 5 PNTS
method to select points close to the edges of the area.
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Boxplot of Surface2_5PN; Surface2_66H; Surface2_18H; Surface2_66U; ...
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Figure 42. Boxplot Surface 2 Maximum Deviation

The resulting maximum values of the methods implemented on surface 2 shared similar
characteristics as surface 1. One of the differences was that 66 uniformly distributed points
represented the maximum deviation of surface 2 quite well. Several of the outliers of the

distribution were including the maximum deviation of the surface.
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Figure 43. Boxplot Surface 3 Maximum Deviation

The result of surface 3 implied that 66 Hamersley points represented the maximum value of the
surface in a good way. Generally, there were differences between the maximum value of the
analysed methods and the complete measurement sets. The analysed surfaces had the largest
deviation at the outer edges which added some additional difficulties to capture the maximum

deviations in the measurement result.
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5.2.3  Impact on minimum deviation

One of the measured surfaces consisted of negative perpendicular deviations relative to the
CAD-model i.e. too much material had been removed in the machining operation. Because of
this the minimum deviation were also analysed, see Figure 44, Figure 45 and Figure 46. The
minimum deviations share many similarities with the maximum deviation but in a mirrored
state. Several of the minimum deviation samples were not normally distributed, see Appendix
F — Normality test.
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Figure 44. Boxplot Surface 1 Minimum Deviation
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Figure 45. Boxplot Surface 2 Minimum Deviation
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Boxplot of Surface3_5PN; Surface3_66H; Surface3_18H; Surface3_66U; ...
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Figure 46. Boxplot Surface 3 Minimum Deviation

5.2.4  Summary measurement findings

The following section presents a summary of the main findings of the measurement analysis.
The absolute deviation relative to the complete measurement and the ST.DEV of the analysed
methods set is presented in Table 7. The 5 PNTS method was the method which had the largest
maximum and minimum deviation relative to the raw data measurement set. 18 HAM had the
largest deviation in average when implemented on surface 1 and surface 2. 18 UNI had the
largest deviation in average when implemented on surface 3. None of the analysed methods
were in absolute terms having a larger error than 0.003 mm in average and 0.03 mm in
maximum value. These values have to be considered in relation to the tolerances which will
have to be fulfilled. If the method which had the smallest deviation in average and
maximum/minimum was chosen independently this would result in 0.0000395 mm deviation
in average and 0.002521 in maximum/minimum value. The difference between best and worst
fit of the analysed methods was 10? for average and 10! for the maximum/minimum value.
When analysing the standard deviation, the 5-point, 18 random and 66 random methods resulted
in larger variation compared to the other methods. The larger ST.DEV was adding extra
uncertainty in the result when using those methods but it also increased the confidence that the
methods represented the complete measurement set adequately. The small
ST.DEV of the other methods was probably the main reason to the low p-value of the one-
sample t-tests.
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Table 7. Summary absolute deviation and ST.DEV

Avg Stdev(Avg)
Surface 1 2 3 1 2

-0,00042 -0,00039| 0,002449 0,003242

66HAM -0,00049
18HAM 0,000905 0,002793 0,000641 0,000784
66UNI 0,00047 0,000555

0,001719] 0,000783 0,001005
0,002114  0,00318

18UNI

Maximum
1

0,008388 0,006697 0,007223 0,005229
18HAM 0,010828 0,016843 0,011947| 0,009603 0,006129
66UNI 0,006257
18UNI 0,008668 0,007855 0,009207
66RND 0,005128 0,008246 0,008257
18RND 0,011097 0,013649 0,014117

0,007698 0,006398
0,007652 0,007474
0,011776 0,011479

0,00182
0,00132
0,00269
0,00277

0,013859

0,013529

In addition to the ANOVA analysis and the test for equal variances, the differences between the
methods and the number of inspection points were analysed. The result of the analysis is
presented in Table 8. One of the tests were indicating that there were no differences between
the methods. This test was the two-sample t-test which tested if there was no difference between
the averages of the 18 RND and 66 RND samples. The test resulted in the conclusion that there
was no difference in average when using 18 or 66 randomly distributed inspection points. The
test for equal variances indicated that there was no significant difference in variation when using
66 uniformly distributed or 66 Hammersley’s points. Surface 1 resulted in a low p-value, 0.011

which might indicate equal variances.
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Table 8. ANOVA comparison, number of points and method, average

One-way ANOVA, a =0.05, Null hypothesis: Allmeans
are equal, Alt. Hypothesis: At least one mean is different

Surface 1 2 3
5 Pnts, 18 Uni, 66 Uni 0.617 0.107 0.000
66 Ham, 66 Uni, 66 Rnd 0.000 0.000 0.006
18 Ham, 18 Uni, 18 Rnd 0.010 0.000 0.004

Two-Sample T-Test, o =0.05, T-Test of difference =0 (vs #)

Surface 1 2 3
5 Pnts, 18 Rnd 0.557 0.070 0.479
18 Uni, 66 Uni 0.327 0.223 0.000
18 Ham, 66 Ham 0.000 0.000 0.000
18 Rnd, 66 Rnd 0.241 0.134 0.813

Test for Equal Variances, a = 0.05, Null hypothesis: All
variances are equal, Alt. Hypothesis: At least one
variance is different

Surface 1 2 3
5Pnts, 18 Rnd 0.000 0.000 0.136
66 Ham, 66 Uni 0.011 0.245 0.076
18 Ham, 18 Uni 0.048 0.015 0.000]
18Rnd, 66 Rnd 0.000 0.000 0.000]

The One-sample t-test in Appendix | — One-Sample t-test resulted in the conclusion that there
were three methods which had no significant differences in average compared to the complete
measurement sets. The methods were the following: 5-point, 18 random and 66 random. By
using two-sample t-test analysis of the methods it could be concluded that the average between
18 RND and 66 RND had no significant differences therefore it could be concluded that 18
RND represented the surfaces in a sufficiently good manner and there was no need for the use
of 66 RND points. By using the two-sample t-test to analyse the differences between the
averages of the 5 PNTS and the 18 RND methods the analysis concluded that there were no
differences between the methods, see Table 8. To further analyse the impact of the methods the
variance of the samples was investigated. The analysis resulted in the conclusion that 18 RND
and 66 RND points had different variance for all surfaces and 5 PNTS and 18 RND had different
variance for surface 1 and 2.

The conclusion of the measurement analysis is that 5 points distributed across the surfaces
according to a dice pattern are enough to represent the shape of the analysed segments in a
reliable and economical manner. The average is well represented and the variance of the method
is acceptable in relation to the deviation. The surface properties and the curvature of the
segments had no significant impact which resulted in the conclusion that the same measurement
strategy was possible to implement on each one of the surface segments. It is important to keep
in mind that the analysis is only valid for the investigated boundary conditions (geometrical
feature, size and tolerance width etc.). The methodology of analysing the impact of the
measurement strategy has through the measurement experiment been demonstrated and the
methodology will be merged with the strategic findings in the following section into the
measurement strategy framework which is presented in 5.4 Measurement strategy framework.
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5.3 Strategic findings

During the thesis work, many important factors to consider in the measurement strategy
framework were found which were not analyzed and validated throughout the measurement
experiment. These state-of-the-art methods and principles which were important to consider in
the development of the strategy are presented in the following section. To be able to create a
measurement point planning strategy there were more factors to consider than the amount and
distribution of measurement points. These factors were presented in the theoretical framework
and in the result of the case study and to enable a better overview of the findings the outcome
was merged in the following chapter.

5.3.1  Affected process steps

By using the six points presented by Flack (2014) in chapter 3.4 in combination with the result
of the process mapping in chapter 4.1 a holistic view of the measurement process can be
obtained where the requirements of each process step can be related to the end-result which is
delivered to the customers. The findings which are presented in the following section and in the
measurement findings were used for the development of the measurement strategy framework
in the succeeding chapter.

By initially ensuring a demonstrable consistency, correct procedures and adequate knowledge
level of the personnel in each process step from the design of the product to the measuring
procedure step there will be a solid foundation for further development. These requirements
were to a large extent fulfilled at Saab Aeronautics when the thesis work was performed but it
was thought to be possible to implement further improvements regarding the consistency of the
work. Even though the focus area for the thesis work was the measurement planning process,
the outcome of the previous process steps had to be considered in the work. If there were
ambiguities in the definitions presented by the design department the result of the measurement
planning work would be effected by it, this was brought up as an important factor to consider
by the measurement planning personnel in the case study. Therefore, a regular knowledge check
regarding the content of the standards covering the field of tolerancing was advised to be
performed to ensure high quality of the tolerancing work. This would ensure that the right
measurements were performed by ensuring and improving the quality of the creation of the
specification operator. When considering the regular review requirement, presented by NPL
(Flack, 2014), this was considered to effect the measurement planning and the measuring
procedure since these two steps included technical parts of the measurement process. The
master thesis work did not investigate the assessment of the technical performance of the
process steps but to ensure valid measurement results these should be investigated in future
work.

The main focus of the thesis work was the measurement planning process which in relation to
the measuring guidelines presented by NPL (Flack, 2014) covered ‘the right tools’ requirement.
‘The right tools’ requirement covered the suitability of the equipment and methods used in the
verification operation. Some impacts of the methods were analyzed and verified by the
experiments in the previous chapter, the suitability of the equipment was only analyzed briefly
through the product specification documents. Before the implementation of new methods, the
result and the impact has to be analyzed and verified to avoid ambiguities and errors in the
measurement result. The methods for the measurement planning process which were not
analyzed and verified during the thesis work but which should be validated and then
incorporated into the measurement strategy is further discussed and presented in the following
section. The sources of the methods were both the literature review and the case study.
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In order to create an efficient measurement strategy, the process chain from the functional
definition of the requirements to the delivery of the measurement results has to be considered,
4.1.1 Saab measurement process. The measurement planners presented in the case study their
point of view and the theoretical sources brought up other aspects to consider. The parts to
consider in each step are described in the following section. In the creation of the measurement
strategy, cross functional groups are recommended accordingly to Lindqvist & Jansson (2016)
and the strategy was backed up by the result of the interviews and the survey.

Definition of functional requirements

The first step of the measurement process will affect the working procedures of each one of the
succeeding process steps. The definition of the functional requirements was not investigated in
the literature review or the case study, therefor this step is left out of the measurement strategy
development work performed in the thesis work.

Design of the product

The design step was the step where the foundation of the measurement planning work and
verification procedure was created. The designing and tolerancing of the product has to
represent the functional requirements which have been set in the previous step. In order to
ensure the uniqueness of the following verification procedure the creation of the specification
operator has to be performed in an adequate manner. To ensure this the designer has to have an
understanding of the GPS-system to be able to communicate the requirements to the
measurement planner in the succeeding step. The designer has to understand the basic concept
of the ideal-, non-ideal features and skin model in order to be able to communicate the
requirements in an unambiguous manner. The respondents of the survey brought up several
problems in the case study which could be removed by implementing a uniform communication
framework. One critical part to focus on in the tolerancing process was the selection of
references since these will affect all other measurements. To reduce the variation within the
measurement planning process, this would be the top priority in the design process step
according to the responses of the case study. The following points need to be considered in the
design of the product to ease the workflow in the succeeding process steps.

Selection of datum references

Proper use of GPS standards

Unambiguous tolerancing

Categorizing of criticality

Translation of functional requirements into tolerances
Proper use of feature operations

Measurement planning

Since the measurement planning process step was the focus area for the thesis work the
recommendations for this step are the most comprehensive. The recommendations regarding
the amount and distribution of measurement points were included into the instructions for this
process step. Since the analysis only covered one specific type of geometrical feature there will
be room for further work and refinements of the strategy. The literature review and the case
study presented the following points which have to be considered in the creation of inspection
points guidelines:
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Type of geometrical feature

Selection of measuring equipment

Tolerances of the requirements

Size of the feature

Surface structure

e Manufacturing process

e Datum references

e Criticality of functionality

e Appropriate amount and distribution of inspection points
Extraction rules

Association rules

Filtration rules

Presentation of the measurement results

Type of follow-up, 100%-inspection, SPC etc.

In order to be able to handle the parameters which influence the required amount of measuring
points it is recommended to create a data base where each parameter can be traceable in
similarity to the method described by Ricci et al (2013). Then by performing measurement
experiments in similarity to the measurement experiment in the thesis work there will over time
be possible to gain knowledge of each manufactured geometrical feature and the influencing
properties. The knowledge can thereafter be used in the measurement planning process to verify
the impact of the number and distribution of measurement points used for the verification. In
the case study the extent of the collection of measurement was presented as a problem, the
creation of the data base was thought to require too much resources to be economically feasible.
To overcome this, it might be possible to use the currently collected measurements to create the
foundation for the data base. This must although be verified in a future state before an actual
implementation. In addition to the number and distribution of measurement points which is
related to the extraction process the other feature operations have to be properly described and
defined to achieve a standardized predictable process.

The filtration and the association methods would be the primary feature operations which will
be performed in the measurement planning process. Both operations will influence the result
which is obtained by the measurement procedure. To reduce the ambiguity, it would be
recommended to either specify which operation to use in either the measurement planning step
or in the designing step. In the evaluation performed by Ricci et al (2013) the authors presented
a definition where the association method was defined in the designing step. When the
measurement planning is performed both externally and internally this might be the optimal
way to define and communicate the association method. There will always be a risk of
misunderstandings regarding the impact of the association method if the method is chosen by a
person who lacks deeper understanding of the different association methods. The deeper
knowledge of the measuring procedure and equipment might be a reason to move the selection
of association method from the designing step to the measurement planning step since the
measurement planning personnel worked with the selection of method during the master thesis
work. The selection of the filtration method shares the similar difficulties as the association
method described above.
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Measuring procedure

In the measuring procedure step the measurement result can be effected by externa disturbances
influencing the measurement in a negative way. ISO presented important factors to consider in
the physical measuring setup. The temperature, vibrations and contaminations have to be
controlled, see 3.5 Measurement uncertainty. The performance of the measuring equipment is
also important to keep track of through regular reviews and a clearly defined purchasing process
were the needs are clearly specified. The following factors are important to consider in the
measuring procedure process step accordingly to the findings of the theoretical framework and
the case study.

e Temperature

e Cleanliness

e Calibration

e Precision of equipment
e Speed of CMM

e Metrologist

Delivering/storage of results

During the thesis work the measurement result at Saab Aeronautics were only used for follow-
ups to obtain an understanding of the reasons when something unexpected occurred. In an
optimal process the knowledge collected in the measuring procedure should be used as feedback
to the process to enable continuous improvements based on the facts presented by the
measurement results. This would add value to the products and processes. The feedback
approach is also argued for by Jasurda (2015) which has investigated the topic. The storage of
the measurement results will also have a greater importance if the measurement strategy in a
future state will be based on previous measurements according to the method presented by Ricci
et al (2013) and the case study where a data base consisting of several historical or experimental
measurement results are used to determine the future measurement strategy of a product. The
approach shared many similarities with the experimental part of the thesis work where one type
of geometrical feature was investigated in order to present recommendations for a strategy.

5.3.2  Number of inspection points

Flack (2014), Hageryd (2002) and SIS (2008) presented recommendations regarding the
amount of measuring points to use when verifying a certain geometrical feature. The sources
had some minor differences in the recommended amounts and consisted of different geometrical
features. To obtain a starting point for the verification of different geometrical features the
guidelines were merged into Table 9 where the largest amount of points was presented to ensure
a valid starting point for further analysis.

Table 9. Merged recommended amount of points

Number of contact points required

Geometrical feature Mathematical minimum Recommended minimum
Line 2 5

Plane 3 9

Circle 3 7

Sphere 4 18

Cylinder 5 20

Cone 6 20

Cube 6 18

Torus 9 19
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As a starting point for the further work the recommended minimum amount of points could be
used for the verification of the explicit tolerances and the mathematical minimum amount of
point for the global tolerances. Explicit tolerances are added to the features in the drawing and
the global tolerances are covering the features which have no printed tolerance in the drawing.
Since the recommendations stated the minimum amount of points the impact of the number of
points should be carefully investigated before selecting the amount to use for references since
the criticality of the features presented by the statements in the case study. The
recommendations were limited in validity because there was no connection between the amount
of points and the size and tolerances of the measured object. Therefor the recommendations
have to be further analyzed before they are implemented into the measurement planning
process.

5.4 Measurement strategy framework

A measurement strategy framework, consisting of the considerations presented in the findings
of the case study, literature review and measurement experiment, was developed in the thesis
work and is presented in Figure 47. The framework is intended to be a support for the
measurement planner in the measurement planning process. Initially, the framework is a
foundation for the collection of data and knowledge. Thereafter, when an initial data set and
understanding has been collected, the framework can be used to present the aggregated
knowledge and act as a support for the measurement point planner. The framework will also
add traceability to the measurement process since the considerations and selections which have
been done in the measurement work will be stored therein.

The considerations which were mapped during the thesis work are included in the framework
to ease the understanding of the work procedures and to enable a standardized working
methodology. The development of the framework was carried out through a simple step-by-
step inclusion of the, during the thesis work, obtained knowledge regarding considerations and
requirements into the framework. The framework consists of input fields (1-5) and a resulting
field (6). The results of the measurement experiment and the measurement findings in the are
intended to be the content which is presented in the resulting field (6) of the measurement
strategy framework. The purpose of the framework is to present the uncertainties, which might
affect the measurements, in an unambiguous manner and to enable tractability of the historical
measurement planning work. The traceability will enable a foundation for continuous learning
and improvements of the measurement strategy and the measurement planning work.

The corresponding chapters, related to each of the fields in the framework in Figure 47, are
displayed in the text below the figure. The chapters in the report present the considerations and
inputs/outputs which each field in the figure represents. To fully utilize the framework, it has
to be supplemented by the considerations which are influencing the measurement process where
the framework is implemented e.g. manufacturing process, legal requirements and time
requirements. The measurement strategy framework is in the current state universal and can be
implemented in several contexts and industries. Further process specific adaptions might be
needed to utilize the full potential of the methodology. An example of a filled in framework is
presented in Appendix J — Filled in framework. The parameters and the results of the
measurement experiment performed in the thesis work are included in the example. In the
current state can the framework be used as a documentation consisting of the influencing
parameters and the measurement uncertainty.
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To use the framework, the measurement planner selects a geometrical feature to investigate and
fills in the empty fields (1-5) depending on the geometrical feature and related requirements
and influencing parameters. The last field (6) is filled in, by the measurement planner, after an
evaluation has been performed in similarity to the measurement experiment in the thesis work.
The filled in document can thereafter be used for follow-ups, improvements and knowledge
development. In a future state, where several geometrical features have been analysed, the last
step (6) is intended to be automatically filled in by historical data i.e. the measurement analysis
is only intended to be performed once for each geometrical feature and its corresponding
influencing boundary conditions. The boundary conditions can be e.g. size, criticality,
manufacturing process and surface properties.
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Figure 47. Measurement strategy framework
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6. Discussion

The discussion regarding the analysis and findings of the thesis work is presented in the
following chapter. The discussion is divided into three sections: Case Study, Measurement
experiment and Further development opportunities.

6.1  Case study

Since the interviews were carried out internally at Saab Aeronautics the applicability of the
knowledge might have some uncertainties in other production environments. The aerospace
industry produced few replications of a large variety of parts. In the measurement planning
process, the measurement planner encountered many different products and the products varied
in shape, size, material etc.

Each interview was carried out individually which resulted in different depth of discussion of
each interview question per session. Some of the interviews were more general in content which
might have resulted in some unexplored topics in some of the interviews. The time required for
the transcription of the interviews were underestimated, because of this only some parts of the
interviews were written down in the transcription phase which resulted in variation in the level
of detail in documentation. Because of this only some of the statements were presented in the
report even though there exist more details stored in the external transcription documents. The
content therein was assumed to be hard to understand for someone who has not attended the
interviewing sessions. The shortcomings in transparency of the interviews are complemented
by the result of the survey which was more structured compared to the interviews and thereby
easier to present in the report.

The questions in the survey were created through a further development of the interview
question. The approach was ad-hoc since the inclusion of the survey was not planned at the start
of the project. The survey was although adding many interesting findings and created a better
understanding of the difficulties of the measurement planning work which was performed
during the thesis work. The similarities of the questions in the interviews and the survey eased
the analysis, comparison and presentation of the content in the report. One difficulty of the
survey was the possibility to communicate the purpose and the goal of the thesis work to the
respondent. The information was included in the mail which was sent to the respondents but
since there were no physical meetings only some of the respondents replied with questions
regarding how to answer the survey. The responses of the survey were presenting the problems
in general terms. If there had been more time for refinement of the survey more questions might
have been preferable to use in order to understand the more specific difficulties which might
occur in the measurement planning process.

The companies which were included in the survey had slight different manufacturing and
verification methods compared to Saab Aeronautics. This might have influenced the
conformance of the recommendations presented in the survey to the work performed at Saab
Aeronautics. The companies in the survey had larger production volumes which introduced
differences in the verification frequency and the use of statistical tools. Even thought there were
some differences, the equipment and methodologies used were almost the same at the
companies due to the use of CMM verification.
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6.2 Measurement experiment

The resulting conclusions of the measurement guidelines were based on three complete
measurement sets. By reducing the collected raw data measurement set instead of performing
separate measurements with a smaller amount of points or different distribution some
information might have been lost during the measurement. If there had been more time and
economical resources the optimal approach to analyze the measurement strategies would
probably have been to create several independent measurement programs according to the
different strategies and running them independently to analyze the impact of the methods and
principles. In the thesis work the impact of the computing algorithms were not considered by
the implemented method. The filtration algorithms were thought to have an impact on the result
when scanning was used to detect surface imperfections. Each individual measurement point
was analyzed in the thesis work which resulted in an analysis where the filtration was excluded.

The definition of straightness in ISO 12780-2:2011 was used to define the distance between the
measurement points. There might be some uncertainties related to the difference between a
perfectly straight line and the curved lines which were used in the investigation. To map this
uncertainty, it is recommended as a future work to analyze the impact of different levels of
curving compared to a straight line and thereby ensure that the deviation is small enough to be
representable. If there is a large deviation it is recommended to develop a mathematical model
to decide the maximum distance between the measuring points. The cut-off wavelength which
was used in the thesis work was set to 8 mm. The value was chosen in order to fulfil the
definition in 1ISO 12780-2:2011. In further experiments this value has to be selected according
to the functional requirements of the geometrical feature.

In a further analysis the measurement result of each CMM equipment that is going to be used
in the production flow should be investigated. In the thesis work the equipment used for the
measurement were located externally at Hexagon because of high occupancy at Saab
Aeronautics. The method used in the thesis work was consider to fulfill the requirements
regarding the analysis of the knowledge loss during a reduction of the amount of inspection
points. The method presented an easy to understand and scientific approach to determine the
number and distribution of measurement points to use. The shortcomings of the methodology
used in the thesis work are the narrow spectra of products which will be verified by each analysis
resulting in a large time consumption which increase the costs of the implementing the
methodology. There are several geometrical features which were not analyzed and there might
be differences due to the manufacturing method of the product which were not encountered
during the work. The analysis was performed on a product which included a certain type of
form error. The form error resulted in a non-normal distributed raw data. If the error would have
been normally distributed across the product it might have been possible to detect error easier
and it might have been possible to conclude a deviation in the raw data if there were any
deviations from a normal distribution. The methodology still has room for improvements and
the purpose of it is to use as a foundation for the measurement planning work and to store the
knowledge of the work and the measurement results in a structured system.

The greatest benefit of implementing the methodology used in the thesis work is that it enables
a standardized framework to determine the amount and number of inspection points to use. By
using the methodology, it will be easier to perform follow-ups and to evaluate the work which
have been done. The methodology offers a structured approach of the measurement planning
work and it will be possible to demonstrate how the selection of points and distribution have
been performed to external parties. The methodology also enables continuous learning through
the use of the production and measurement data which are collected.
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The GPS system included several requirements which have been presented in the theoretical
framework but only some of them were analyzed in the thesis work. Some example of
requirements to test the impact of in future work are the other types of grids which were
presented. In the thesis work the uniform, Hammersley’s, dice pattern and random were
analyzed. There were also several other geometrical features which were not analyzed in the
thesis work. To create a consistent and uniform measurement planning process each of the
requirement has to be analyzed. This has to be performed through the development and
validation of specific measurement strategies for each manufactured geometrical feature. The
survey brought up the difficulties of doing this due to several different factors which might have
an impact on the result. To overcome this problem a strategy regarding the validation order of
each feature has to be created in collaboration with people from the affected departments. The
most commonly used geometrical features, material, manufacturing processes and tolerances
should be analyzed initially. In the thesis work free-form surfaces were analyzed because of the
relatively high complexity of the features compared to other simpler features e.g. straightness
and position.

The contour plots presented in the measurement findings chapter displayed that there were
patterns in the perpendicular deviation. This knowledge can be used for other improvement
purposes which have been out of the scope of the thesis work. If the measurement strategy
framework is implemented at Saab Aeronautics, this knowledge might also be interesting to
present and to keep track of in order to improve the manufacturing processes.

6.3 Further development opportunities

The case study and the literature review resulted in several insights regarding important
considerations in the measurement process. These findings are recommended to be considered
in the development of the measurement strategy framework. The implementation of the
measurement strategy framework will result in a large amount of data which is recommended
to be handle by the use of a data base system.

After an incorporation of a data base system at Saab Aeronautics the efficiency of the
measurement planning might be able to be further refined. This would be possible to achieve
through the measurement point reductions method described by Warmefjord et al (2013). The
shortcoming of the method is that it requires a large amount of individual measurements of each
product. Therefore, it might not be suitable to use the method in a small volume production.
Inspection of products which are produced in large quantities with a large amount of
measurement points have the greatest potential savings by the implementation of clustering.
The methodology of grouping similar products and to use the DoE methodology presented by
Ricci et al (2013) might be easier to implement in a production environment were a large
amount of products are manufactured like at Saab Aeronautics. A requirement which effect both
of the presented methods is that the methods require a deep understanding of the manufactured
products and geometrical feature which has to be obtained before an implementation. This
understanding can be obtained through the implementation of the measurement strategy
framework which has been presented in the previous chapter.
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7. Conclusions and future work

The conclusions and the future work of the thesis work is presented in the following section.
To ease the readability of the chapter it is divided according to the research questions.

RQL:
RQ2:

RQ3:

RQ1

The geometrical and dimensional metrology science field covered several aspects to consider
regarding the measurement strategy development. The most critical parts were presented and
analysed in the thesis work. The case study and the theoretical study presented the following
topics to consider in the overall measurement process and the measurement planning process:

What knowledge and guidelines regarding measurement strategies and measurement

point planning exist today?

What potential key benefits will be expected by using a standardized and clearly

defined measurement strategy?

How can the state of the art methodologies be adapted, validated and incorporated
into efficient and standardized working practices at Saab Aeronautics?

Design of the product:

Translation of functional requirements into tolerances
Categorizing of criticality

Proper use of the feature operations

Selection of datum references

Unambiguous tolerancing

Proper use of the GPS standards

Measurement planning:

Type of geometrical feature

Criticality of functionality

Tolerances of the requirements

Size of the feature

Surface structure

Manufacturing process

Datum references

Appropriate amount and distribution of inspection points
Extraction rules

Association rules

Filtration rules

Selection of measuring equipment
Presentation of the measurement results

Type of follow-up, 100%-inspection, SPC etc.

Measuring procedure:
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Temperature in the measuring environment
Cleanliness in the measuring environment
Calibration of the equipment

Precision of the equipment

Speed of CMM

Metrologist — education, experience etc.



CONCLUSIONS AND FUTURE WORK

The thesis work concluded that to create a comprehensive measurement strategy each person in
the process chain has to have an understanding of the needs of the succeeding step to ease the
workflow. The thesis work presented guidelines to consider in each process step with a main
focus on the work performed in the measurement planning process. The presented content is
recommended to be considered in the measurement planning process development.

The case study, literature review and the analysis resulted in the following findings related to
the selection of amount and distribution of measurement points which has to be further analysed
for each geometrical feature:

e Geometrical feature (line, plane, circle etc.)

e Tolerance type (form, orientation etc.)

Tolerance characteristics (straightness, position, symmetry etc.)
Tolerance width

Minimum amount of points to use (summarized in findings)
Grid (orthogonal, birdcage, random etc.)

RQ2

If the recommended factors are implemented into a measurement planning strategy the expected
benefits are: trustworthy and reliable measurement result where the uncertainties are traceable,
a traceable working process, easier to teach new personnel, more predictable work load, a
standardized working procedure, better knowledge sharing and reduced costs due to
miscommunication and misunderstandings. The benefit of the methodology is also the
possibility to overview the requirements presented in the theoretical framework and to ensure
the fulfilment of them. The strategy will initially require investments in computer systems and
teaching of the personnel of the methodology principles. The benefits of the measurement
strategy will increase over time and in parallel the costs will decrease due to the learning curve.

RQ3

The presented methodologies can be incorporated at Saab Aeronautics through a development
of the internal documentation and through the implementation of the measurement strategy
framework. This will result in improvements of the overall measurement process where in a
future state the personnel easily can find the factors to consider in each process step. After a
successful implementation of the measurement strategy framework there can be further
development and implementation of the framework into an automated measurement planning
system. An automated system would fully utilize the information in the CAD-data and
automatically create measurement programs without any human involvement which thereby
ensures a standardized and efficient measurement planning process. A prerequisite for an
automated measurement planning system is a fully developed and validated content in a data
base to support the system.

To demonstrate the recommended framework concept regarding the measurement planning
process an analysis of the impact on the measurement result was performed. The analysis
investigated the impact of the amount and distribution of the inspection points on the
measurement result of three 50x100 mm free-form surfaces. The analysis concluded and
validated that five inspection points distributed according to a dice pattern would offer a
sufficiently high level of information for the analysed features and in parallel offer a low
inspection cost and a fast inspection procedure. To be able to use the methodology on other
types of geometrical features a further analysis is recommended where each feature and the
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influencing parameters are analysed and verified. The measurement analysis is an important
part of the framework methodology since the analysis will deliver the result which is presented
in the output field in the framework. Without the measurement analysis the framework would
only include direct inputs which are important to present but does not present the uncertainty
of the measurement. A data base system is recommended, as stated above, to be implemented
in order to handle the large amount of data which has to be collected and used in the
measurement analysis. The future workload will be extensive in order to gather an
understanding of every manufactured geometrical feature therefore it is recommended to start
the work by initially classify the importance of the features and thereafter focus on the products
and features which are considered to be the most important and most commonly appearing. The
framework is generally applicable in the current state and it is possible to use in several contexts
both at Saab Aeronautics and at other companies.
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Appendix A — Student’s T-distribution

F(x) = 0.75 0.90 0.95 0.975 0.99 0.995 0.9975  0.9995

f=1 1.00 3.08 6.31 12.71 31.82 63.66 127.32 636.62
2| 0.82 1.89 2.92 4.30 6.96 9.92 14.09 31.60

3] 0.76 1.64 2.35 3.18 4.54 5.84 7.45 12.92
4 0.74 1.53 2.13 2.78 3.75 4.60 5.60 8.61
5] 0.73 1.48 2.02 2.57 3.36 4.03 4.77 6.87
6] 0.72 1.44 1.94 2.45 3.14 3.71 4.32 5.96
7| 071 1.41 1.89 2.36 3.00 3.50 4.03 541
8 071 1.40 1.86 231 2.90 3.36 3.83 5.04
9| 0.70 1.38 1.83 2.26 2.82 3.25 3.69 4.78
10] 0.70 1.37 1.81 2.23 2.76 3.17 3.58 4.59
111 0.70 1.36 1.80 2.20 2.72 3.11 3.50 4.44
12| 0.70 1.36 1.78 2.18 2.68 3.05 3.43 4.32
13| 0.69 1.35 1.77 2.16 2.65 3.01 3.37 4.22
14 0.69 1.35 1.76 2.14 2.62 2.98 3.33 4.14
15| 0.69 1.34 1.75 2.13 2.60 2.95 3.29 4.07
16| 0.69 1.34 1.75 2.12 2.58 2.92 3.25 4.01
171 0.69 1.33 1.74 211 2.57 2.90 3.22 3.97
18] 0.69 1.33 1.73 2.10 2.55 2.88 3.20 3.92
19 0.69 1.33 1.73 2.09 2.54 2.86 3.17 3.88
20] 0.69 1.33 1.72 2.09 2.53 2.85 3.15 3.85
21 0.69 1.32 1.72 2.08 2.52 2.83 3.14 3.82
22| 0.69 1.32 1.72 2.07 2.51 2.82 3.12 3.79
23] 0.69 1.32 1.71 2.07 2.50 2.81 3.10 3.77
24| 0.68 1.32 1.71 2.06 2.49 2.80 3.09 3.75
25| 0.68 1.32 1.71 2.06 2.49 2.79 3.08 3.73
26| 0.68 131 1.71 2.06 2.48 2.78 3.07 3.71
27| 0.68 131 1.70 2.05 2.47 2.77 3.06 3.69
28| 0.68 131 1.70 2.05 2.47 2.76 3.05 3.67
29] 0.68 131 1.70 2.05 2.46 2.76 3.04 3.66
30] 0.68 1.31 1.70 2.04 2.46 2.75 3.03 3.65
40| 0.68 1.30 1.68 2.02 2.42 2.70 2.97 3.55
50 0.68 1.30 1.68 2.01 2.40 2.68 2.94 3.50
60| 0.68 1.30 1.67 2.00 2.39 2.66 291 3.46
100] 0.68 1.29 1.66 1.98 2.36 2.63 2.87 3.39
oo| 0.67 1.28 1.65 1.96 2.33 2.58 2.81 3.29

1-F(x) = 0.25 0.10 0.05 0.025 0.01 0.005 0.0025  0.0005

APPENDIX
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Appendix B — Interview questions

86

Could you shortly describe your working tasks?

Are you involved in the measurement planning process?
How do you work with the selection of measurement points?
Are you working with measurement point reduction?

What sources of uncertified and errors exist?

Are the currently used manual related to your work?
What are your opinions regarding the manual?

How would you present the content?

What extra content would you include?

What do you think are the possible benefits of standardization of the measurement
planning process?



APPENDIX

Appendix C — Survey questions

Name:
Company:
Role:
Date:

Describe your working assignments
shortly:

Are there any standardized working
methods regarding the selection of
measurement points at your
company?

Which are the most important
factors in the measurement point
selection process? (Size of the
object, tolerances etc.)

Which are the most important
factors in the selection of the
distribution of measurement
points? (Grids, distance, etc.)
Which are the most important
uncertainties to consider in the
specification/drawing?

Which are the most important
uncertainties to consider in the
verification/measurement?
Which are the biggest obstacles to
overcome in order to create a
standardised working procedure
and documentation?

Which are the largest benefits of
implementing a standardized
measurement planning process?

Geometrical feature Type Size Tolerance Criticality Number of points
Circle (Hole < x mm Shape
depth)
Position
Diameter
Roundness
Line Straightness
Profile
Circumference
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Geometrical feature Type Size  Tolerance Criticality Number of points
Surface Flatness
Profile
Free-form
Cylinder(Hole > x mm Shape
depth) Position
Diameter
Depth
Direction
Sphere Diameter
Shape
Geometrical feature Type Size  Tolerance Criticality Number of points
Special
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Appendix D — Equipment specifications

DEA GLOBAL Silver Advantage 12.30.10 (Hexagon Metrology, 2016)

APPENDIX

Probe Standard Temperature Range | CLIMA Temperature Range | RompL
Configuration | 18 £22 °C 16 + 26 °C
Eowmpre/ | Prrampe | MPETHP | Eompe/ | Prtampe | MPETHp
E150,mpPE T E150,mpPE T
HP-S-X1S 21 +|1.8 3.1/45 25 +1|1.8 3.1/45 1.7
L/333 L/200
um pum

NOTE: Eo,mpe/E1so,mpe Specifications are to be formally understood as Eo,mpe*/E1so,mpe™ for the
case where non-normal CTE material calibrated test lengths are used.

HP-S-X1S Scanning Probe (Hexagon Metrology, 2015)

Probe head type

Analogue

Probe interface

Kinematic joint

Dimensions

@ 30 x 109 mm

Resolution

<0.1 pm

Measuring range

+ 2 mm in all axes

Linear stiffness 1.2 N/mm
Max stylus weight | 20 g
Max stylus length | 115 mm
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Appendix E — Descriptive Statistics Average

Descriptive Statistics Surfacel

Variable

Mean

SE Mean StDev

Minimum

Ql

Median Q3

Maximum

Surfacel 5Point_Avg
Surfacel 66Ham_Avg
Surfacel 18HAM_Avg
Surfacel 66UNI_Avg
Surfacel 18UNI_Avg
Surfacel 66RND_Avg
Surfacel 18RND_Avg

0,067899
0,067787
0,067524
0,067902
0,067812
0,068813
0,068209

0,000245
0,000036
0,000064
0,000047
0,000078
0,000211
0,000467

0,002449
0,000364
0,000641

0,00047
0,000783
0,002114
0,004668

0,061791
0,066912
0,065841
0,066675
0,065495
0,063583
0,057951

0,066192
0,067542
0,067133
0,067598
0,067198
0,067452
0,064803

0,068025
0,067792
0,067535
0,067901
0,067853
0,068876
0,067826

0,069675
0,068027
0,068049
0,068241
0,068346

0,07031
0,071661

0,072212
0,068657
0,068741
0,068948
0,069561
0,075148
0,078478

Descriptive Statistics Surface2

Variable

Mean

SE Mean StDev

Minimum

Ql

Median Q3

Maximum

Surface2 5PNTS_Avg
Surface2_66Ham_Avg
Surface2_18HAM Avg
Surface2_66UNI_Avg
Surface2_18UNI_Avg
Surface2_66RND_Avg
Surface2_18RND_Avg

0,043612
0,043342
0,040394
0,043007
0,043148
0,043405
0,042437

0,000324
0,000049
0,000078
0,000055

0,0001
0,000318
0,000557

0,003242
0,000493
0,000784
0,000555
0,001005

0,00318
0,005575

0,037216
0,042261
0,038073
0,041958
0,041146
0,035762
0,024918

0,041261
0,042949
0,039847
0,042616
0,042361
0,041185
0,038196

0,043542
0,043332
0,040489
0,043027
0,043115
0,042897
0,042241

0,045706
0,043705
0,040814
0,043428
0,043867
0,045828
0,046116

0,053023
0,044607
0,041954
0,04434
0,04579
0,050481
0,0556

Descriptive Statistics Surface3

Variable

Mean

SE Mean StDev

Minimum

Ql

Median Q3

Maximum

Surface3 5PNTS_Avg
Surface3_66Ham_Avg
Surface3_18HAM_Avg
Surface3_66UNI_Avg
Surface3_18UNI_Avg
Surface3_66RND_Avg
Surface3 18RND_Avg

0,1917
0,1918
0,19056
0,19139
0,18959
0,191
0,19115

0,0005
0,00011
0,000182
0,000132
0,000269
0,000277
0,000581

0,005
0,0011
0,00182
0,00132
0,00269
0,00277
0,00581

0,1741
0,18943
0,18669
0,18765
0,18373
0,18266

0,1781

0,18872
0,19112
0,18931
0,19058
0,18735
0,18922
0,18772

0,19159
0,19178
0,19045
0,19132

0,1896

0,1912
0,19139

0,19536
0,19255
0,19184
0,19213
0,19154
0,19283
0,19512

0,20417
0,19472
0,19542
0,19573
0,19787
0,19621
0,20791
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Appendix F — Normality test

Probability Plot of Surfacel_5Po; Surfacel_66H; Surfacel_18H; ...
Normal - 95% Cl

99,9

; 7 y e Variable

99 ] S 7 —@— Surfacel_5Point_Avg

/ ‘/ s —m— Surfacel_66Ham_Avg

- - @ - Surfacel_18HAM_Avg

£ —a - Surfacel_66UNI_Avg

90 - —p- - Surfacel 18UNI_Avg

80 —d— Surfacel_66RND_Avg

E 70- —w— Surfacel_18RND_Avg
g gg: Mean  StDev N AD P
S 10 0,06790 0,002449 100 0,424 0,313
&_’ 30 0,06779 0,0003638 100 0,116 0,991
1 0,06752 0,0006412 100 0,615 0,107

20 - 0,06790 0,0004704 100 0,200 0,881

10- 0,06781 0,0007828 100 0,209 0,860
0,06881 0,002114 100 0,606 0,113
5- v 0,06821 0,004668 100 0,460 0,257

7
- Va4
Pava 4
VAV 4
0,1 v

T T T T T T T
0,050 0,055 0060 0065 0,070 0,075 0,080 0,085

Data

Probability Plot of Surface2_5PN; Surface2_66H; Surface2_18H; ...
Normal - 95% Cl

99,9
Variable
—&— Surface2 5PNTS Avg
99+ —m— Surface2_66Ham_Avg
- -4 - Surface2_18HAM_Avg
95+ —A - Surface2 66UNI Avg
90 - —p - Surface2_18UNI_Avg
80 —d}— Surface2_66RND_Avg
= 70/ —w— Surface2_18RND_Avg
S 60-
e 50 - Mean Stbev N AD P
= 10 0,04361 0,003242 100 0,387 0,382
g_’ 30 0,04334 0,0004933 100 0,500 0,204
1 0,04039 0,0007844 100 0,503 0,201
20 - 0,04301 0,0005547 100 0,371 0,418
10- 0,04315 0,001005 100 0,548 0,155
0,04340 0,003180 100 1,033 0,010
5 0,04244 0,005575 100 0,186 0,903
‘] .
01 -~
0,02
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92

Percent

Percent

Probability Plot of Surface3_5PN; Surface3_66H; Surface3_18H,;

99,9

Normal - 95% Cl

99 4

95 -
90 -

80-
70
60-
50 -
40-
30 -
20 -

10-
5

Variable

—@— Surface3_5PNTS Avg
—m— Surface3_66Ham_Avg
- -@- - Surface3_18HAM_Avg
—a - Surface3_66UNI_Avg
—p- - Surface3_18UNI_Avg
—a— Surface3_66RND_Avg
—w— Surface3_18RND_Avg

Mean

StDev N

0,1917 0,004997 100
01918 0,001104 100
0,1906 0,001818 100
01914 0,001320 100
0,1896 0,002694 100
0,1910 0,002769 100
01912 0,005808 100

AD
0,268
0175
0175
0525
0384
0323
0394

0,678
0,922
0,923
0177
0,389
0,521
0,368

Probability Plot of Surface1_5PN; Surfacel_66H; Surfacel_18H; ...

99,9

Normal - 95% Cl

994

95+
90 -

80-
70-
60 -
50 -
40 -
30-
20-

10~
5

T
0,11

Variable
—@&— Surfacel 5PNTS MAXDev
—m— Surfacel _66HAM_MAXDev
— & - Surfacel 18HAM MAXDev
— - Surfacel_66UNI_MaxDev
—p - Surfacel_18UNI_MaxDev
—a— Surfacel_66RND_MAXDev
—w— Surfacel_18RND_MAXDev

Mean
0,08816
01024
0,1000
0,1062
01022
0,1057
0,09974

StDev N
0,005936 100
0,0004950 100
0,001549 100
0,001922 100
0,001284 100
0,002246 100
0,004494 100

AD
0,293
17,704
13,509
10,985
21,405
0437
0,740

P
0,598
<0,005
<0,005
<0,005
<0,005
0,291
0,052




Percent

Percent

APPENDIX

Probability Plot of Surface2_5PN; Surface2_66H; Surface2_18H; ...
Normal - 95% Cl

99,9 - _
i Hede e 7 Variable
// —@— Surface2_5PNTS_MaxDev
93 ‘ —m— Surface2 66Ham MaxDev
- -@ - Surface2_18HAM_MaxDev
954 —a - Surface2_66UNI_MaxDev
90 —p-- Surface2_18UNI_MaxDev
80 —— Surface2_66RND_MaxDev
70 —w— Surface2_18RND_MaxDev
gg: Mean StDev N  AD P
20 0,06918 0,006636 100 0,39 0,364
30 0,08760 0,002213 100 5656 <0,005
] 0,07745 0,002312 100 15797 <0,005
20 0,08947 0,002605 100 11,226 <0,005
10- 0,08644 0,002727 100 11,280 <0,005
0,08605 0,003163 100 0,484 0,224
G- 0,08065 0,005881 100 1,266 <0,005
1-
0,1 T T / 4/ T

Probability Plot of Surface3_5PN; Surface3_66H; Surface3_18H; ...
Normal - 95% Cl

999
Variable
—&— Surface3 5PNTS MaxDev
99+ —m— Surface3_66Ham_MaxDev
— 4 - Surface3 18HAM MaxDev
95+ —A - Surface3_66UNI_MaxDev
90 —p - Surface3_18UNI_MaxDev
80 —a— Surface3_66RND_MaxDev
70 —w— Surface3_18RND_MaxDev
gg: Mean StDev N AD P
20 0,2195 0,009220 100 1,087 0,007
Ee 0,2438 0,003091 100 16,207 <0,005
] 0,2335 0,004201 100 21,095 <0,005
20 0,2362 0,001015 100 12,134 <0,005
10 02362 0,003221 100 7,221 <0,005
0,2372 0,003988 100 0575 0,132
5- 02313 0,005527 100 0,327 0,515
‘] .
01
0,18
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94

Percent

Percent

Probability Plot of Surface1_5PN; Surfacel_66H; Surfacel_18H; ...

99,9

Normal - 95% Cl

99 4

95 -
90 -

80-
70
60-
50 -
40-
30 -
20 -

10-
5

Variable
—@— Surfacel 5PNTS_MinDev
—m— Surfacel 66Ham MinDev
— -@ — Surfacel _18Ham_MinDev
— - Surfacel _66UNI_MinDev
—- - Surfacel _18UNI_MinDev
—— Surfacel _66RND_MinDev
—w— Surfacel _18RND_MinDev

Mean StDev N AD P
0,04782 0,004493 100 0,392 0,372
0,03351 0,001295 100 10,108 <0,005

* * 100 *
0,03076 0,001482 100 4,607 <0,005
0,03398 0,001564 100 7,956 <0,005
0,03394 0,003223 100 0418 0,323
0,03806 0,004894 100 0,193 0,893

Probability Plot of Surface2_5PN; Surface2_66H; Surface2_18H; ...

Normal - 95% Cl

99,9

994

95+
90 -

80-
70-
60 -
50 -
40 -
30-
20-

10~
5

Variable
—@— Surface2 5PNTS MinDev
—m— Surface2_66Ham_MinDev
— 4 — Surface2 18Ham MinDev
—h - Surface2_66UNI_MinDev
—p - Surface2_1 8UNI_MinDev
—— Surface2_66RND_MinDev
—w— Surface2_1 8RND_MinDev

Mean StDev N AD P
0,01934 0,006060 100 0,308 0,554
-0,0006010 0,001441 100 9,631 <0,005
0,0002994 0,0004438 100 20,932 <0,005
-0,003309 0,002159 100 4760 <0,005
0,0005682 0,003517 100 9,330 <0,005
0001644 0,003353 100 0283 0,629
0,005649 0,005046 100 0379 0,399




Percent

APPENDIX

Probability Plot of Surface3_5PN; Surface3_66H; Surface3_18H; ...
Normal - 95% Cl

99,9
Variable
—@— Surface3_5PNTS_MinDev
93 —m— Surface3 66Ham MinDev
— -@ — Surface3_18Ham_MinDev
954 —a - Surface3_66UNI_MinDev
90 - —4p- - Surface3_18UNI_MinDev
80 —— Surface3_66RND_MinDev
70 —w— Surface3_18RND_MinDev
gg: Mean StDev N AD P
20 0,1638 0,008550 100 0,185 0,906
30 0,1481 0,002063 100 5954 <0,005
1 0,1478 0,002247 100 23,997 <0,005
20 - 0,1429 0,002640 100 8521 <0,005
10- 0,1458 0,004355 100 5,893 <0,005
0,1433 0,003682 100 0,898 0,021
5- 0,1501 0,006735 100 0,346 0,475
1
01 T

] i
T T
012 013 014 015 016 017 018 019 0,20
Data
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Appendix G — ANOVA Output

One-way ANOVA: Surface1_5Po; Surface1_66H; Surface1_18H; Surface1_66U;
Surface1_18U; ...

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0,05

Equal variances were not assumed for the analysis.

Factor Information

Factor Levels Values

Factor 7 Surfacel 5Point Avg; Surfacel 66Ham Avg; Surfacel 18HAM Avg;
Surfacel 66UNI Avg; Surfacel 18UNI Avg; Surfacel 66RND Avg;
Surfacel 18RND Avg

Welch’s Test

DF
Source Num DF Den F-Value P-Value
Factor 6 298,103 7,79 0,000

Model Summary
R-sqg R-sg(adj) R-sg(pred)

3,01% 2,17% 1,04%
Means
Factor N Mean StDev 95% CI

Surfacel 5Point Avg 100 0,067899 0,002449 (0,067413; 0,068385)
Surfacel 66Ham Avg 100 0,067787 0,000364 (0,067715; 0,067859)
Surfacel 18HAM Avg 100 0,067524 0,000641 (0,067397; 0,067651)
Surfacel 66UNI_Avg 100 0,067902 0,000470 (0,067808; 0,067995)
Surfacel 18UNI Avg 100 0,067812 0,000783 (0,067657; 0,067967)
Surfacel 66RND Avg 100 0,068813 0,002114 (0,068393; 0,069233)
Surfacel 18RND Avg 100 0,068209 0,004668 (0,067283; 0,069135)

One-way ANOVA: Surface2_5PN; Surface2_66H; Surface2_18H; Surface2_66U;
Surface2_18U; ...

Method

Null hypothesis All means are equal
Alternative hypothesis At least one mean is different
Significance level a = 0,05

Equal variances were not assumed for the analysis.

Factor Information

Factor Levels Values

Factor 7 Surface2 5PNTS Avg; Surface2 66Ham Avg; Surface2 18HAM Avg;
Surface2 66UNI Avg; Surface2 18UNI Avg; Surface2 66RND Avg;
Surface2 18RND Avg

Welch’s Test

DF
Source Num DF Den F-Value P-Value
Factor 6 298,938 180,43 0,000

Model Summary
R-sg R-sg(adj) R-sqg(pred)
12,17% 11,41% 10,39%

Means

Factor N Mean StDev 95% CI
Surface2 5PNTS Avg 100 0,043612 0,003242 (0,042969; 0,044256)
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Surface2 66Ham Avg 100 0,043342 0,000493 (0,043244;
Surface2 18HAM Avg 100 0,0403%94 0,000784 (0,040238;
Surface2 66UNI Avg 100 0,043007 0,000555 (0,042897;
Surface2 18UNI Avg 100 0,043148 0,001005 (0,042949;
Surface2 66RND Avg 100 0,043405 0,003180 (0,042774;
Surface2 18RND Avg 100 0,042437 0,005575 (0,041331;

0,043440)
0,040550)
0,043117)
0,043347)
0,044036)
0,043543)

APPENDIX

One-way ANOVA: Surface3_5PN; Surface3_66H; Surface3_18H; Surface3_66U;

Surface3 18U; ...

Method

Null hypothesis
Alternative hypothesis
Significance level

All means are equal
At least one mean is different
a = 0,05

Equal variances were not assumed for the analysis.

Factor Information

Factor Levels Values

Factor 7 Surface3 5PNTS Avg; Surface3 66Ham Avg;
Surface3 66UNI Avg; Surface3 18UNI Avg;
Surface3 18RND Avg

Welch’s Test

DF

Source Num DF Den F-Value P-Value

Factor 6 300,362 13,19 0,000
Model Summary

R-sg R-sg(adj) R-sqg(pred)

4,23% 3,40% 2,28%
Means

Factor N Mean StDev 95%
Surface3 5PNTS Avg 100 0,191697 0,004997 (0,190706;
Surface3 66Ham Avg 100 0,191803 0,001104 (0,191584;
Surface3 18HAM Avg 100 0,190563 0,001818 (0,190202;
Surface3 66UNI Avg 100 0,191385 0,001320 (0,191123;
Surface3 18UNI Avg 100 0,189585 0,0026%94 (0,189051;
Surface3 66RND Avg 100 0,191002 0,002769 (0,190452;
Surface3 18RND Avg 100 0,191154 0,005808 (0,190002;

Surface3 18HAM Avg;
Surface3 66RND Avg;

CI

0,192689)
0,192022)
0,190924)
0,191647)
0,190120)
0,191551)
0,192307)
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Appendix H — Test for Equal Variances

Test for Equal Variances: Surface1_5Po; Surfacel_66H;...

Bartlett's Test
P-Value 0,000

Surfacel_5Point_Avg —e—

Surface1l_66Ham_Avg el

Surface1_18HAM_Avg o

Surface1_66UNI_Avg [ ]

Surface1_18UNI_Avg o

Surface1l_66RND_Avg —e—

Surface1_18RND_Avg } o |

0,000 0,001 0,002 0,003 0,004 0,005 0,006
95% Bonferroni Confidence Intervals for StDevs

Test for Equal Variances: Surface2_5PN; Surface2_66H;...

Surface2_5PNTS_Avg —e—| Bartlett's Test
P-Value 0,000
Surface2_66Ham_Avg Y]
Surface2_18HAM_Avg e
Surface2_66UNI_Avg o

Surface2_18UNI_Avg e

Surface2_66RND_Avg —e—

Surface2_18RND_Avg f @ |

0,000 0,001 0,002 0,003 0,004 0,005 0,006 0,007
95% Bonferroni Confidence Intervals for StDevs
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Test for Equal Variances: Surface3_5PN; Surface3_66H;...

Surface3_5PNTS_Avg - Py Bartlett's Test
P-Value 0,000

Surface3_66Ham_Avg [P

Surface3_18HAM_Avg o—|
Surface3_66UNI_Avg @
Surface3_18UNI_Avg —e—|

Surface3_66RND_Avg —eo—

Surface3_18RND_Avg ——e—

0,000 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008
95% Bonferroni Confidence Intervals for StDevs

Test for Equal Variances: Surfacel_5PN; Surfacel_66H;...

Multiple comparison intervals for the standard deviation, o = 0,05

Surfacel_5PNTS_MAXDev Multiple Comparisons
P-Value 0,000
Levene's Test

Surfacel_66HAM_MAXDev [ P_Val 0.000
-Value 0,

Surfacel_18HAM_MAXDev —
Surface1_66UNI_MaxDev —
Surface1_18UNI_MaxDev —
Surfacel_66RND_MAXDev —
Surface1_18RND_MAXDev —_

0,000 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008

If intervals do not overlap, the corresponding stdevs are significantly different.
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Test for Equal Variances: Surface2_5PN; Surface2_66H;...

Multiple comparison intervals for the standard deviation, o = 0,05

Surface2_5PNTS_MaxDev [T Multiple Comparisons
P-Value 0,000
Levene’s Test
Surface2_66Ham_MaxDev — p_Val 0000
-Value 0,
Surface2_18HAM_MaxDev —
Surface2_66UNI_MaxDev —
Surface2_18UNI_MaxDev —
Surface2_66RND_MaxDev —

Surface2_18RND_MaxDev } |

0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009

If intervals do not overlap, the corresponding stdevs are significantly different.

Test for Equal Variances: Surface3_5PN; Surface3_66H;...

Multiple comparison intervals for the standard deviation, o = 0,05

Surface3_5PNTS_MaxDev Multiple Comparisons
P-Value 0,000
Surface3 66H MaxD Levene's Test
rface am_MaxDe I
. - —raxEey P-Value 0,000
Surface3_18HAM_MaxDev —_—

Surface3_66UNI_MaxDev —

Surface3_18UNI_MaxDev —
Surface3_66RND_MaxDev —
Surface3_18RND_MaxDev —

0,000 0,002 0,004 0,006 0008 0010 0,012

If intervals do not overlap, the corresponding stdevs are significantly different.
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Appendix I — One-Sample t-test

APPENDIX

One-Sample

Test of u =0,068429 vs # 0,068429

Variable N Mean StDev SE Mean 95% ClI T
Surfacel_5Point_Avg |100 0,067899 0,002449 0,000245 (0,067413; 0,068385) -2,16 0,03
Surfacel 66Ham_Avg |100 0,067787 0,000364 0,000036 (0,067715; 0,067859) -17,65 0
Surfacel 18HAM Avg |100 0,067524 0,000641 0,000064 (0,067397; 0,067651) -14,12 0
Surfacel_66UNI_Avg 100 0,067902 0,00047 0,000047 (0,067808; 0,067995) -11,21 0
Surfacel_18UNI_Avg 100 0,067812 0,000783 0,000078 (0,067657; 0,067967) -7,88 0
Surfacel 66RND _Avg |100 0,068813 0,002114 0,000211 (0,068393; 0,069233) 1,82 0,07
Surfacel_18RND Avg |100 0,068209 0,004668 0,000467 (0,067283; 0,069135) -0,47 0,639
One-Sample

Test of u=0,043187 vs # 0,043187

Variable N Mean StDev SE Mean 95% ClI T

Surface2 5PNTS_Avg |100 0,043612 0,003242 0,000324 (0,042969; 0,044256) 1,31 0,19
Surface2_66Ham_Avg |100 0,043342 0,000493 0,000049 (0,043244; 0,043440) 3,13 0,00
Surface2_18HAM_Avg |100 0,040394 0,000784 0,000078 (0,040238; 0,040550) -35,6 0
Surface2_66UNI_Avg 100 0,043007 0,000555 0,000055 (0,042897; 0,043117) -3,24 0,00
Surface2_18UNI_Avg 100 0,043148 0,001005  0,0001 (0,042949; 0,043347) -0,39 | 0,69
Surface2 66RND_Avg |100 0,043405 0,00318 0,000318 (0,042774; 0,044036) 0,68 0,49
Surface2_18RND_Avg |100 0,042437 0,005575 0,000557 (0,041331; 0,043543) -1,35 0,18
One-Sample

Test of u=0,191309 vs # 0,191309

Variable N Mean StDev SE Mean 95% ClI T

Surface3 5PNTS _Avg |100 0,191697 0,004997  0,0005 (0,190706; 0,192689) 0,78 0,43
Surface3_66Ham_Avg |100 0,191803 0,001104 0,00011 (0,191584; 0,192022) 4,48 0
Surface3_18HAM Avg |100 0,190563 0,001818 0,000182 (0,190202; 0,190924) -4,1 0
Surface3_66UNI_Avg 100 0,191385 0,00132 0,000132 (0,191123; 0,191647) 0,58 0,56
Surface3_18UNI_Avg 100 0,189585 0,002694 0,000269 (0,189051; 0,190120) -6,4
Surface3_66RND_Avg |[100 0,191002 0,002769 0,000277 (0,190452; 0,191551) -1,11 {___0,2
Surface3_18RND_Avg |100 0,191154 0,005808 0,000581 (0,190002; 0,192307) -0,27 0,7
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MEASUREMENT STRATEGY FOR GEOMETRICAL VERIFICATION

Appendix J — Filled in framework - example
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