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Abstract

On the competitive global markets of today, companies have the objective to
increase profits by reducing development costs and increasing quality. Early
engineering design decides the opportunities and limisdthe later phasesd
is the costs disposed of by early engineering design, and often seen later when they
occur, e.gduringmanufacturing, that can be high and often too high.

However, in the earlier design process, few support timol8D engineeng
designare available, often due to a lack of knowledge of design requirements and
constraints.In these phases Design for Manufacturing (DfM) and Design for
Assembly (DfA) take an important rgleut DfM and DfAare not really integrated
with 3D CAD systems. DfM and DfA principles are currently applied at the end of
the 3D CAD modelling, by following the weklnown guidelines available from the
l'iteratur e an dhowcThimixeowhpw s didsaminatedamong
employees and technical departmemts eepresents a critical issue.

The research goatsf this thesicould be synthesizeab the definition of a new
methodology and a software tool that helps designers during the 3D modelling
activities and at the same time provide the cost of the pasisembly analysed. The
methodology, starting from the 3D CAD model of the part or assembly, extracts
necessary information with the aim to recognize parts features needed for cost
estimation and for DfM/DfA design rulewvalidation After retrieving the
information, DfM/DfA and cost analis can be made, and the designer can then
apply the changes suggested in the 3D model.

The proposed CAbntegrated DfM/DfA and cost methodology was used to
perform DfM/DfA and cost analysis by using 3D CAD models of 4 comepts (2
forged parts and 2 machined parts) and 2 product (assef@adgstudies show how
the proposed method is able to discover the design issues avoiding
manufacturing/assembly technological problemsaldlmving costs reduction at the
same time
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1.Introduction

This chapter introduces the dissertatigtarting from a brief background of
Product Development Process and Concurrent Engineering methods and tools,
explaining then the motivation and the objective of the thesis and its structure.

1.1. Background

Product Development Process (PDP) is a consolidatgtheering activity that
takes a service or a product from conception to market. Product development
includes few steps: drafting the concept, creating the overall design, developing
detailed design and then prototyping. While the first stages of thecB¥#st on
idea generations and is an iterative process able to figure out conceptual solutions,
the last stages of the PDP are focused in engineering design, with more practical
activities and recursive tasks.

The engineering design defines the geomatmgterials, tolerances and the

compl ete specifications of all the product
of the parts and general assembly drawings. The result of this phase is the complete
and precise physical desscription of all the

One of the most recurring disciplines in the engineering design contexts is CAD
(ComputerAided Design) which relates to solid modelling and drawir@ince its
birth, CAD evolved from the role of electronic drawing boards to 3D solid modellers
with pamametric philosophy. CAD are conceived to virtually create the part, display
it in 3D view environment, verify the consistency of the final assembly and quickly
realize 2D engineering drawing. Nowadays, CAD tools combine these capabilities
with the benefitsderiving from the integration of the multidisciplinary design
methodologies. During the time, CAD systems integrated different environments for
specific aims, such as environmental assessment (Morbidoni et al., 2011; Tao et al.,
2018), kinematic analysid ee et al., 2003; Komoto et al., 2012) and ergonomic
assessment (Feyen et al., 2000; Marconi et al., 2018).



On the competitive global markets of today, companies have the objective to
increase profits by reducing development costs and increasing qlialgyarantee
the business success, must be avoided the
several company departments work separated from each other. On the contrary,
integrated®DPand concurrent engineerif@E) allow to create teams that work in
parallel during development in multidisciplinary way. A crucial stage in the product
life cycle is the design stage. Any mistake in the design stage can be very costly in
terms of engineering changes and its impact on manufacturing, delays in product
releag to the market with potential loss of the market, and product recalls in the case
of a released product with significant financial losses and goodwill. Hence, there
should be special emphasis on the design of the product, to ensure that the product
can rech the market flawlessly and in the fastest time possible. Early engineering
design decides the opportunities and limitations of the later phases, since the
developed product geometry, for instance, affects how well the manufacturing,
assembly, maintenaacand so forth will be conducted. It is the costs disposed of by
early engineering design, and often seen later when they occur during, e.g.
manufacturing, that can be high and often too high. When a problem is found later,
e.g. during detailed design mranufacturing, going back to early engineering design
and make changes is extremely difficult and involve more costs. However, in the
earlier design process, fewer engineering design support tools are available, often
due to a lack of knowledge of designqui r ement s and constraint s
developing an engineering design that can be manufactured by the machines and the
crew of the production plant and preferably at the lowest cost. This is often referred
to asDesign forManufacturing DfM) and Design for Assembly (DfAand several
methods and guidelines for designing for manufacturing have been developed.
GeneralDIM and DfA strategies can help companies develop products that are
feasible to manufacture, but to go further towards increased eéBets, there is
an opportunity to reuse results and use corporate knowledge gained from earlier
projects and make this available as support tools during early engineering design.

1.2. Aim and motivation

On the other hand, DfM and DfA, which are consolidated engineering activities,

are not really integrated with 3D CAD systems. DfM and DfA principles are
3



currently applied at the end of the 3D CAD modelling, by following the-taredhwn

DfM and DfA guidelins avail able from the Jhowt erature
(internal tacit knowledge). This knelwow suffers a strong dissemination among

employees and technical departments and represents a criticalResudts and

corporate knowledge tend to stay withire tgroup instead of being documented in a

way that promotes reuse. In doing so, development performance is affected by staff
turnover, which occurs when projects are finished, or by the often time demanding

search for the right document that containsifiet information. This issue increases

when considering the extensiveness of information needed during functional product
developmentThe mentioned practice highlights a gap in the stétart related to

the CADintegrated DfM and DfA methods and toolsdathe possibility to share
manufacturing and assembly knowledge in the product design (explicit knowledge).

During project development iteration are generally requicedise the project

revision due to manufacturing and assembly issues. In this caat#oitsrhave a

tremendous impact in terms of the amount of time and rework. Integrating DfM and

DfA within CADs of t war eds can reduce redesign and
the overall project cost.

Then this thesis is focused in solving two questions:

1. How to make explicit the mixed manufacturing and assembly knowledge to
support product designers during fireduct development procéss

2. How to integrate knowledge into the product development process and how
to make it effectiveluring the design process and the 3D solid modelling and
how to estimate the cost savings of the design changes during the 3D
modelling?

Concerning the first quaen, it is well known that DfM/DfA design rules and
cost estimation models are part of the company knowledge (through the experience
and the skills of their engineers) whose dissemination among employees and
technical departments is a critical issé@owledge can be divided into tacit and
explicit knowledge. Tacit knowledge is the knowledge that people carry in their
minds. Hence, this knowledge is not formalized and not widely used by an
organization. Explicit knowledge, instead, refers to a set of irdbam that can be

4



articulated, codified, and stored in certain mefiga standard practice, designers
usually use DfM/DfA guidelines as a sort of checklist once finished the engineering
phase, or even worse. Sometimes, these guidelines are checkeddbgtipro
engineers before starting the production (approval of the technical drawings). This
approach increases the time to market and the number of iterations between design
and manufacturing departments (design reviews).

The main idea underpinning thissearch study concerns the possibility to link
DfM/DfA design rules with 3D CAD features developed during the engineering
design process of parts or assemblies.

The method concerns three main aspects:
1. 3D CAD Model feature recogniticand organization.

2. A KnowledgeBased (KB) Systerfor DfM/DfA rules classification and
deposition.

3. A Rules Validation Systeto connect 3D Model feature to DfM/DfA rules
contained in the database.

At the same time, production knowledge represents the groundwork for a proper
implementation of cost estimation models. To make knowledge usable, a data
framework for knowledge collection is needed to deposit knowledge and then make
it accessible to everyone involved within an enterprise

From a cost estimation point of vigwo framevorkswas developed, whiatan
be used by designers and engineers for the analytical cost estimation of mechanical
products. One framework is dedicated for manufacturing a single component, while
the other one is for assembly of a group of parts.fldmevorksare composed by
five main paradigms used for formalizing the knowledge required for the cost
estimation of products:

1. A manufacturing/assemblgrocess data structureo represent the logical
sequence of manufacturing or assembly operations



2. A cost breakdown structure used for breaking out the
manufacturing/assembly costs

3. A cost routingused for the collection of the knowledge required for a
manufacturing/assembly press definition

4. A cost modelsed for the collection of the knowledge required for calculate
the cost of each manufacturing/assembly process operation

5. A workflow for determining a manufacturing/assembly process using 3D
virtual prototypes.

The secondjuestion is addressed developing a methodology and a software tool
that helps designers during the 3D modelling activities and at the same time provide
the cost of the part or assembly analysed. The methodology is composed by 5 main
steps starting from3D CAD Modelof the part or assembly to be analyé8tep 1)

The second stefStep 2)is dedicated to théeature recognition and extractipim
which areread the necessary information from the 3D CAD Model with the aim to
recognize parts features neededdost estimation and for DfM/DfA design rules.
After that are conducteost analysigStep 3) and thBfM/DfA analysi{Step 4), in
which validated and newalidated DfM/DfA rules are displayed to the designer with
the aim to keep him/her informed aboue ieature that are not compliant with the
guidelines collected in the repository. In the last step (Step 5) the desjiae

3D CAD ModelIn this step the designer modifies the 3D model following the design
suggestions in the reports within the totasicobtained. In particular, through the
mean of feature recognition, specific features that generatgaliolated rules are
highlighted within the 3D model in order to facilitate the implementation of design
modification. Once design changes are implel@ra new analysis is run to verify

if the updated 3D model fits with the DfM/DfA requirements. If n@tidated rules

are still present, and the cost are not compliant with the project target, a new design
review is required; on the other hand, if thex@ot any norvalidated rule and the
cost meet the project requirements the model can be frozen for manufacturing.

Methodology has been implemented in a specific software tool with a structure
composed by four maimodules (i) GUI, (ii) Feature recognition(iii) Analysis
frameworkand (iv) Database
6



1. Thefirst moduleis dedicated to th&UlI, theGraphical User Interfacewith
which the user interacts.

2. Inthe secondnoduleis contained th&eature recognitionwhich allow the
connectiorbetween a CAD system and the tool.

3. Thethird module theAnalysis frameworkis necessary for costs calculation
and rules validations, continuously interfacing between feature recognition,
databases and the GUI. Through the latter it allows the usemi@uits and
design rules.

4. Thefourthmodulecontain theDatabasein which are stored the information
about materials, machine and the rules for a correct design and cost
estimation.

To verify the real advantages of the methodology and tool in dpsigiess was
used an evaluation method based in two questionnaires, which were submitted to the
tool users after extensive use (more than 6 months). The first one wants to quantify
the usability of the software while the second one is focused on the agbaatad
disadvantages of the software use in design procédss.tdst had the scope of
evaluating the impact of the methodology and the related software on the traditional
design process of a company and evaluate the interoperability between the new
softwae and the design tools.

1.3. Organization/thesis outline
After this introduction Chapter } the thesis has been structured as follows

In Chapter 2is setthe background of PDP with a focus ofM) DfA and cost
estimation methods and tools.

Chapter 3presents the developed methodology useddke explicit the mixed
manufacturing and assembly knowledge.

In Chapter 4are presentethe developed software tothat helps designers
during the 3D modelling activities and at the same time provide the fcibest part
or assembly analysed.
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Chapter 5is focused orthe case studiassedto validate the proposed method
and tool to make clearer the various steps of the approach.

Chapter 6presents théwo questionnaires submitted to the tool users and the
resuls derived from them.

Chapter 7summarize the research and presents the overall conclusion of the
thesis. Further, it suggests potential areas for further work.






2. Research background

In this chapter, literature will be investigated and discussed with the aim to create
the research background for the subsequent development of the novel design
methodology focusing at the product development process and the different
approaches (traditioal/sequential approach andconcurrent engineering
approach), describing also the methods and tools used.

The chapter is divided as following:

1

10

Section 2.1: introduce the product development process describing in detail
the phases from which it is composed

Section 2.2: describe the difference between traditional approach and
concurrent engineering and their application in scientific literature.

Section 2.3: introduce the importance of cost estimation in product
development, describing the various methods$taols present in academic
and industrial field.

Section 2.4: introduce the concept of Design for XXjCand the various

typology which compose them. In particylaill be described the Design for
Manufacture and the Design for Assembly, focusing omadstand tools

present in academic and industrial field.

Section 5: summarize the limits of the academic and industrial state of the
art.



2.1. Introduction of poduct development process

The recent advancés product developmenglobal allianceamong enterprises
and changing customer needharacterize a rapidly emerging global market
economy. Products entering this market are designed and manufactured across
geographical boundaries and distributed and marketed swadkel In addition to a
world-wide competition, companies are also faced with shrinkingtirmearket for
new products. This is the elapsed time between product conception to its actual
availability on store shelves. During this period, the product goes through several
stages, thatadlectively define the product life cycle (LC). The design stage is a long
and iterative process for the development of certain products.

Pahl et al. (Pahl 2007) describe the workflow of the design process starting from
the VDI Guidelines 2221 and 2222. VGuideline 2222 (VDiRichtlinie 2222)
defines an approach and individual methods for the conceptual design of technical
products and is therefore particularly suitable for the development of new products.
The more recent VDI Guideline 2221 (\VMRiichtlinie 2221) proposes a generic
approach to the design of technical systems and products, emphasising the general
applicability of the approach in the fields of mechanical, precision, control, software
and process engineering.

Pahl et al. (Pahl 2007) provide artensive description of this flow of work,
focused on mechanical engineering. The description is essentially based on the
fundamentals of technical systems, the fundamentals of the systematic approach and
the general probleraolving process. The aim is &alapt the general statements to
the requirements of the mechanical engineering design process and to incorporate
the specific working and decisianaking steps for this domain. In principle, the
planning and design process proceeds from the plannindaaiiitation of the task,
through the identification of the required functions, the elaboration of principle
solutions, the construction of modular structures, to the final documentation of the
complete product.

In the first phase, customer requirements eollected and analysed, then, the
requirements are translated into product functions and features, and finally, concepts
that can satisfy the requirements are generated and mod&ateds(l).
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It is well known (Budiono et al. 2014) (Hooshmand et al. 2016) that although the
design costs take up about 10% of the total budget for a new project, in general 80%
of the production costs are determined in tthevelopment design phase.
Manufacturing and assembly costs are decided during the design phase and their
definition tends to influence the selection of materials, machines and human
resources which are used in the manufacturing process. In traditionabetpes,
costs are assessed at the end of the design phase and only in this phase they are
compared with the product performance.

Total cost committed

Conceptual/ | Detail Production Product use/
Preliminary | Design/ and/or Phase out/
design development | construction | Disposal

Figure 1 Time versus cost of changes

In addition to the planning of the specific tasks described above, it is useful and
common to divide the planning and design process fiotw main phasesi)
Planning and task clarificatigr(ii) Conceptual desigriii) Embodiment desigand
(iv) Detail design

(i) Planning and task clarificatianGenerally, a product development task is
given to the engineering department by the marketing department, or by a
special department responsible for product planning. Irrespective of whether

the task is based onpaioduct proposal stemming from a product planning
12
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(ii)

process or on a specific customer order, it is necessary to clarify the given
task in more detail before starting product development. The purpose of this
task clarification is to collect information abdbe requirements that have to

be fulfilled by the product and also about the existing constraints and their
importance. This activity results in the specification of information in the
form of a requirements list that focuses on, and is tuned to, thestgesf

the design process and subsequent working steps. The conceptual design
phase and subsequent phases should be based on this document, which must
be updated continuously.

Conceptual designAfter completing the task clarification phase, the
conceptuhdesign phase determines the principle solution. This is achieved
by abstracting the essential problems, establishing function structures,
searching for suitable working principles and then combining those principles
into a working structure. Often, howay a working structure cannot be
assessed until it is transformed into a more concrete representation. This
concretisation involves selecting preliminary materials, producing a rough
dimensional layout, and considering technological possibilities. Oaeiy, th
general, is it possible to assess the essential aspects of a the several principle
solution variants and to review the objectives and constraints. The
representation of a principle solution can take many forms. The conceptual
design phase consisté several steps and none of which should be skipped
if the most promising principle solution is to be found. In the subsequent
embodiment and detail design phases it is extremely difficult or impossible
to correct fundamental shortcomings of the solutiongiple. A lasting and
successful solution is more likely to spring from the choice of the most
appropriate principles than from exaggerated concentration on technical
details.

This claim does not conflict with the fact that problems may emerge during
the detail design phase, even in the most promising solution principles or
combinations of principles. The solution variants that have been elaborated
must now be evaluated. Variants that do not satisfy the demands of the
requirements list have to be elirabed; the rest must be judged by the
methodical application of specific criteria. During this phase, the chief



criteria are of a technical nature, though rough economic criteria also begin
to play a part. Based on this evaluation, the best concept caverseiected.

It may be that several variants look equally promising, and that a final
decision can only be reached on a more concrete level. Moreover, various
form designs may satisfy one and the same concept. The design process now
continues on a more corete level referred to as embodiment design.

(iif) Embodiment desigrDuring this phase, designers, starting from a concept
(working structure, principle solution), determine the construction structure
(overall layout) of a technical system in line with teclhiand economic
criteria. Embodiment design results in the specification of a layout. It is often
necessary to produce several preliminary layouts to scale simultaneously or
successively in order to obtain more information about the advantages and
disadvamages of the different variants. After sufficient elaboration of the
layouts, this design phase also ends with an evaluation against technical and
economic criteria. By appropriate combination and the elimination of weak
spots, the best layout can thendidained. This definitive layout provides a
means to check function, strength, spatial compatibility, etc., and it is also at
this stage (at the very latest) that the financial viability of the project must be
assessed. Only then should work start on #tailddesign phase.

(iv) Detail design This is the phase of the design process in which the
arrangement, forms, dimensions and surface properties of the individual parts
are finally laid down, the materials specified, production possibilities
assessed, costsstenated, and all the drawings and other production
documents produced. The detail design phase results in the specification of
information in the form of production documentation. Quite often corrections
must be made during this phase and the precedipg stpeated, not so much
with the overall solution in mind, as to improve assemblies and components
as well as reduce costs.

It is not always possible to draw a clear borderline between these main phases.
For example, aspects of the layout might have to be addressed during conceptual
design, or it might be necessary to determine some production processes in detail
during the embdiment phase. Neither is it possible to avoid backtracking, for
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example during embodiment design when new auxiliary functions may be
discovered for which principle solutions have to be found. Nevertheless, the division
of the planning and control of a ddgpment process into main phases is always

helpful. In Figure 2 are shown the steps in the planning and design process (Pahl

2007)
Task
market, compangnvironment

e
v

Plan andclarify thetask
Analysethemarketandthecompanjsituation
Findandselectproductideas
Formulateaproductproposal

Clarify the task

Elaborate aequirementtist

v

Requirementist
(designspecificatiof

5

Developtheprinciplesolution

Identify theessentiaproblems
Establishfunctionstructures

Searchfor workingprinciplesandworkingstructures
Combine andirm upinto concepwvariants
Evaluateagainstechnicakriteria

v

Principlesoluction
(concept)

‘4
Developtheconstructiorstructure
Preliminaryform design materialselectionrandcalculation
¢— Select bespreliminarylayouts
Refineandimprovelayouts
Evaluateagainstechnical anéconomicriteria

v

Preliminary layout

¢<
Definetheconstructiorstructure
Eliminateweakspots
[¢—] Check forerrors disturbingnfluencesandminimumcosts
Preparehepreliminaryparts list and production and assemiizuments|

Definitive layout

e

o

Prepareproduction anaperatingdocuments
Elaboratedetaildrawingsand parts lists

Complete production, assemtlygnsporandoperatingnstructions
Checkall documens
|

I Productdocumentation |

v

oo D

Figure 2 Steps in the planning and design pr&z(émm Pahl 2007)

Planning and tasilarification|
Optimizationof principle —88 —  p

Conceptuatiesign

Upgrade animprove

Information:Adapttherequirementtist

Optimizatiorof layout —8 ——p

Embodimentiesign

Detaildesigqn

<4—— Optimizationof production —————
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2.2. Traditional approachndconcurrent engineering

A crucial stage in the product life cycle is the design stage. Any mistake in the
design stage can be very costly in terms of engineering changes and its impact on
manufacturing, delays in product release to the market with potential loss of the
market, ad product recalls in the case of a released product with significant financial
losses and goodwill. Hence, there should be special emphasis on the design of the
product, to ensure that the product can reach the market flawlessly and in the fastest
time posible. Getting it right the first time, which is all the more vital in a global
market, can be implemented only with a good design. Concurrent engineering (CE),
could achieve these objectives.

2.2.1.Traditional approach

Prior to describe CE and to understand it, it is useful to describe the traditional
introduction and product development practice, Sequential Engineering (SeqE). This
type of approach is also known by many other names, inclseirigl engineering
timephaed engineeringand thechimney metho@Syan et al 1992). Putnik (Putnik
et al. 2019) give a definition of SeqB:Tr adi t i onal engineering,
sequential engineering, is the process of marketing, engineering design,
manufacturing, testing and eduction where each stage of the development process
is carried out separately, and the next stage cannot start until the previous stage is
f i ni .STypealy)in a manufacturing organization, marketing identifies the need
for new products, price rangasd their expected performance from customers or
potential consumers. As a result, the information in the different stage is not shared,
and cooperation is lacking (Liu et al. 2004). Thus, the sequential operation of these
functional stages results in lowgvelopment times and potential quality problems
due to the lack of communication and understanding of the different product design,
manufacturing and above all customer requirements (Haque et al. 2000). Design and
engineering receive loose specificati@m commonly work alone developing the
technical requirements (e.g. materials and size) and final design detail as well as the
associated documentation such as drawings and bills of materials etc. As design is
carried out in relative isolation, manufachg, test, quality and service functions
only see the design in an almost complete state.
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The traditional approach advocates early selection of the supposedly best
alternative be approved by the project management and only consider only one best
solution (Maulana et al. 2016). It consists of employing more resources in the
development process (De Toni et al. 2000) and develops a single solution, based on
multiple disciplines or objectives. A single possibility is formulated, evaluated, and
modified until asolution that meets the objective is obtained (Nahm et al. 2006).

In this sequential method of operation, a change required in a later stage will
cause delay and additional costs in the upstream stages. Additionally, the subsequent
stages will be delayedntil the current stage has been completed. This approach
encourages a large number of modifications and alterations in the later stages of the
product development phase, when it is more expensive and difficult. In many cases
investment in tooling and equient is usually committed and the product launch
date may already be fixed.

This traditional approach causes many weaknesses that include:

T Excessive amount of modification due to insufficient product specification.
1 Little attention to manufacturabilitgsues of the product at the design stage.
9 Errors in cost estimation due to the uncontrolled late design changes.

1 Expensive change in tooling or other equipment due to late changes.

2.2.2.Concurrent engineering

Concurrent Engineering (CE) was coined by Instititte Defense Analyses
(IDA), USA (IDA-1986) and it was defined aB:A systemati c approach
integrated, concurrent design of products and their related processes, including
manufacture and support. This approach is to cause the developers, frontstite ou
to consider all elements of the product life cycle from concept through disposal,
including quality, cost., schedul e, and user

Concurrent Engineering, sometimes called Simultaneous Engind&fit)gpr
Integrated Product Development (IRDheans a way of work where the various
17



engineering activities in the product and production development process are
integrated and performed as much as possible in parallel rather than in sequence.

This approach is intended to cause the developerstfrowutset, to consider all
elements of the product life cycle from conception through disposal, including
quality, cost, schedule, and user requirements. This results in the product
development team clearly understanding what the product requires in aérms
mission performance, environmental conditions during operation, budget, and
scheduling. The aim is to alleviate these problems at an early stage of development
by making suitable development decisions. CE provides a systematic and integrated
approachd introduction and design of products. The subsets of CE include design
for manufacture, design for assembly, design for maintainability, design for disposal
and so on. Effective CE practice requires good communications between disparate
functions associatl with the product lifeycle. The information must have common
ownership, be shared freely and must be easily and freely accessible. As information
is seen to be power in functionally organized traditional companies, this suggests
more open organizatiohstructures such as matrix management and team work. CE
is therefore the integration of all company resources needed for product
development, including people, tools and resources, and information. The purpose
of concurrent engineering is to ensure thatdecisions taken during the design of a
product result in a minimum overall cost during its-lifgcle. In other words, this
means that all activities must start as soon as possible, to induce working in parallel,
which additionally shortens the overptioduct development process.

Winner (Winner et al 1988) presents the signature feature (also, basic, global,
general features) of the CE, kept in virtually all definitions presented in scientific
and technical papers and/or reports, in other words, alfociwhere is a consensus
in the scientific and technical community. These CE features are:

T Simultaneity of processédNith simultaneity there is a compression of New
Product Development (NPD) Time or Completion Time (CT) or Fime
Market (TTM), denotedT. In other words, simultaneity of processes
contributes significantly to the reduction ofHigure3 andFigure4 present
respectively the signature structure of T, in sequentially performed operations
and in case of operations performed with certain degree of simultaneity.
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1 Concurrency throughmultifunctional (crossfunctional) teams (teamwork),
considering fdal/l el ements of the produc
interactively make decisions on new product development (NPD).
(Simultaneity of operations (processes) does not assure Cormyupense.

In the case of simple simultaneity, there is no interactive communication).

The effort of 1) and 2) from, or, in, the early stage of the NPD process, i.e. in the
phase of design.
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Figure 3 Sequentially performed operans

operation

Figure 4 Simultaneously performed operations
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So concurrent engineering could be:
Decrease the product development {&atk.

Improve the profitability.

1

1

1 Improve competitiveness.

1 Refine the control of design anganufacturing costs.
1

Integrate the company departments.
1 Enhance the reputation of the company and its products.
1 Improve the product quality.
9 Arise the team spirit.

The level of competition in all markets, including engineering products, is
globally increamg. Reasons for this are complex, but the main contributors are use
of new technology, larger number of organizations in the same markets and wider
appreciation and use of continuous process improvements. Concurrent engineering
is indispensable to compasi that desire to remain competitive, improve their
products and processes continuously and keep their development ahead of the
competition.

The execution of the activities of the design in parallel leads to improvements in
many areas such as communicatiquality, production processes, cash flows and
profitability (Kosuke 1993). The reductions of time to market, which has strategic
importance, allows companies to increase their market share and reduce design
changes and design iterations. They are ma@idyaaanufacturable, serviceable and
are of higher quality. Once released to manufacturing, production progresses quickly
to full volume because the process is well defined, documented and controlled. The
remarkable performance achieved by warlass comanies has been the best proof
of the effectiveness of concurrent engineering. Their success has been recorded in
books and articles, reporting striking improvements in terms of cycle times, cost
reduction, product quality and reliability.
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Can be found vamus application of CE in literature. One of the methodologies
for achieving concurrency in the product and process engineering (Ball et al. 2000,
Minis et al. 1999) is based on the formulation of an optimization problem with
constraints drawn from varioaspects of the product lHgycle. Tan et al. (Tan et
al. 1996, Tan et al. 1997) suggest a model which brings together different phases of
the product development process using an intelligent agent framework. In the first
customer requirements are presdnémd a system iteratively generates the final
designs based on cost evaluation of the initial designs. The system creates a final
design taking into consideration most aspects of the product development process.

Shahrokhi et al. (Shahrokhi et al. 2011) develops a multi criteria decision making
model by considering quantitative and qualitative requirements to select the best
suppliers and processes in CE environment. This model is composed by three steps.
First, pessible processes and suitable suppliers for each component are determined
by experts. Seconduality importance of each part to total product quality and safety
importance of each part to total product safety are determined by fuzzy AHP (an
advanced veren of AHP). In third step, the best process and suppliers each part is
selected by multbbjective linear programming.

CE is used in various fields and applications, such as automotive industry (Gao
etal. 2000, Haddad 1992, Vijaya Ramnath et al. 2018245t al. 2017), composite
materials (Sapuan et al. 2014, Kim et al. 2000), chemical industry (Paulien et al.
2000) and in other cases CE is used for risk quantification (Kayis et al. 2006, Kavis
et al. 2007).

In many cases CE developed is used for figdhe best product design relying
in the product cost (Darken et al. 198®an et al. 1993, Soundar et al. 1994, Wei
et al. 2000, O6Grady et al. 1991) as t

2.3. Cost estimatiomnd DtCmethods and tools

This sectiordescribeshe imporance of cost estimation in product development,
describing the various methods and tools present in academic and industrial field.
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2.3.1.Cost estimation and Dt@ethods

Today, in the global economy and due to various other market pressures, the
acquisition decisions of many engineering systems, particularly the expensive ones,
are not made based on initial procurement costs but rather on their life cycle costs.
Past experiences indicate that often engineering system ownership costs exceed
acquistion costs. In fact, according to various studies (Ryan 1968), the engineering
system ownership cost (i.e., logistic and operating cost) can vary from 10 to 100
times the original acquisition cost. The life cycle cost of a system may be defined
simply as e sum of all costs incurred during its life span (i.e., the total of acquisition
and ownership costs). The term life cycle costing was used for the first time in 1965

in a report entitled ALiIife Cycle Costi

This repat was prepared by the Logistics Management Institute, Washington, D.C.,
for the assistant secretary of defense for installations and logistics, U.S. Department
of Defense, Washington, D.C.

Customers of today put less focus on initial investment pricegdadsthey are
interested in a lonterm perspective where all costs that will occur during the
lifetime of an asset are considered (Ahlmann, 1998). Such analyses are called Life
Cycle Cost analyses (LCC). There are several approaches for making LCCsanalysi
According to Wbhe tife@ycle Cost bfam®item is théisum of all
funds expended in support of the item from its conception and fabrication, through
its operation and to the end of its usefuldife ( Woodwar d, 1997) .

LCC involves estimatiomand calculations of costs on the whole life basis and
includes the development cost that occurs before the investment decision is made.
The LCC approach shifts the focus from initial investment to aterrg perspective
on the investment decision prosd®urairaj et al., 2002).

Manufacturing costs form a significant proportion of the life cycle cost of
engineering products, equipment, and systems (Cicconi et al. 2013).

A key target in product design is the minimization of product costs, without pre
emping its desired level of quality functionality and value (Arundacahawat et al.
2013). During the product development process (PDP), cost plays a critical role and
drives most of the technical and technological solutions (Favi et al. 2018). Cost
22
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reduction an be achieved by adopting different strategies: designinggtfagent
solutions, improving manufacturing performance, increasing the competition among
suppliers and/or, delocalising the production where labour cost is lower, and others
(Xu et al. 2012) Cost estimation is a design task which allows to evaluate the
production costs of products before their manufacturing (Mauchand et al 2008). Cost
estimation activity includes a classification of cost items both for the materials and
the manufacturing paesses. In addition, cost estimation requires a definition of a
mathematical model which integrates the cost items (Hoque et al. 2013). Cost
estimation is generally linked with the -salled Desigro-Cost (DtC)
methodologies aiming at the reduction of gwot cost during the product
development process (Favi et al. 2016).

Among the several methods developed for cost estimation, they can be grouped
in two main families: (iqualitativemethods and, (iigjuantitativemethods (Niazi et
al. 2005) Figureb).

Product Cost Estimation Techniques

Quallitative Techniques Quantitative Techniques
| [
! ! ! 1
Intuitive Techniques Analogical Techniques Analytical Techniques Parametric Technique:
CaseBasedMethodology Regression Analysi$lodels [~ OperatiorBased Approach
DecisionSupportSystems BackPropagation NeurdWetwork Models > Breakdown Approach
Rule-BasedSystems > ToleranceBased Cost Models
> FeatureBased Cost Estimation

— Activity-Based Costing System

Figure 5 Product cost estimation techniques classification (from Niazi et al. 2005)

Qualitative cost estimation techniques are primarily based on a comparison
analysis of a new product with the products that have been manufactured previously
in order to identify the similarities in the new one. The identified similarities help to

incorporate the past data into the new product so that the need to obtain the cost
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estimate from scratch is greatly reduced. In that sense, the past design and
manufacturing data or previous experience of an estimator can provide useful help
to generate reliableost estimates for a new product that is similar to a past design
case. Sometimes, this can be achieved by making use of the past design and
manufacturing knowledge encapsulated in a system based on rules, decision trees,
etc. Historical design and manafaring data for products with known costs may
also be used systematically to obtain cost estimates for new products. For example,
regression analysis models and nemetivork approaches could provide an
efficient way to predict costs for new products Using historical cost data. In
general, qualitative techniques help obtain rough estimates during the design
conceptualization. These techniques can further be categorisedtuitive (Rush

etal. 2011, Garci€respo et al. 2011, Shehab et al. 2002)aradogical(Duverline

et al. 1999, Wang et al. 2002, Arundacahawat et al. 2013, Chang et al. 2012)
techniques.

The intuitive cost estimation techniques are based on past expesieeeA
domain expertds knowl edge iestimategstotpartnat i cal |y
and assemblies. The knowledge may be stored in the form of rules, decision trees,
judgments, etc., at a specific location, e.g., a database to help the end user improve
the decisiormaking process and prepare cost estimates for nedugiobased on
certain input information. Intuitive techniques are composed by three subcategories:
(i) CaseBased Methodology, (ii) Decision Support Systems and (iii) fBaleed
Systems.

CaseBased Methodology attempts to make use of the informatiomioeat in
previous design cases by adapting a past design from a database that closely matches
the attributes of a new design.

Decision Support Systems has the main purpose to assist estimators in making
better judgments and decisions at differeels of the estimation process by
making use of the stored knowledge of experts in the field.

Rule-Based Systems are based on process time and cost calculation of feasible
processes from a set of available ones for the manufacture of a part basedmon desi
and/or manufacturing constraints.

24



Analogical cost estimation techniques employ similarity criteria based on
historical cost data for products with known cost, such as regression analysis models
or back propagation methods. Analogical techniques arepesed by two
subcategories: (i) Regression Analysis Models and (ii) Bacipagation Neural
Network (BPNN) Models.

Regression Analysis models make use of the historical cost data to establish a
linear relationship between the product costs for the pagfdesses and the values
of certain selected variables so that the relationship can be used to forecast the cost
of a new product. These models use a neural network that can be trained to store
knowledge to infer the answers to questions that even mayanetbeen seen by
them before. Analogical methods can be applied for a particular process (i.e.
machining, sheet met al stamping, forging,
analogical method which can be applied for different process can be found in
literature by Koonce (Koonce et al. 2000), which presented an architecture for a cost
estimation tool capable of generating estimates at all stages of the design process.
System uses a combination of generative and variant costing, with designs being
evaluaté using either a work breakdown structure or a pararbetszd estimation
from a similar part. In other case analogical methods could be used together whit
others one, for example analytical (Bouaziz et al. 2006).

Quantitativetechniques, on the other harate based on a detailed analysis of a
product design, its features, and corresponding manufacturing processes instead of
simply relying on the past data or knowledge of an estimator. Costs are, therefore,
either calculated using an analytical function agfrtain variables representing
different product parameters or as the sum of elementary units representing different
resources consumed during a whole production cycle of a given product. Although
these techniques are known to provide more accurategedir use is normally
restricted to the final phases in the design cycle due to the requirement of a detailed
product design. Quantitative techniques can be further categorizeuhiatmetric
(Farineau et al. 2001, Chougule et al. 2006, Martinelll.e2@G19) andanalytical
(Feng et al. 1999, Favi et al. 2017, Campi et al. 2019) techniques.

Parametricmodels are derived by applying the statistical methodologies and by
expressing cost as a function of its constituent variables. These techniquesecould b

25



effective in those situations where the parameters, sometimes known as cost drivers,
could be easily identified. Parametric models are generally used to quantify the unit
cost of a given product. FekampleZhao et al. (Zhao et al. 2015) presents okt

to estimate aircraft component production costs using a suite of parametrical cost
estimation blocks. Blocks is treated as Cost Primitives (CPs), which contain
attributes such as cost types, cost driving parameters, and cost estimation
relationships

Analytical cost estimation approach requires decomposing a product into
elementary units, operations, and activities that represent different resources
consumed during the production cycle and expressing the cost as a summation of all
these components. Thegechniques can be further classified into different
categories: (i) OperatieBased Approach, (ii) Breakdown Approach, (iii)
ToleranceBased Cost Models, (iv) FeatuBaised Cost Estimation and (v) Activity
Based Costing (ABC) System.

OperationBased apmrach is generally used in the final design stages because of
the type of information required and is one of the earliest attempts to estimate
manufacturing costs. The approach allows the estimation of manufacturing cost as a
summation of the costs assoetwith the time of performing manufacturing
operations, noiproductive time, and setup times.

Breakdown approach estimates the total product cost by summing all the costs
incurred during the production cycle of a product, including material costs and
ovetheads as well. The method requires detailed information about the resources
consumed to manufacture a product including purchasing, processing, and
maintenance details.

In ToleranceBased cost models the objective is to estimate product cost
considering dsign tolerances of a product as a function of the product cost.

FeatureBased cost estimation deals with the i
related features and the determination of the associated costs. These features can be
design related (such asettype of material used for a specific product, geometric
details, etc.) or process oriented (i.e., a particular process required for manufacturing
the product, e.g., machining, casting, injection moulding etc.). The methodology
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allows the selection of garticular design or manufacturing form feature for design
for-cost system users. However, the approach can have limitations for complex or
very small geometric features, especially if machining processes are used to produce
these features.

Activity -Based Costing system focuses on calculating the costs incurred on
performing the activities to manufacture a product.

Table 1 summarizes the main advantagesl alisadvantages of each group in
terms of result: (iAccuracy- how much the method is accurate and consistent with
the actual cost, (ifRobustnesshow much the method can easily adapt to the product
with different features, dimensions, etc, (Hgdability - how much the method is
suitable for different production sets, (iUncertainty- how much the method is
providing a small range of cost uncertainty and, Jupjectivity- how much the
method is independent by the emskr. Three levels of assenent (low, medium or
high) are reported within th€able 1 based on the literature analysis (Niazi et al.
2005, Arundacahawat et al. 2013, Chougule et al 2006, Shehab et al 2002, Garcia
Crespo et al. 2011, Rush et al. 2001, Duverlie et al. 1999, Favi et al. 2017, Campi et
al. 2019, Martinelli et al. 2019).

Tablel Comparison of different cost estimation methods

Method Method type Accuracy | Robustnesg Scalability | Uncertainty| Subjectivity

family

Qualitative Intuitive methods Low Low Low High High
Analogical methods Low Low Medium | High Medium

Quantitative | Analytical methods High High High Low Low
Parametric methods Medium | High High Medium | Low

Among the existing methods suitable for cost estimation, those ones based on
knowledge management and definition of relationships among features, operations,
materials, physical relationships, and similarity laws are considered the best in terms
of the peformances reported ifable 1. In particular, analytical methods are the
most suitable choice for the assessment of product costs duriigstygm phase
(Niazi et al. 2005, Favi et al. 2017, Campi et al. 2019).
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Concerning the analytical approach, in literature could be found several research
works focused on cost estimation of a particular operation or domain. In relation to
the technology, sgific models for cost estimation were developed based on the
manufacturing process such as: (i) chip metal forming (Boothroyd et al. 1989, Siadat
et al. 2007, Bouaziz et al. 2006, ¥ang et al. 1997, Jung 2002, Banieh et al.

2001, Ozbayraka et al. 20)) (ii) hole making (Luong et al. 1995), (iii) sheet metal

(Verlinden et al. 2008, Naranje et al. 2014), (iv) injection molding (Fagade et al.

2000, Nagahanumaiah et al. 2008) forging (Berlioz et al. 1999, Choi et al. 1984,

Campi et al. 2019, Martitleet al 2019, Knight 1992), (vi) casting (Nagahanumaiah

et al. 2005, Sajid et al. 2018), (vii) elec
and (viii) and especially in the last yeaiis additive manufacturing (Urbanic et al.

2019, Mahadik et aR018)

Other authors, instead, exploit hybrid systems that combine several approaches,
such as analogical and analytical approaches (Bouaziz, 2006) or even analytical and
parametric approaches, as described by Chougule (Chougule et al, 2006). This
hybrid gproach was used to estimate the cost of a casting process according to the
3D solid model of the part and its attributes (i.e., material, geometry, quality, and
production requirements). The authors used analytical equations to estimate material
and proces (energy and work) costs, while a parametric model driven by the part
complexity was developed for tooling cost estimation. This cost estimation model
was used to fAeducated designers and engin
manufacturing processes. Bylapting the same approach, several researchers
proposed hybrid techniques to estimate the production cost of specific products and
components (Li 2014) (Barg et al., 2018) (Favi, 2017) (Knight, 1992). Theddtate
theart techni ques sidelreadalghat reaahingtthe desiédllevel i g n 0
of granularity in cost breakdown is still an open question for design purposes. A gap
in the definition of manufacturing cost items and their relationships (mathematical
models) with product design features agiced. In addition, the cost estimation of a
product requires the availability of many related manufacturing processes that
commonly are not available at the design stage. Cooperation between designers and
production technologists is mandatory for acmenihis goal but will be negatively
affected by the iterations that may arise in this phase. Thetoimarket will be
significantly improved if designers can be supported by methods and tools that
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automatically construct the manufacturing process ardlead the related cost of a
product. This aim can be pursued only by collecting, classifying and leveraging the
manufacturing knowledge required for cost estimation.

From the #fAmanufacturingod perspective, proc
groundwork fora proper implementation of analytical cost estimation methods
(Hoque et al, 2013). Knowledge can be divided into tacit and explicit knowledge
(Darai et al., 2010). Tacit knowledge is the knowledge that people carry in their
minds. Hence, this knowledge ist formalized and not widely used by an
organization. Explicit knowledge, instead, refers to a set of information that can be
articulated, codified, and stored in certain media. To make knowledge usable, a data
framework for knowledge collection is neededeposit knowledge and then make
it accessible to everyone involved within an enterprise (Grabowik et al, 2003)
(Groger et al., 2003) (Chen et al., 2014) (Jiang et al., 2010) (Bateman et al., 2006).

2.3.2.Cost estimatiormnd DtCtools

Market globalization dastically increased competitiveness. Customers ever more
have the possibility to choose products by evaluating a large number of market
proposals. In this context, if a company is able to offer high quality customized
products in a reasonable delivery tiwen gain relevant market shardsyway,
personalised products imply new efficient and agile approaches along the whole
product development process, from ideation to manufacturing. In this scenario,
companies have to apply methods and tools in ordespong to the customer needs
while maintain a constant control on product cost. Manufacturing cost is one of the
main important aspects. It should be evaluated in the early design phases in order to
rapidly compare different customized technical solutiokignufacturing cost
estimation is complex due to tieige amount of information that influences the
result. In fact, it is necessary to decide which manufacturing process should be
adopted, which manufacturing parameters should be chosen, which matéviichs, w
equipment have to be realized, the size of produttaich etc. On the other hand,
the product designer in the early design phase has at disposal only a preliminary 3D
CAD model that has been mainly conceived in order to satisfy the functional
requrements. This dichotomy generates errors and numerous iterations between
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design and manufacturing departments. A consistent improvement can be achieved
if product designer can evaluate different design alternatives by using criteria related
not only to furection but also to manufacturability and cost.

The evetincreasing costs of material, energy, and, especially, manpower require
that manufacturing processes be designed and developed with minimum amount of
trial and error with shortest possible lead tiniHserefore, to remain competitive,
the costeffective application of computetided techniques, i.e., CAD, CAM, CAE,
and, especially, finite element analysis (FEb&sed computer simulation is an
absolute necessity. The practical use of these techniquesese@ thorough
knowledge of the principal variables of the process and their interactions.

In literature can be found various example of manufacturing cost estimation tool,
developed from late 1970s till now and the most widespread are focused in
machinng process. Numerous commercial cost estimation tools exist and many
organizations have developed proprietary cost estimation systems. The
sophistication of these tools ranges from spreadsheets to-useitimainframe
database systems. The capability et systems ranges from the ability to estimate
costs for highly specific parts to generic systems which can be used to estimate costs
for virtually any manufactured part.

One of the first application can be found by Orady et al. (Orady et al. 1978),
which developed a computer aided estimation tool for calculation of production
times for turned components. The system calculates the total processing time of
making a component, considering-ggttime, floor to floor time, machining time
and load/unload timen this application the user must insert input data, like machine
size, accessories, part handling data, process name and geometrical data.

Machining cost estimation tools are the most widespread and various example
could be found in literaturd hese tpes of tools could be classified in function of
cost estimating approach.

Many of them are focused on featutessed approacihese systems tend to
estimate the manufacturing cost of a design according to the shapes and precision of
its features. One of these system was developed byaDg (OuYang et al. 1997),
who provide a tool to assist a designer, who has little knowletiget ahe
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manufacturing process, to estimate the fabrication cost of a design during its
conceptual stage, in order to reduce unnecessary costs in the downstream process.
Also Jung (Jung 2002) presents a featmeed cost estimating system for machined
parts. Machining cost is calculated from machining time, which includes operational
time and noroperational time. Operation time includes rough cutting time and finish
cutting time, while noroperation times are taken from past experience and
approximated fo modification into mathematical formsAnother example is
provided by Siadat (Siadat et al. 2007), which use ontologies for an estimation
system based on the cost entity.

Concerning the others cost estimation approaches, Bouaziz (Bouaziz et al. 2006)
presents a cost estimation system of manufacturing dies based on the analogic
approach and analytic approach. This principle has recourse to the analogic approach
to search foanalogies between the shapes to be machined before grouping them into
complex machining features. For each feature parameter the system generates a
process to be used as a sample and consequently a model of machining time. In a
second stage and by usihg tanalytic approach, the cutting time is determined either
by removal rates of metal units for rough operation and/or from the finishing
operation surface. Befirieh (BerrArieh et al. 2001nsteadpresented a system able
to estimates the cost of the dgsactivity as well as the manufacturing of machined
parts using process planning analysis for allocation of the direct costs and Activity
Based Costing for allocation of overhead cost. The system provides communication
between the design and the manufdanty parties usingnternet. The system
performs cost estimation by using process planning function on the central server,
while analysingthe individual cost components of the manufacturing organizations
at their sites.

Other tools are developed for otmeanufacturing process, as weldif®pjadfar
et al. 2015)sheet metal formingNaranje et al. 2014forging (Berlioz et al. 1999,
Choi et al. 1984)injection molding(Nagahanumaiah et al. 2008psting(Sajid et
al. 2018)and additive manufacturingrbanic et al. 2019, Mahadik et al. 2018)

In othercasestools are nofocusedonly in a single manufacturing process, but
they are generical. Koonc&dgonce et al. 2000, Koonce et al. 20@8¢sented an
architecture for a cost estimation tool capablgesferating estimates at all stages of
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the design process. System uses a combination of generative and variant costing,
with designs being evaluated using either a work breakdown structure or a
parameteiased estimation from a similar part. This dual estiiom approach will
require that the tool maintain a repository of existing parts, with costs and match
parameters, as well as traditional cost estimation equations and associated data files.
Cicconi (Cicconi et al. 2013) presents a methodology and a aeftiwol for the
evaluation of the LCC during the early design phases of electric motors, in particular
in manufacturing and use costs. The tool is also integrated in a larger platform, to
consider also the environmental impacts and motor performakéegsman
(Kingsman et al. 1997) presents a knowledge baspgort system based a large
number of heuristic rules to aid designer in their judgements and decisions at the
various stages of the overall process. Dimache (Dimache et al. 2007) develops a life
cyde cost estimation tool which is enabled to produce different design
configurations (different materials, different components, different processes) to be
compared not only from an environmental compliance view but also from a cost
perspective. The tool fa#frs support in the decisiemaking process at the early
phases of the design process. The inclusion of cost permits more informed business
decisions and considerations to be undertaken by the designer.

In Table2 are summarized theferenceand/or theool discussed above, with a
brief description of their limits.

Table2 Cost estimation and DtC tootescription and limits

Reference/tool Brief description Limits
name
Ben-Arieh et al. System able to estimates the cost of the | Only for machined components.
2001 design activity as well as the manufacturin|
of machined parts.
Berlioz et al. 1999 | Costestimation tool for closedie hot Only for closeddie forging.

forged parts.
Bouaziz et al. 2006 | Cost estimation system of manufacturing | Only for a particular component type
dies based on the analogic approach and | and processnachining of stamping
analytic approach. dies.

Choi et al. 1984 Costestimation tool for closedie hot Only for closeddie forging.

forged parts.
Cicconi et al. 2013 | Software tool for the evaluation of the Life| Only for a specific part type: electric
Cycle Cost during the early design phaseg motor.

electric motors.

32



Dimache et al. 2007

Software tool for the evaluation of the Life
Cycle Cost of a generic component.

The tool is in the conceptual phase al
is not well explained which processe
it is able to analyse

Jung2002

Featurebased cost estimating system for
machined components.

Only for machined components.

Kingsman et al.
1997

Knowledge basegupport system based a
large number of heuristic rules to aid
designer in their judgements and decision
thevarious stages of the overall process.

The tool is in the conceptual phase al
is not well explained which processe
itis able to analyse

Koonce et al. 2000

Cost estimation tool capable of generating|
estimates at all stages of the design proce|

Not useof 3D cad model.
User must insert manually part
attributes and geometrical data.

Koonce et al. 2003

Cost estimation tool capable of generating|
estimates at all stages of the design proce|

Not use of 3D cad model.
User must insert manually part
attributes and geometrical data.

Mahadik et al. 2018

Additive manufacturing cost estimation tog
(AMCET) which utilizes breakdown
approach. Costs are calculated using
AMCET by taking limited information from
the user to support quick cost estimation g
design when manufactured using one of
seven different AM processes.

Only for Additive manufacturing.

Nagahanumaiah et
al. 2008

Computer aided rapid tooling process
selection and manufacturability evaluation
methodology for injection molding.

Only forinjection molding.

Naranje et al. 2014

Knowledge based system for cestimation
of deep drawn sheet metal parts (both
manufacturing and dies).

Only for sheet metal forming.

Orady et al., 1978

Computeraided cost estimation tool for
turned components.

Only for turned components.
User must insert manually machine
information and geometrical part datq

Ou-Yang et al. 1997

Featurebased tool for designer assistance
conceptual design phase for fabrication cq
of machined components.

Only for machined cmponents.

Sajadfar et al. 2015

Informatics framework to apply feature
based engineering concept for cost
estimation of welding features supported
with data mining algorithms.

Only for welding.

Sajid et al. 2018

Cost estimation system for the casting
process based on the design features, whi
incorporates the casting information at the
design stage of castings.

Only for casting.

Siadat et al. 2007

Estimation system based on the cost entit

Only for machined components.

Urbanic et al. 2019

Development of a costing framework to

provide insight on whether to use machini
or AM. "

Only for evaluate the type of process
to use: additive manufacturing or
machining.

2.3.2.1.

Cost estimation and DtC commerciabftwaretool

A good number of coststimating software tools are currently available in the

commercial sector. There are CAfased costing software that either incorporate
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CAD as a product data module, such as product life cycle management (PLM)
systems, or costing matks that are seamlessly integrated into their respective CAD
software. Genergburpose costing software supports product cost estimating for a
broad range of cost categories. Most such software is-atand but some interface
with CAD (KuangHua Chang2016).Then commercial software could be divided

in 4 main sectors: (i)CAD-based costing softwardii) Generalpurpose costing
software (iii) Specialpurpose costing softwarand (iv) Webbased costing
software

The CAD-based costing softwatkat is ofmore interest is one that incorporates cost
estimating as a module and seamlessly integrates it with: SAIRIWorks Costing
(https:/lwww.solidworks.com/it), a module fully integrated in SolidWorks.

The tool helps designers make decisions based oms$héocmanufacture and helps
manufacturers create quotes for customers. The software creates automatic
manufacturing cost estimates for various manufacturing process usingnbuilt
templates and customized data.

Manufacturing and material information templates drives theosting tool to
determine the manufacturing cost. In the templates are specified the material used to
create the part, the manufacturing processes (such as laser cutting, bending, or
milling), the manufacturing method (machining, cagtiplastic molded, 3D printed)

and the associated costs of these materials and manufacturing operations and
methods. With the templates, custom operations such as packaging, enterprise
resource planning entry, painting, or cleaning are created.

SolidWorks Costing serves different audiences. From a designer point of view, it
provides estimates of how much parts should cost to manufacture. Costing can
compare models to make decisions based on cost earlier in the design process.
From a manufacturers point view creates accurate quotes based on the materials,
processes, and other associated costs that are required to manufacture parts. Costing
creates a faster quote process than manual methods such as using spreadsheets,
counting features, or estimating rmaal removed. Costing helps eliminate errors

and provides an accurate, repeatable quoting system that you can update whenever
material or labor costs need revision.

SolidWorks costing could be used to estimate the cost of sheet metal, machined,
plasticmolded, cast, 3D printed, multibody parts, weldments, and assemblies
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Severabjeneralpurpose costing softwaproducts have been widely adopt8&ER

for Manufacturing MicroEstimating Costimator of MTI Systenand aPriori
Product CosManagement

SEER for Manufacturinghttps://galorath.com/sedéor-manufacturing/js designed

to enable its users to evaluate manufacturing process options andffsadi®mng

the entire length of the project process. It focuses on manufacturing paopbct
process options and can be used to model virtually any manufacturing operation.
SEER for Manufacturing was designed to enable both intermittent and advanced
users in management, finance, engineering, industrial design, and manufacturing to
evaluate proess options and traadfs impacting various factors (e.g., ease of
fabrication and assembly, number and availability of parts, materials selection, and
failure and repair rates). Users can also optimize their process strategy by performing
extensive tragroff analyses by varying assumptions and options to determine which
manufacturing strategy is likely to produce the best outcome. SHEFRoffers a
connection to CAD systems but users must have adequate knowledge and experience
in manufacturing becausesthhave to choose adequate processes for manufacturing
individual parts.

MicroEstimating (https://www.microest.com/index.html) offers compudgied
process planning and computgded estimating for the machining and fabrication
industries. MicroEstimatg employs proprietarymachine tool emulation,
knowledgebased machining, and automatic feature recognitionestablish
production times and costs. Equipped with libraries containing detailed machine tool
specifics and material specifications, the sofewe@alculates net production times
and costs with speed and precision. MicroEstimating incorporates a powerful
interface to utilize SolidWorks Feature Recognition, providing extremely accurate
manufacturing costs estimates. MicroEstimating directly im@wotsl\Works Bill of
Materials (BOM), providing a powerful yet simple tool for the cost estimating of
assemblies, regardless of complexity or number of items.

Costimator of MTI Systeis an Americarbased series of cost estimating software
developed by Tbmas Charkiewicz in 1982 and is designed to model manufacturing
costs fttps://www.mtisystems.com/index.hfinlThe system comes fully loaded
with hundreds of process and featbesed cost models; it covers a large array of
manufacturing processes and teas that are implemented for a large variety of
prebuilt, readyto-use manufacturing process cost models. Costimator employs three
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key methods for the product cost estimate: parametric, febased and cost
models. Parametric cost models are developaa historical cost data and times

and costs are generated through regression andfgsitirebased estimating gives

users with little to no manufacturing experience the ability to estimate based on the
identification and selection of part features (ghgles, slots, bends, eatits) rather

than manufacturing processes. In this case the program automatically reads, extracts
and imports part data from 3D CAD models into Costimator.

aPriori Product Cost Managemeighttps://www.apriori.com/) offers capdities

that instantly determine the cost of a part or product from a CAD model, the materials
to be used, and the country where it will be produced. aPriori calculate cost in real
time using information related on material type, production volume, mantifagt
process, and location of manufacture. aPriori support for major 3D CAD systems,
enabling rapid and automatic evaluation of geometric cost drivers, the aspects of the
productodos design that drive costs (e.g.,
number of bends, thickness, profile, tolerances, and roughness of surfaces) from the
solid model. aPriori can run concurrently with the CAD application or as a-stand
alone application where users simply open the CAD model from within aPriori when
they are eady to perform a cost assessment. aPriori determines the lowest cost
manufacturing method for the part or assembly and provides that feedback to the
designer in real time.

Specialpurpose costing softwaiafers cost estimates for dedicated manufacturing
processes. In this category, the most common processes supported are machining,
injection molding and sheet metal.

From a machining point of view various tool could be fouruFab
(https://lwww.ufab.io/) can provide a complete analysis of 3D part maateb)ing

the automated generation of a machining plan for most parts.

Other example of machining cost estimating software @r@/izard CNC
(https:/www.cnccookbook.comfgizard-cncspeedsandfeedscalculator/) and
quotecanmachine shop estimatint{ps//quotecam.cony/

There are several codes that support injection molding cost estimaiection
Molding Cycle Time Estimatdhttps://sourceforge.net/projects/imcycletimeest/) is

a very simple software that can be used for a rough cost estimatbturing
different data based on resin type; it allows machine settings to override for
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temperatureCostMateis a molding part cost estimator that has been integrated into
an online plastics search engine (https://www.ulprospector.com/costmate).
CostMate onsiders costs of shipping and packaging as WallcMaster Injection
Molding Softwardhttps://schouenc.home.xs4all.nl/) is a powerful program that can
be used not only as a cost estimator but also as a good design assistant. The software
allows users to quickly determine mold cost, injection molding parameters, optimal
number of cavitiesand complete molded product cost.

Costing software for sheet metal process are also widespread. @fRapd
(https://rapidmanufacturing.com/erapid/), a free instant sheet metal part quoting
embedded in SOLIDWORKS. Others example areMetalix
(https:/mwwiv. metalix.net/solutions/quotingostestimation/), almaQuote
(https://www.almacam.com/products/almaquote/) and jetcam
(https://www.jetcam.com/quickcost.php

Concerning theNebbased costingoftware one of the most popular and useful
website that suppat cost estimates is CustomPartNet
(https:/lwww.custompartnet.com/), which is an online resource for manufacturing
cost estimation. It allows users to perform quick calculations that facilitate the
product design and costing process. With CustomPartNes, cae quickly create a

new cost estimate, or find a similar part from the public parts database, to use as a
baseline. Estimates can be saved and shared with colleagues to collaborate on the
estimation process. CustomPartNet also has educational cootdmld both
students and practicing engineers who are new to the manufacturing industry.
Process overviews and design guidelines allow users to explore how a process works
and learn how to design parts more cost effectively. The site contains 4
manufactumg process: Injection Molding, Die casting, Sand Casting and
machining. For each process there is a material selector, and manufacturing widgets
that perform quick calculations for common design and manufacturing problems.

In Table 3 are summarized the commercial cost estimation softviaoé
discussed above, with a brief description of their limits.
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Table3 Cost estimation and DtC commercial software tedcription and limits

Reference/tool Brief description Limits

name

almaQuote Sheet metal parts cost estimation softwar{ Only for sheet metal parts.

aPriori Product Cost| The tool determines the cost of a part or | Some manufacturing process are not|
Managemat product from a CAD model, the materials | evaluated.

be used, and the country where it will be
produced. aPriori calculate cost in real tim
using information related on material type
production volumemanufacturing process,
and location of manufacture.

CalcMaster Injection
Molding Software

The software allows users to quickly
determine mold cost, injection molding
parameters, optimal number@dvities, and
complete molded product cost

Only for injection molded parts.

Costimator of MTI
System

The tool covers a large array of
manufacturing processes and features thg
are implemented for a large variety of
prebuilt, readyto-use manufacturing

process cost models. Costimator employs
three key methods for the product cost
estimate: parametric, featubased and cosi
models.

Needs of historical cost data of the
parts for a correct cost estimation.

CostMate Injection molding cost estimation softwarg Only for injection molded parts.
CustomPartNet Online resource for manufacturing cost Only for Injection Molding, Die
estimation. The tool through overviews ar casting, Sand Casting and machining
design guidelines allow users to explore
how a process works and learn how to
design parts more cost effectively.
eRapid Sheet metal parts cost estimation softwar{ Embedded in SolidWorks.
Only for sheet metal parts.
G-Wizard CNC Machining cost estimating software. Only for machining processes.
jetcam Sheet metal parts cost estimation softwar{ Only for sheet metal parts.
Metalix Sheet metal parts cost estimation softwar{ Only for sheet metal parts.

MicroEstimating

The tool offers a computeided process
planning and computeaided estimating for
the machining and fabrication industries.

Possibility to be used only in
SolidWorks cause the use of
SolidWorks Feature Recognition.
Limited in machining and fabrication
processes.

Molding Cycle Time
Estimator

Injection molding cost estimatigoftware.

Only rough cost estimation of injectio
molded parts

quotecam

Machining cost estimating software.

Only for machining processes.

SEER for
Manufacturing

The tool enables its users to evaluate
manufacturing process options and trade
offs along tte entire length of the project
process. SEER for Manufacturing offers a
connection to CAD systems.

Users must have adequate knowledg
and experience in manufacturing
because they must choose adequate
processes for manufacturing individu
parts.

SolidWorks Costing

A module fully integrated in SolidWorks,
which helps designers make decisions ba|
on the cost to manufacture and helps
manufacturers create quotes for custome
SolidWorks costing could be used to
estimate the cost of sheet metal, machine|

Possibility to be used only in
SolidWorks.
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plastic molded, cast, 3D printed, multibod
parts, weldments, and assemblies.

uFab The system provides a complete analysis| Only for machining processes.
3D part models produced by chip forming

2.4. DfX methods and tools

In this section will be described the concept of Design for X (DfX) and the various
typology which compose them. In particular will be described the Design for
Manufacture and the Design for Assembly, focusing on methods and toolstpresen
in academic and industrial field.

2.4.1.DfX methods

As early as the 1960s, several companies developed manufacturing guidelines for
use during product design. One of thestknown examples is the Manufacturing.
Producibility Handbook published for internal use by General Electric Corp. (MPH,
1960). In this handbook, manufacturing data were accumulated into a large reference
volume with the idea that designers would be able to exdhe manufacturing
knowledge for efficient and effective design. However, the emphasis was only on
design of individual parts for producibility and very little attention was given to the
manufacturing and assembly processes.

Design for X was first appead in 1983, in the Handbook of parts, forms,
processes, and materials in design engineering (Everhart et al., 1960), in designing

for manufacturing (Pech et al ., 1973), and
WorldWar |l era (ZiemkeMC et al., 1991). Unthat time, OX was not a known
term in the industry and was implicitly <co

created first to make the production aspects more efficient and to reduce time, cost,
and errors. Afterward, X technigues expanded beyondbguction to the entire
supply chain and enabled consideration of the impact that design has on the
economy, ecology, social, and the health of the company. Hence, a multitude of
different OfX technique has been developed over time with a focus on seygical

such as manufacturing, supply chain, environment, and so on.

Benabdellah et al. (Benabdellah et al., 2019) initially discover over 75 different
DfX techniques. Hence, in order to provide a most informative, yet concise overview
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of these techniqueghey focus first on influential and wedited papers that
contribute to the development of particuldXQechniques (literature selection step)
and they found 3DfX techniques, afterwards reduced to 6 using: design for
manufacture and assembly (DFMAXdign for quality (BQ), design for service
(DfSv), design for safety ([3); design for supply chain {BC) and design for
environment (DE). The six DX selected is called design for relevance (Benabdellah
et al.,2019)

1 To decrease the cost of ownersHSv.
9 To reduce variation and defect@and OS.

1 To reduce environmental impactfiR

9 To reduce supply chain costsfSi.

1 To reduce production costsfdA (include DM and CfA).

Kuo et al (Kuo et al., 200Bjivided design for X in:

1 DfA: design for asembly.

1 DfM: design for manufacturing.

DfD and OR: design for disassembly and design for recyclability.
DfE: design for environment.

DfLC: design for life cycle.

DfQ: design for quality.

DfMt: design for maintainability.

= = =4 =4 -4 -2

DfRL: design forreliability.

These are the methods developed and are named in function of the specific need
to be improved and by the authors who developed it.
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2.4.1.1. DfMA

Design for manufacturing and assemblyf§I&) is an analytical process that
considers all aspects of thesign, development, total parts, manufacturability, cost,
assembly time, and modularityf@A has been in use by industry for several years.

It focuses on product enhancements to allow improvements in manufacturing, cost,
quality, reliability, time to mdeet, and many other areas. Product design is the first
step in manufacturing and is where the critical decisions are made that will affect the
final form and cost of the product. Product design has an impact on more than 70%
of a pr oduct Gasturingeandassembly comcepts baa greatly improve
production and development costs while also improving reliability and quality.
DfMA concentrates on simplifying designs while also evaluating assembly
improvements to further enhance the overall designnianufacturability and
quality. DFMA is a product development process and improvement methodology that
provides a systematic process to achieve improved product design, robustness, and
cost reductions through simplifications of the overall design.

DfMA is a systematic design evaluation process that is used to improve part
design and part manufacture early in the design proEegsie 6 shows the scope
of the DXMA process. Design for manufacture f{l) methodology analyzes
individual part geometry and process choices for impact on material, manufacturing
process, and tooling costs, whereas design for assembd) (® a structured
methodology for analyzing product concepts or existing products for simplification
of design and assembly processes. Even thodiglcén be thought of as a separate
philosophy, it is commonly thought of as a central elementfbf (Kamrani et al.,
2010).

Design
Simplification

Material
Improvement
Process
Improvement

Design Design for N Material N Near Net Shape Design for Process
concept Assembly Analysis Analysis Manufacturing Planning

Figure 6 Scope of DFMAfrom Boothroyd et al., 2011)
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2.4.1.2. DfA

Design for assembly (@) aimsto simplify the producfor reducing theost of
assembly. Consequently, applications dAprinciples to product designsually
result in improved quality and reliability and a reduction in production equipment
and part inventory. It has been repeatedly observed that these secondary benefits
often outweigh the cost reductions in assemblA,Dn principle, recognizes the
need to analyze the design of both the part and the whole product for any assembly
problems early in the process to cut costs during the entire product ci&lendy
be defined as a process for improving product design for easy amndshassembly,
whichis achieved by means of concurrent focus on the dual aspects of functionality
and ease of assembly. The objective 6A s to identify product concepts which
are inherently easy to assemble and to favour product and component designs that
are easy to gpi, feed, join and assemble by manual or automatic means. This
objective is related to the overall design for manufactureMjDapproach to
economic production. A can be carried out throughout the product introduction
process from conceptual design to @ament detailing. The main aims of Dare
to:

1. Reduce the number of parts in an assembly.

2. Optimize the assemblability of the parts.

3. Optimize the handlability of parts and assemblies.

4. Improve quality, increase efficiency and reduce assembly costs.

DfA may be carried out manually or with the support of computées different
methods of assembly are as followiglre7) (Mital et al., 2015):

T MANUAL ASEMBLY Manual assembly is a process characterized by
operations performed manually, with or without the aid of simple, general
purpose tools, such as screwdrivers and pliers. The cost per unit is constant,
and the process requires little initial investnénanual assembly involves
parts that are transferred to workbenches, where the assembly of individual
components into the final product takes place. Hand tools generally are used
to aid the worker for easy assembly. Although this is the most versatile an
adaptable assembly method, there usually is an upper limit to the production
volume, and labor costs (including benefits, workers compensation due to
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fatigue and injury, and overhead for maintaining a clean and healthy
environment) are higher.

AUTOMATIC ASSEMBLY Often referred to as fixed automation, this
method uses either synchronous indexing machines and part feeders or
nonsynchronous machines, where parts are handled by a free transfer device.
The system generally is built for a single product, dvel dost per unit
decreases with increasing volume of production.

FIXED OR HARD AUTOMATION Fixed or hard automation
characteristically involves eustombuilt machine that assembles only one
specific product and entails a large capital investment. As ptiodu
volume increases, the fraction of the capital investment compared to the total
manufacturing cost decreases. Indexing tables, parts feeders, and automatic
controls typify this inherently rigid assembly method. In some instances,
automatic assembly &so referred to as Detreigpe assembly

ROBOTIC ASSEMBLYThis form of assembly is best suited for those
products whose production volume lies between the volumes for manual and
automatic assembly methods. This method of product assembly can achieve
volumes closer to the automatic assembly methods. Soft automation or
robotic assembly incorporates the use of robotic assembly systems. This can
take the form of a single robot or a multistation robotic assembly cell with
all activities simultaneously conttetl and coordinated bymogrammable

logic controlleror computer. Although this type of assembly method can
have large capital costs, its flexibility often helps offset the expense across
many different products.



Number of

components 4
N
Special purpose
automatic assembly
| 4 A \ N
100 00 300 4 500 Annual
production
Multistation volume
with robots
Manual One/two
assembly robotic arms

Figure 7 Distinguishing different assembly methods based on production ranges
(from Mital et al., 2015)

Current OA methodologies can be classified intdasic types based on their
analysis methad(i) using design principles and rules DfA approa¢i) using
quantitative evaluation DfA methqd§i) knowledgebased approach DfA methods
and (iv)product architecturébased DfA approacihe4 types are decribed in the
following subsections.

(i) Using design principles and rules DfA approaEresign rules are empirical
Atruthsod verified by extensive design g
maintain the independence of functional requirements and 2) miniheze t
information content. Some of the corollaries include using standardized or
interchangeable parts whenever possible, conserving materials and energy or
reducing the number of parts (Stone et al., 2004).
The practice of DA is considered to be a recel@velopment, however, many
companies have been involved wittiADfor a long time. General Electric
(GE) (Desai et al., 200)0published an internal manufacturing producibility
handbook in the 19606s. The princiopal ol
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(ii)

of guidelines and manufacturing data for designers. These guidelines
included many of the now known principles df/D

Andr easen, Kahl er , and Lund (1982), pr e

or principles (Andreasen et al. 1988), which they illustrajeaphically.

Here, they established the importance of part reduction and simplification,
and presented a range of al ternative
building a product. Their basic argument was to first address product
structure, which domirtas subsequent assembly decisions, before
considering the detailed design of components to ensure ease of assembly for
each. They noted assembly operations of handling, composing and checking,
which incorporate specific operations including orientatiomndport,
connection and joinin@Moultrie et al.,201%

Suh(Suh1998)proposes two basic axioms for design with corollaries. The
basic axioms are: (1) maintain the independence of functional requirements;
and (2) minimize the information contei@ome of the corollaries include
using standardized or interchangeable parts whenever possible, conserving
materials and energy or reducing the number of parts.

Using quantitative evaluatiolDfA methods: Quantitative DA analysis

allows designers to rate géhassemblability of their product designs
quantitatively. Quantitative measures allow a more accurate and repeatable
application of DA methods. Using current quantitative approaches, the
designer has to determine the assembly process operation by apé&atib
assembly operation is subject to a rating that assesses the ease with which
operators or assembly systems carry out the process (Stone et al., 2004).
The objective of theHitachi i AssemblabilityEvaluation Method (AEM)
(Leaney et al., 19925 to facilitate design improvements by identifying
weaknesses in product design at the earliest possible stage. This is achieved
using two principal indicators: an assemblability evaluation score ratio (E),
which assesses design quality by determining ttiewlify of operations, and

an assembly cost ratio (K), which projects elements of assembly cost. The
Hitachi method considers both cost and quality important. This means that a
low-cost design is not necessarily the best; alternatively, a good design may
be too expensive. This is the only evaluation method that takes product design
economics into account and hence is not purely technical in n@hed¢erm

assemblability is interpreted as meani

interpretation of this is thahe assemblability evaluation is built around the

o

I

assessment of what ar e call ed fassembl
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operations relate specifically to the insertion (and fixing) processes. In the

Hitachi New AEM no direct analysis is available for pdegding and
orientation. 1t is for this reason that
an available option, the argument being that assessment of product design for
automated assembling is sensitive to part configuration and is rather difficult

to handle precisely at early design stages. These aspects would be dealt with

at later design stages.

The BoothroyeDewhurst method of assembly evaluatorB DI 6 s Df MA)
(Mital et al., 2015)is based on two principles: the application of criteria to

each partd determine if it should be separate from all other parts, and the

estimation of the handling and assembly costs for each part using the
appropriate assembly proce$be BoothroyeDewhurst method relies on an

existing design, which is iteratively evaludtand improved. The process

follows the following steps(i) Select an assembly method for each part. (ii)

Analyze the parts for the given assembly methods, (iii) Refine the design in

response to shortcomings identified by the analysis and (iv) Refertdack

step 2 until the analysis yields a satisfactory degiga.analysis generally is

performed using a specific worksheet. Tables and charts are used to estimate

the part handling and part insertion time. Each table is based ondigitvo

code, which ind r n i s based on a partos si ze,
characteristics. Handling and insertion times are a function of various
component parameters (size, thickness, weight, fragility, flexibility,
slipperiness, sticki nes srectlyeaffectéthe Each of
assembly process by simplifying or complicating it. Non assembly operations

also are included in the worksheet. For example, extra time is allocated for

each time the assembly is reoriented. Next, all parts are evaluated on the basis

of whether each part is really necessary in the assembly. The list of all parts

then is evaluated to obtain the minimum number of theoretically needed

parts

(i) Knowledgebased approactDfA methods Knowledge based systems are
defined as those thatovide new information processing capabilities such as
inference, knowledge based management or search mechanisms combined
with conventional computer capabilities
TheLucas DA evaluation metho@Mital et al., 2015)was developed in the
early 1980s bythe Lucas Corporation in the United Kingdom. The Lucas
method is based on a point scale that gives a relative measure of the difficulty



associated with assembly. This method is based on three separate and
sequential analyse¥he procedure follows the s&epelow.

1. Product design specification.
2. Product analysis.

3. Functional analysis (first Lucas analysis); loop back to step 2 if the
analysis yields problems.

Feeding analysis (second Lucas analysis).

Fitting analysis (third Lucas analysis).

o o &

Assessment.
7. Returnto step 2 if the analyses identify problems.

The functional analysis forms the first part of this evaluation system.
Components are divided into two groups. The first group includes
components that perform a primary function, and therefore exist for
fundarental reasons. These components are considered essential, or A,
parts. The second group, B components, are honessentials, such as fasteners
and locators. In this first phase is calculated the design efficiency in function
of essential and nonessential caments. The feeding analysis forms the
second part of this evaluation system. This analysis is concerned with
problems associated with handling components and subassemblies before
they are admitted to the assembly system. By answering a group of questions
regarding the size, weight, handling difficulties, and orientation of a part, its
feeding/handling index can be calculated. The fitting analysis is similar to
the feeding analysis.

The last part of the Lucas method is to calculate the cost of manufgcturi
each component. This manufacturing cost can influence the choice of
material and the process by which the part is made. Although not a true
costing of the part, this method helps guide designers by giving a relative
measure of manufacturing cost. Valeégach of the following coefficients

are derived from detailed tables developed for the purpose.

(iv) The product architectusigasedDfA approach(Stone et al., 2004hoves the
DfA analysis to the early stages of conceptual design requiring only a



functional model for implementation. Briefly, the approach is as follows.
Through a product architecture definition method, the function structure of a
product is clustered into modulé€ghen, the focus of the conceptual design
effort is to solve the overall product task module by module. If possible, the
complete functionality of each module is solved by one part. During the form
definition, Boothroyd and Dewhurst handling time informatioay be used

to minimize the assembly time and cost. The end product of the design
process is a detailed design for whictAprinciples have continuously been
applied. Thus, BA is realized with a substantial saving in time and overall
effort.

2.4.1.3. DfM

Design for manufacturability (EM) is the process of proactively designing
products to (1) optimize all the manufacturing functions: fabrication, assembly, test,
procurement, shipping, service, and repair; (2) ensure the best cost, quality,
reliability, regulabry compliance, safety, timi®-market, and customer satisfaction;
and (3) ensure that lack of manufacturability does not compromise functionality,
styling, new product introductions, product delivery, improvement programs, or
strategic initiatives and makit difficult to respond to unexpected surges in product
demand or limit growth (Bralla 1998).

Before OM , the motto was Al designed it; you b
al one or only in the company of ot her de
depa t ment . 0 Designs were thrown over the wal
the dil emma of either objecting (ABut i to

struggling to launch a product that was not designed well for manufacturability.
Often this delayeddih the product launch and the time to ramp up to full production,
which is the only meaningful measure of thwemarket (Anderson 2014).

The following principles, applicable to virtually all manufacturing processes, will
aid designers ispecifying components and products that can be manufactured at
minimum cost.

1. Simplicity.

2. Standard materials and components.
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8.
9.

Standardized design of the product itself.

Liberal tolerances.

Use of the most processible materials.

Teamwork with manufacturing psonnel.

Avoidance of secondary operations.

Design appropriate to the expected level of production.

Utilizing special process characteristics.

10. Avoiding process restrictiveness.

DfM has effects in various fields of products development,)asdterials, (ii)
economic production quantities, (iii) design recommendations and (iv) dimensional
accuracy

(i)

Effects on Materials Selectioifthe choice of material is seldom affected by

the degree to which the manufacturing process is made automatic. Those
materials which are most machinable, most castable, most moldable, etc., are
equally favorable whether the process is manual or automatic. There are two
possible exceptions to this statement:

1. When production quantities are large, as is normally the chsa w
automatic equipment is used, it may be economical to obtain special
formulations and sizes of material that closely fit the requirements of
the part to be produced and which would not be justifiable if only low
guantities were involved.

2. When elaboratinterconnected equipment is employed (e.g., transfer
lines, index tablesmultiple spindletapping machines), it may be
advisable to specify free machining or other highly processible
materials, beyond what might be normally justifiable, to ensure that
the equipment runs continuously. It may be economical to spend
slightly more than normal for material if this can avoid downtime for
tool sharpening or replacement in an expensive muitiigiehine tool.



(i) Effects on Economic Production QuantitieBhe use of speciatpurpose
equipment generallyequiressignificant investment. This, in turn, makes it
necessary for production levels to be high enough so that the investment can
be amortized Specialpurpose equipmeris suited by and large only for
massproductionapplications. In return, however, it can yield considerable
savings in unit costs. Savings in labor cost are the major advantage ofspecial
purpose and automatic equipment, but there are other advantages as well:
reduced workin-process inventory, reducedndency of damage to parts
during handling, reduced throughput time for production, reduced floor
space, and fewer rejects. The advantage of such equipment is that it permits
automatic operation without being limited to any particular part or narrow
family of parts and with little or no specialized tooling. Automation at low
and medium levels of production is economically justifiable with numerical
control and computer control. As long as the equipment is utilized, it is not
necessary in achieving wtbst savings to produce a substantial quantity of
any particular part.

(i) Effects on Design Recommendatioiibere are few or no differences in
design recommendations for products made automatically as compared with
those made with the same processes under ahaoentrol. In the
preponderance of cases, however, the design recommendations included
apply to both automatic ambn-automatianethods. In some cases, however,
the cost effect of disregarding a design recommendation can be minimized if
an automatic prasss is used. With automatic equipment, an added operation,
not normally justifiable, may be feasible, with the added cost consisting
mainly of that required to add some element to the equipment or tooling.

(iv) Effects on Dimensional Accuractenerally, speclamachines and tools
produce with higher accuracy than gengmalpose equipment. This is
simply a result of the higher level of precision and consistency inherent in
purely machinecontrolled operations compared with those which are
manually controlled. @Gmpound and progressive dies and fslige tooling
for sheetmetal parts, for example, provide greater accuracy than individual
punchpress operations because the work is contained by the tooling for all
operations, and manual positioning variations areided. Formground
lathe or screwmachine cutting tools, if properly made, provide a higher level
of accuracy for diameters, axial dimensions, and contours than can be
expected when such dimensions are produced by separate manually



controlled cuts. Foraground milling cutters, shaper and planer tools, and
grinding wheels all have the same advantage. Mulipladle and multiple

head machines can be built with high accuracy for spindle location,
parallelism, squareness, etc. They have a definite accudaeytage over
single-operation machines, in that the workpiece is positioned only once for
all operations. The location of one hole or surface in relation to another
depends solely on the machine and not on the care exercised in positioning
the workpiecen a number of separate fixtures. Somewhat tighter tolerances
therefore can be expected than would be the case with a process employing
singleoperation equipment. Automatic pafeeding devices generally have

little effect on the precision of componentoguced. They are normally
more consistent than manual feeding except when parts have burrs, flashing,
or some other minor defect that interferes with the automatic feeding action.
No special dimensional allowances or changed tolerances should be applied
if production equipment is fed automatically.

Designers need some method for knowing if the new or redesigned product will
me et its manufacturability and other objec
may be very sound in weiegth planged desigh desi gn €
attributes, but an objective measurement almost always will be He#signers
must evaluate the (i) manufacturability, (ii) assembly and (iii) individual parts.

() Evaluating Manufacturability Manufacturing cost is the most complete
measure of manufacturability. It can be expressed as a total cost for the
product or component or can be approximated with some major cost element
such as direct labor time. Most progress of all has taken place with design for
assembly (DA). Assembly evalation systems can provide a rapid and easy
comparison between several alternatives.

Direct labor time is a straightforward indicator of manufacturing cost and is
usable by itself in a large number of cases. (Exceptions are those in which
materials costdabor rates, and overhead costs also vary significantly with
different design variations.) Therefore, in many cases, manufacturability of a
series of design choices can be evaluated by estimating and comparing the
direct labor time required for productioof each design. Eventually,
however, a full cost estimate is the ultimate guide to the designer in knowing
how well the product design has been engineered for manufacturability.

(i) Assembly Evaluation SystemSometimes there are tradeoffs between
materialsand labor costs of design alternatives. For example, a complex part
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made by combining several simpler parts will reduce assembly costs, but the
cost of the complex part could conceivably be higher than the cost of several
simple parts. Fortunately, however materials costs are easy and
straightforward to estimate from ppound omper squardoot data. Materials

cost differences can be combined with the labor cost differences of alternative
designs to arrive at a more nearly total @mstparison. The programs may
give a design efficiency rating, a ratio comparing the calculated assembly
time with a theoretical ideal for the number of parts involvidtere is one
other quite useful method to evaluate the manufacturability of assemblies.
This is simply to count the number of parts that the design entails. Assemblies
with fewer parts normally can be assembled in less time and have higher
design efficiency ratings

(iif) Manufacturability Evaluationsof Individual Parts One simple way to

comparehe manufacturability of alternative designs of a part is to count the
number of process operations that each requires. Other factors being equal,
the part with the fewest number of operations will be the simplest to
manufacture and the lowest in cost. €furse, tooling complexity and
materials cost often must be considered also. Nonetheless, this metric is often
a useful one for comparing parts from BvDstandpoint.

2.4.2.DfMA tool

In scientific literature and also in industry, various tool apglication of DA
and OfM could be found.

Design for manufacture and assembl§iNI3) has been used by many companies
around the world to obtain optimal manufacturing and assembly processes. The

development of EMA started in the 1990s with research iagtomatic assembly
(DfA). McDonnell Douglas Corporation applyingMdA reduced part count by 37%
and fastener count by 46% on averagtelber, 199). Boothroyd et al. (Boothroyd

et al.,1993) developed a spreadsheet approach to rating design based osetlodir ea
automatic assembly. The use of a software
but also provides indices of its manufacturability, called PCB Design for Assembly
(PCB/DXA). The software is intended to reduce design cycle time and manufacturing

cost. Well before placement and routing, it quickly generates alternative board

designs that would be economical to manufacture.
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Several researchers have extensively design product and part for a specific
operation: (1) modularity (Suh, 1990), (2) while athperovide methods to obtain
cost estimation for specific parts of manufacturing processes for machined parts
(Boothroyd et al., 1989)3) injectionmolded parts@ewhurstet al., 1988)(4) die
cast parts@ewhurst et al., 1989)5) sheetmetadtampings Zenger et al., 1988)
and (6) powdemetal partsYamaguchi et al., 19). The main goal from all these
papers is to minimize part count and reorientation of parts, standardize parts,
encourage modular design, emphasizedown assemblies, desi for component
symmetry, design parts with salfigning and fastening features, and design parts
for retrieval, handling, and insertion. In other research, authors present frameworks
for creating,analysing improving, and representing manufacturingteys during
the design proces3iiompson et al., 2018enkamoun at al., 2014, Salonitis et al.,
2014). Benkamoun et al. (Benkamoun at al., 2014) develop an architecture
framework which establishes a common practice for creatinglysing and
representigp manufacturing systems during design andlesign processes. The
proposed framework is comprehensive and specifies the system representation from
various levels and dimensions, considering not only abstract and general
representation, but also illustiati examples to represent manufacturing systems
designs.

Salonitis et al. (Salonitis et al., 2014) develop a framework for the simultaneous
modular product design and the design of an automated manufacturing system using
design structure matrix and modulamction deployment. Product designs are
optimized for automation using Design Structure Matrix and Modular Function
Deployment. Alternative production systems are designed and accessed based on the
analysis of assembly steps hierarchically. The implertientaf the framework on
the design of a production system for furniture assembly, able to handle multiple
variants with a large number of components, is demonstrated.

In further research, authors develop methods to decrease the complexity of the
assemblyprocess using assembly sequence analysis (De Fazio et al., 1999), using
semiautonomous teams with welkefined responsibilities (Bukchin et al., 2003), or
even investigating how fid. affects the material and manufacturing costs (Favi et
al.,, 20¥). Boothooyd et al. (Boothoroyd et al., 2011) make a significant
contribution to the broader subject of product design for ease of manufadiMie (D
During this process, the best materials and processes to be used for the various parts
are considered. Some authg@mvide guidelines and surveys to ensure the good
design practicesHavi et al, 2020, Favi et al., 202Barbosa et al.Barbosa et al.,
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2014) presents a guideline which uses the concepts of design for manufacturing and
assembly methodology for specifapplication on design and manufacturing of
aircrafts. The main goal of this guideline was to orient the engineers during the
aircraft development phases, such that a better aircraft design is achieved. The
guideline comprises a set of tables to drive thgireeers for a better evaluation of
manufacturing processes, assembly, maintenance and human factors (ergonomics).
It aims to improve the manufacturing and assembly for easy manufacturing of parts
that build the aircraft with low costs, high quality and best optimized condition.

While others combined guidelines with techniques such as axiomatic design
(Gongalves et al, 2007), decision analysis (Xiao et al., 2008; Holt et al., 2010;
Lehmhus et al.,, 2015; Unglert et al., 2016; Matt et al., 2017), and it
optimization consideration (Mao et al., 2015). The general ide&\ADs to design
products for the ease of assembly and to design their component parts for the ease of
manufacture. It provides also to designers the capability to minimize theenwib
components; to simplify and reduce the number of manufacturing operations; to use
standard parts and materials; to design for efficient joining, for ease of part
fabrication, for ease of packaging, and for ease of assembly; to use common parts
acrossproduct lines, flexible components, and modular design; and to eliminate or
reduce adjustment required. As a summary, to remain competitive in the future,
almost every manufacturing organization has to adopt fhADphilosophy and
apply cost quantificatin tools at the early stages of product design. However, to be
effective in product design, to increase product complexity, and to address
globalization and rapid technological development, manufacturing companies need
to innovate their offers to consumdpy creating more complete solutions that
combine maximizing the use of componentfAlD and maximizing the use of
manufacturing processesf(i).

The use of the A and CfM has a tremendous impact when properly applied in
a concurrent engineering environrhen

Khan et al. (Khan et al. 2007) present knowlellgeed design methodology for
automated assembly lines. The method can be applied to single, multi, and mixed
product assembly lines with either deterministic operation times or stochastic
operation timesThe proposed method could be used to provide an overall quality
assessment of objeatiented software system in early stage of development life
cycle, which may be helpful to the developer to fix problems, remove irregularities
and norconformance to stalards and eliminate unwanted complexities in the early

development cycle.
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Holzner et al. (Holzner et al., 2015) develop a systematically design approach for
such systems focusing @mall and medium enterprisequirements which were
carried out by a quésnnaire survey. Based on the survey resudtstomer
attributes are identified and then translatetlinctionalrequirements. Subsequently
functional requirementsill be deduced into generally applicaldesignparameters
for supporting the design of flexible and changeable manufacturing and assembly
systems fosmall and medium enterpriaed to apply finally these design guidelines
in a case study.

Holt et al. (Holt et al., 2010) use a numerical model of thesdywesitized solar
cell to explore factors influencing device
of DfX is used, starting from the needs of design decisiaking, to balance the
current-upmdodp mmo a dhtechnues ae compgred@o sesvh
they can be used together.

Huang et al. (Huang et al., 1998) present a Design for X shell, a generic
framework which can be easily extended or tailored to develop a varief)Xabbls
quickly with consistent quality. Several formal but pragmatic con& are
provided. Bills of materials are used to describe and analyse the overall product
structure and product characteristics and a matrix approach to represent various types
of modules (component swapping, component sharing, and bus modularity, etc.).

Fan et al. (Fan et al., 2003) develop a +hdsed expert system, which
concurrently considers product design and process planning by including six
functions in the systermknowledge conceptual designcomputeraided design,
design for manufacture desifpr assembly, assembly system design, and assembly
planning.

In Table 4 are summarized the DFMA tool discussed above with a brief
description of their limits.

Table4 DFMA tool description and limits

Reference/tool Brief description Limits
name
Barbosa et al., 2014 Guidelines which use the concepts of desi{ Only a methodological study.
for manufacturing and assembly Only for aircraft.
methodology for specific application on
design andnanufacturing of aircrafts.
Benkamoun at al.| Architecture framework for creating, The tool d o edesiga t
2014 analysing, and representing manufacturingd issues.
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systems during design anddesign
processes.

Boothroyd et al.,
1989

DfM tool for machined parts.

Only for machined manufactured
parts.
The
issues.

tool doesnoét

Boothroyd et
al.,1993

A software program
cost and also provides indices of its
manufacturability.

Only for manufacturing and assembl
of a particular component type
(electronic board).
The tool
issues.

doesnodt

Bukchin et al., 2003

Design methodology for assembly system
based on teams.

Only for assemblyrocesses.
Only a methodological study.

De Fazio et al.,

Describes criterioibased searches for best

Only for assembly processes.

1999 subassembly partitioning and assembly
sequences.

Dewhurst et al.,| DfM tool for injectionrmolded parts. Only for injection molding.

1988 The tool doesndt
issues.

Dewhurst et al., DfM tool for die-cast parts. Only for diecasting.

1989 The tool doesndt
issues.

Fan et al., 2003

Rulebased expert system which
concurrentlyconsiders product design and
process planning.

Only a methodological study.

Favi et al, 2020

Design for casted products.

Only for casting.

Favi et al., 2016

Investigate how the application of the
conceptual DfA affects the material and
manufacturing cost(Designato-Cost).

Only a methodological study.

Favi et al., 2021

Design for welded products.

Only for welding.

Goncalves et al]
2007

Axiomatic design (AD) is an engineering
design theory that provides a framework td
decisioamaking in the designing process.

Only a methodological study.

Holt et al., 2010

ATop downod devel opm
from the needs of design decisioraking,to
bal ance t he -ucpuor raepnpt
Existing DFX techniques are compared to
see how they can be used together.

Only a methodological study.

Holt et al., 2010

Numerical model of the dysensitized solar
cell to explore factorsfluencing device
performance.

Focused only in a specified part type
(solar cell).

Holzner et al., 2015

Systematically design approach for such
systems focusing on small and medium
enterprise requirements which were carrie
out by a questionnaire survey.

Only a methodological study.

Huang et al., 1998

Design for X shell, a generic framework
which can be easily extended or tailored tg
develop a variety of DfX tools

The
issues.

tool doesnoét

Khan et al. 2007

Knowledgebased design methodology for
automated assembly lines.

Only a methodological study.

Lehmhus et

2015

al.,

Exploration of the state of the art in
gathering and evaluating product usage ar|
life cycle data, additive manufacturing and
sensor integitéon, automated design and

cloud-based services in manufacturing.

Only a methodological study.
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Mao et al., 2015

Design methodologies for HES green
cellular networks.

Only a methodological study.

Matt et al., 2017

Design handbook for assembly lines for
mass customization production systems.

N.A.

Salonitis et al., 2014

Framework for modularization of produ
families in order to introduce automation
theproduction.

Focused only in design modularizatio

Suh, 1990

Design handbook

N.A.

Thompson et al.,
2018

Proposes a framework with sets of key
performance indicators (KPIs) to measure
and improve producibility and product
quality throughout the product developme
process.

The tool doesnodt
issues in detail. It estimates only the
materials and tolerances are complai
with the process selected.

Unglert et al., 2016

Computational Design Synthesis used a
method to support design tasks by automat
the generation and applied in form of
software tool.

Only forautomobile industry.

Xiao et al., 2008

Coordination of a supply chain with one
manufacturer and two competing retailers
after the production cost of the manufactu
was disrupted.

Only a methodological study.

Yamaguchi et al., | DfM applied to powdemetal parts. Only a methodology study.
1991
Zenger et al., 1988 | DfM applied to sheetmetal stampings. Only a methodology study.

24.2.1.

DfMA commercial software tool

The DFM Concurrent Costing and DFA Product Simplification software of

Boothroyd Dewhursthttps://www.dfma.com/) allows users to generate accurate
part, tooling and assembly cost estimates at the design concept stage. DFM
Concurrent Costing software provides users with an understanding of the primary
cost drivers associated with manufacturing product and establishes a benchmark

fi s h o-ap$t capproaohsis 0O .
accumulating real information about manufacturing costs and noting where specific

for

what

t he product

costs are in the product design. The cost models in tid Oé&ncurrent Costing

software guide users through an assessment of alternative processes and materials,
which provides cost information for the bill of materials. Costs update automatically

as users determine tolerances, surface finishes, and othertpist @&radually, as

users choose effective shajpeming processes and consider how to modify part

features to lower cost, the product becomes optimized.

Users must have adequate knowledge and experience in manufacturing because they
have to choose adegte processes for manufacturing individual parts and also this
tool has only a simplified 3D CAD recognition and user must insert manually part
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dimensions and characteristic.

The DFA Product Simplification allows engineers to scrutinize parts and dgsemb
for structural efficiency, guiding them toward the creation of single, multifunctional
components with significantly improved performattoecost ratiosDFA Product
Simplification software utilizes an intuitive questiandanswer interface that
idertifies opportunities for substantial cost reduction in a product. By applying
industrytested minimum part count criteria, the software finds parts that can be
consolidated/eliminated while maintaining 100% functional&g. happened in
DFM, also in this ase the user must have a remarkable knowledge to choose the
adequate assembly operations.

DFMPro by HCL (https://dfmpro.com/) is a CAlntegrated design for
manufacturing software which helps to identify and correct downstream issues early
in the design sige, leading to reduction of cycle time and, in turn, resulting in- high
quality products with lower product development costs. DFMPro is integrated within
CAD platforms like Creo Parametric, SOLIDWORKS and NX which ensures that
users are able to identifynd rectify DFM checks within their own CAD platform.
DFMPro allow a rapid and automatic evaluation of geometric feature of the part or
assembly (size, shape, complexity, number of holes, number of bends, thickness,
profile, tolerances, and roughness offaces) from the solid model. DFMPro helps
the designer providing guidelines for the correct design whit the representation of
errors that affected the part or assembly.

AviX DFX (https://www.avix.eu/procesmappingtools/avixdfx) is the generic
name for a module of AviX focused on the product and its design. AviX DFX
simplifies and standardizes how to work with issues of manufacturabibigsign
For Assembly. In AviX DFX it iseasy to build up the product structure which
provides an integrated approach for products and modules as well as the analysis. It
is possible to import a BOM or parts from external sources, such as Excel. During
the analysis the user is questioned abdtdrdnt design aspects for the modules and
objects chosen to analyse.

In Table5 are summarized the DFMA commercial software tool discussed above
with a brief descripon of their limits.
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Table5 DFMA commercial software tools description and limits

its design.

Reference/tool Brief description Limits
name
AviX DFX Module of AviX focused on the product an| 3D CAD model featureecognition not

present.

DFM Concurrent
Costing and DFA
Product
Simplification
software of
Boothroyd
Dewhurst

DFM Concurrent Costing software provide
users with an understanding of the primar
cost drivers associated with manufacturing
the product and é&ablishes a benchmark fo
what the product fs
The DFA Product Simplification allows

engineers to scrutinize parts and assembl

User must be expert in manufacturing
to perform a correct analysis.

3D CAD model feature recognitida
not present.

The tool doesndt
issues, but only the expensive proces
phases.

for structural efficiency, guiding them
toward the creation of single,
multifunctional components with
significantly improved performancto-cost
ratios.

CAD-integrated design for manufacturing
software which helps to identify and corre
downstream issues early in the design sta|

DFMPro byHCL No cost estimation, only design issue|

indications.

2.5. State of the art conclusion/limits and objective
motivation

The sta¢-of-the-art related to the manufacturing cost side show how dedicated
cost models were developed to address the specificity of each manufacturing
process. Generalized methods for the elicitation of the manufacturing knowledge of
different technologies hasot yet been developed. Knowledge could be tacit, the
knowl edge that people carry in theirtr
used by an organization, or could be explicit, which refers to a set of information
that can be articulated, codifiednd stored in certain media. Furthermore, when
multiple technologies are adopted for the manufacturing of complex products,
several processes need to be included by different cost models, and the cost
estimation framework requires the inclusion of addidl cost items (setup,
equipment, consumable, etc.), which is not formalized by adopting dedicated
methods.

mi nds

On the other hand, DfM and DfA, which are consolidated engineering activities,
are not really integrated with 3D CAD systems. DfM and DfA prirespare
currently applied at the end of the 3D CAD modelling, by following the-turedhwn
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Df M and DfA guidelines availabl éowfr om
(internal tacit knowledge). This knelwow suffers a strong dissemination among
employees ahtechnical departments and represents a critical issue. As a standard
practice, designers usually use DfM/DfA guidelines as a sort of checklist once
finished the engineering phase, or even worse. Sometimes, these guidelines are
checked by production engiars before starting the production (approval of the
technical drawings). This approach increases the time to market and the number of
iterations between design and manufacturing departments (design reviews).

Results and corporate knowledge tend to stdfimihe group instead of being
documented in a way that promotes reuse. In doing so, development performance is
affected by staff turnover, which occurs when projects are finished, or by the often
time demanding search for the right document that contaesight information.

This issue increases when considering the extensiveness of information needed
during functional product development.

In literature can be found various example of manufacturing cost estimation tool,
developed from late 1970s till now and the most widespread are focused in
machining process. Numerous commercial cost estimation tools exist and many
organizations have dewgled proprietary cost estimation systems. The
sophistication of these tools ranges from spreadsheets to-useitimainframe
database systems. The capability of these systems ranges from the ability to estimate
costs for highly specific parts to generic®ms which can be used to estimate costs
for virtually any manufactured part.

It worth noting how most of manufacturing cost estimation tool are focused on a
single manufacturing process (the most widespread are machining cost estimation
tools) while inother cases they are too general and require a lot of information from
the user and do not allow the use of 3D CAD models.

A good number of coststimating software tools are currently available in the
commercial sector. There are CAlased costing softwarthat either incorporate
CAD as a product data module, such as product life cycle management (PLM)
systems, or costing modules that are seamlessly integrated into their respective CAD
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software. Genergburpose costing software supports product cost estignéor a
broad range of cost categories.

Also for cost estimation tools belonging to the commercial sector, there is a strong
presence of tools focused on a single manufacturing process, in particular machining,
sheet metal and injection molding. In atheases they are embedded in a single
CAD system (e.g. SolidWorks) ¢ineyrequire by the user an adequate knowledge
and experience in manufacturing for choice of adequate processes for manufacturing
individual parts.

In scientific literature and also industry, various tool and application of DfA
and DfM could be found. Design for manufacture and assembly (DfMA) has been
used by many companies around the world to obtain optimal manufacturing and
assembly processes. The development of DfMA started itaB@s with research
into automatic assembly (DfA).

Many of these studies are stildl imet hodol
while in other cases the tools exist but are focused on a single manufacturing process
(assembly, machiningnjection molding), or the tool is designed for a particular
industry or component. From a commercial point of view there are few examples in
this field, in most cases incomplete (no indication of cost or design errors) or difficult
to use.

Summarizing andanalysing the scientific literature from the academic
perspectives could be show a gap in the design methodologies and tools able to
implement design for manufacturing and assembly rules during the product
modelling or, in case of cost estimating systdaimsy are focused in only one or few
manufacturing process. At the same time the analysis of commercial solutions on
this aim provides few exciting systems (SEER for Manufacturing, aPriori Product
Cost Management, DFM Concurrent Costing and DFA ProducplSication,
DFMPrq, etc.).

Then the mentioned practice highlights two main issues in literathesfirst is
the absence of a standardized methodology to make explicit the mixed manufacturing
and assembly knowledge to support product designers duriag ptbduct
development process.
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This point defines the first research question of the thidsis: to make explicit
the mixed manufacturing and assembly knowledge to support product designers
during the product development process

The first issue highlighta gap in the statef-art related to the CAfintegrated
DfM and DfA methods and tools and the possibility to share manufacturing and
assembly knowledge in the product design (explicit knowledge). During project
development iteration are generally requireaiise the project revision due to
manufacturing and assembly issues. In this case iterations have a tremendous impact
in terms of the amount of time and rework. At the same time, production knowledge
represents the groundwork for a proper implementati@ost estimation models.
To make knowledge usable, a data framework for knowledge collection is needed to
deposit knowledge and then make it accessible to everyone involved within an
enterprise.

The main idea underpinning thisesisto respond at therBt research question is
focused inthe link DfM/DfA design rules with 3D CAD features developed during
the engineering design process of parts or assembligerticular, this research
work aims to reduce the gap between the design departments anchchaimg
through the creation of a KB system able to translate tacit knowledge about
DfM/DfA in explicit and reusable knowledgeThis is completed througha
methodology focused in three aspects3{) CAD Model feature recognitioand
organization(ii) A KnowledgeBased (KB) Systefar DfM/DfA rules classification
and depositionand (iii) A Rules Validation Systeta connect 3D Model feature to
DfM/DfA rules contained in the database.

The3D CAD Model feature recogniticailows to read the necessarydrhation
from the 3D CAD Model with the aim to recognize parts features needed for cost
estimation and for DfM/DfA design rules.

A KnowledgeBased (KB) Systeis used to classify the DfM/DfA rulebased
on three main fundamentals:

(i) Knowledge acquisitianrefers to the literature analysis and industry best
practices investigation for the collection of DfM/DfA design rules
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(i) Knowledge processingefers to the connection between the DfM/DfA
design rules ctected in knowledge acquisition phase and the geometrical
features of a virtual 3D model (CAD file).

(iif) Knowledge representatiomefers to the definition of a structured database
repository for the collection and the formalization of DfM/DfA knowledge.

The Rules Validation System the core of the entire system with three main
purposes: interaction with the 3D CAD Model, extrapolate rules from the DB
repository and then evaluate which design rules in 3D CAD Model are respected and
which are not.

From a cosestimation point of view two frameworks was developed, which can
be used by designers and engineers for the analytical cost estimation of mechanical
products. One framework is dedicated for manufacturing a single component, while
the other one is for asmbly of a group of parts. THEameworksare composed by
five main paradigms used for formalizing the knowledge required for the cost
estimation of productgi) a manufacturing/assemblyrocess data structurii) a
cost breakdown structuy€iii) a cod routing, (iv) acost modeland (v) avorkflow.

A manufacturingorocess data structurgan be defined as sequence of operations
needed to transform raw materials into final components, whissamblyrocess
data structures the sequence aiperations needed to join the single components
together and obtain final products.

A cost breakdown structuiie necessary to collect information of each phase and
operationand isused for breaking out the manufacturing/assembly costs

A cost routingis defined as a hierarchical data model of five classes. Each class
contains groups of attributes and rules for generating manufacturing or assembly
processes from 3D virtual models of componelhis. usedfor the collection of the
knowledge required for aanufacturing/assembly process definition

A cost models a structured information object which contain the knowledge
necessary for production time and cost estimation for each operation.
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The workflow allows the determination ad manufacturing/assembly qmess
using 3D virtual prototypes.

The second issue highlighted in literature is the need of method and a tool to
integrate knowledge into the product development process and how to make it
effective during the design process and the 3D solid modellididnaw to estimate
the cost savings of the design changes during the 3D modelling.

This point defines the second research question of the thisisto integrate
knowledge into the product development process and how to make it effective during
the desigrprocess and the 3D solid modelling and how to estimate the cost savings
of the design changes during the 3D modelling?

The second issue found in literature is solved by this research through the
developing a methodology and a software tool that hd$isggners during the 3D
modelling activities and at the same time provide the cost of the part or assembly
analysed. The integration between DfM and DfA within compaided design
softwareds can reduce redesignrllppopat contr ol
cost. The system and the tool will be used to verify part and assembly 3D model in
the early design process (embodiment design) by analysing the 3D product features,
give feedback about the design choices implemented in each model, and estimate
manufacturing and assembly costs. The analysis of a 3D CAD model allows to
anticipate manufacturing issues and to control manufacturing cost during product
design.

The methodology is composed by 5 main steps, starting3IGAD Modelof
the part or assebly to be analysed (Step 1). The second step (Step 2) is dedicated
to thefeature recognition and extractipm which are read the necessary information
from the 3D CAD Model with the aim to recognize parts features needed for cost
estimation and for Df¥DfA design rules. After that are conducatast analysigStep
3) and theDfM/DfA analysis(Step 4), in which validated and nealidated
DfM/DfA rules are displayed to the designer with the aim to keep him/her informed
about the feature that are not cdiapt with the guidelines collected in the
repository. In the last step (Step 5) the desigipeiate 3D CAD Modeln this step
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the designer modifies the 3D model following the design suggestions in the reports
within the total cost obtained. In particul#lirough the mean of feature recognition,
specific features that generate nailidated rules are highlighted within the 3D
model in order to facilitate the implementation of design modification. Once design
changes are implemented, a new analysis igawerify if the updated 3D model

fits with the DfM/DfA requirements. If nonalidated rules are still present, and the
cost are not compliant with the project target, a new design review is required; on
the other hand, if there is not any maalidated rle and the cost meet the project
requirements the model can be frozen for manufacturing.

Methodology has been implemented in a specific software tool with a structure
composed by four main modules: @GUI, (i) Feature recognition(iii) Analysis
framewok and (iv) Database

The GUI, the Graphical User Interfaceis the modulevhich the user interacts.
The tool interface is positioned next to the CAD software for viewing features and
design errors directly in it.

The second modulehe Feature recognitia, allows the connection between a
CAD system and the todVlaterial and physical features can be extracted from a 3D
geometry (Brep modeli boundary representation) because attributes included in
this class are readily available. Manufacturing featuaesbe extracted from a 3D
model by using a specific kernel for manufacturing features recognition. Kernel can
compute manufacturing features for a comprehensive set of components(sttapes
prismatic, axisymmetric, sheet metal) and assemblies (e.g.edavedtiuctures
mounted assemblies). For each feature, it is possible to watch the most relevant
attributes expected for the further DfM rules processing.

The third module, thAnalysis frameworkis necessary for costs calculation and
rules validations, cdimuously interfacing between feature recognition, databases
and the GUI. Through the latter it allows the user to view costs and design rules.
This module is the main module of the Cost and DfM/DfA tool. Inside it is contained
algorithms for organizing manufacturing process, for cost calculation (cost analysis
framework) and for design guidelines validation (DfM/DfA analysis framework).
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The fourth module contain thBatabase in which are stored the information
about materials, machine and the rulessfeorrect design and cost estimation.

To verify the real advantages of the methodology and tool in design process was
used an evaluation method based in two questionnaires, which were submitted to the
tool users after extensive use (more thandhths). The first one wants to quantify
the usability of the software while the second one is focused on the advantages and
disadvantages of the software use in design procédms.tdst had the scope of
evaluating the impact of the methodology andréiated software on the traditional
design process of a company and evaluate the interoperability between the new
software and the design tools.
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3. Materials and method

This chapter describes the developed DfM/DfA and cost estimation methodology
used tanake explicit the mixed manufacturing and assembly knowledge. The chapter
is divided in 3 main sections:

9 Section 3.1 describes the overall workflow of the methodology, the concept
and type of features involved.

9 Section 3.2 is focused in analytical cogtraation method and framework.

1 Section 3.3 describes the DfM/DfA methodology.

3.1. Material and method introduction

As already mentioned in the previous chaptee ofthe goas of the thesis is to
have a method and a tool able to calculate the cost of aocemipand/or assembly
and in the same way help the designer in the development phase by identifying
design errors occurred in this phase.

Manufacturing and assembly costs are decided during the design phase and their
definition tends to influence the sefen of materials, machines and human
resources which are used in the manufacturing process.

In addition, DfM/DfA design rules are part of the company knowledge and are
generally disseminated (through the experience and the skills of their engineers)
amongemployees and technical departments. As a standard practice, DfM/DfA
guidelines are usually recalled as a checklist at the end of the engineering design
process, or even worse, a final check of the manufacturing and assembly department
is necessary beforine approval of the technical drawing, increasing the time to
market and iterations between design and manufacturing departments (design
reviews).
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The main idea is the possibility to link analytical manufacturing cost and
DfM/DfA design rules with 3DCAD features developed during the engineering
design process of parts or assemblies.

Figure8 show the developed methodology workflow. The workflowiisdgd
in 5 main steps:

1. 3D CAD Model The start point is the initial 3D CAD Model of the part or
assembly to be analysed.

2. Feature recognition and extractioffhis step allows to read the necessary
information from the 3D CAD Model with the aim to recognizets features
needed for cost estimation and for DfM/DfA design rules. In particular,
within this step, all the 3bBnodel isanalysed and its features are divided in
three main categories in function of information contained: (i) material
features, (ii) pysical features and (iii) manufacturing featu®sction3.1.1
goes into a more detailed description of feature concept

3. Analytical mstestimatioranalysis This step contains the manufacturing and
assembly cost estimation procedure, based on (Mandolini et al., 2020) and
(Boothroyd et al.,, 2011). A framework is defined and can be used by
designers and engineers for the analytical cost estimatianechanical
components starting from features of 3D CAD model. A detailed description
of cost analysis methodology is shown in seco? At the end of cost
analysis a report containing a detailed cost breakdown is generated.

4. DfM/DfA analysis This step allows to check design rules against the analysis
of the features contained in the 3D model. A framework is defined and it is
composed by a datalmsules depository, mathematical equations and 3D
CAD model feature recognition. Mathematical equations are used to verify
the compliance of design guidelines with the information retrieved by the 3D
model data reading. A dedicated repository (DfM/DfA sUl¥B) is necessary
to collect all the information in a structured way based on the KB system.
Validated and nowalidated DfM/DfA rules are displayed to the designer
with the aim to keep him/her informed about the feature that are not
compliant with the gudelines collected in the repository. Sect® 8 provide
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a more detailed description of DfM/DfA methodology. At the end of
DfM/DfA analysis a reportontaining validated and neralidated DfM/DfA

rules is generated. Is important to notice that step 3 and step 4 could be carried
in a different order than this one proposed (step 4 before step 3) or
concurrently.

Update 3D CAD Modelln this step the damer modifies the 3D model
following the design suggestions in the reports within the total cost obtained.
Each design guideline describes the type of design action to implement, the
reason why the design guideline improves the part manufacturabiliglssmd

an image showing in which way a rule can be implemented. In particular,
through the mean of feature recognition, specific features that generate non
validated rules are highlighted within the 3D model in order to facilitate the
implementation of desiy modification. Once design changes are
implemented, a new analysis is run to verify if the updated 3D model fits with
the DfM/DfA requirements. If nowalidated rules are still present, and the
cost are not compliant with the project target, a new desigew is required;

on the other hand, if there is not any natidated rule and the cost meet the
project requirements the model can be frozen for manufacturing.



3D CAD Model

3D CAD Feature recognition and extraction

‘ Feature type ‘

/\

Part Assembly
environment environment
related features related features

Analytical cost estimation analysis

‘ Process data structure ‘

‘ Cost breakdown structure ‘

Cost routing
Cost model

b4

Get total cost }

Update 3D CAD Model

DIM/DfA analysis

b 4

‘ Knowledge-Based (KB) System ‘

Get design errors }

‘ Rules Validation System ‘

Does the 3D CAD Model
satisfies cost and DfM/DfA
requirements?

NO

Figure 8 Workflow of manufacturing cost and DfM/DfA methodology



3.1.1.Featurerecognition and extraction

Prior to go into more detail on the methodology, an introduction regarding the
concept of feature is necessary. In fact, both the methodology used for the estimation
of costs and that for the identification of errors in the design are based on the
recogniton of the features of the component or assembly analysed.

Features were introduced in the | ate 0670s
to represent and reason over both quantitative and qualitative data relevant for
product development purposes (Sapfib et al.,, 2016). The term feature has
different meanings in different environments depending on the specific domain. For
example, in design it refers to a web or a notch section, while in manufacturing it
refers to slots, holes, and pockets. GeneralBssification of features is totally in
function of application. It is very difficult to produce a classification of feature
independent of application (Nasr et al., 2006).

In the background of product engineering, features were firstly intended to model
the geometry of a product. Other than geometric representation, feature concepts
were further developed to model non geometric product properties which are
essential in different stages of the whole product lifecycle (Li et al., 2020).

There are differenileas for the feature definition trough the authors. According
to Sreeval san et aAfeatufeBany entitauseslmreasenting al ., 19
about the design, engineering whi |l e Pratt et al. (Pratt et
fiA geometridorm or entity whose presence or dimensions are required to perform
at least one CIM function and whose availability as a primitive permits the design
process to occdr a A akgion of interest on the surface ofagart Di xon et al
(Dixon et al., 1988 o nsi d e r Afgeometric foren oraegtity fhat is used in
reasoning in one or more designs or manufacturing actigities whi | e accor di ngc
Mantyla et al . ( Man tApdrametre shape hssociateddith6 ) f eat L
such attributes as its frinsic geometric parameteiislength, width, and depthas
well as position, orientation, geometric tolerances, material properties, and
references to other features Wil son et al . (Wil sAn et al .,
region of interestinaparmodeb, Deneux (Deneux, 1A99) consi
information unit describing an aggregation of properties of a product model that are
relevant in the scope of a specific view on the praduct Ot her s aut hor <co

f e at uTheechasasterigtics af product that result from design ( Gr oover , 2007
o r Théiengineering meaning of the geometry of a part or assembly Wi ng-r d,
1991) aphysiaal estity thét makes up some physicatpar{f Shah et al , 19
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These definitions of feature shown that tmeaning of feature is not unique, it is
based on the application and context and, unfortunately, without a systematic
treatment of its semantics. The double understanding of feature, a modelling element
and a physical entity, emerges clearly from thiendns (Sanfilippo et al., 2016).

After this introduction of feature concept is carried a description of the features
present both in the methodology used for the estimation of costs and that for the

identification of errors in the design.

3.1.1.1. Features tye

The first type of feature to describenmnufacturing featurdt is consisting of a
series of faces and related properties, such as slot depth, slot shape, maximum and
minimum tolerance, maximum and minimum roughness. Some examples of product
manufactuing features are slots, holes, threaded holesouts, fillets, chamfers,

milling features, turning features.

Another important feature isiaterial feature which contains the information
about the material of the part and then the information coecklet it (density,

mel ting temperature, forging

temperatur e,

Physical featuresre instead associated with the part or assembly dimensions

(volume, area, shape, etc.).

In Table6 are summarized the previous features.

Table6 Featuretypeused in analytical cost and DfM/DfA methodologies

Feature type

ributes/information contained in the feature

Material feature

Material of the part (Aluminium alloy 1060, Nickel alloy 718, etc.) [stri

Physical feature
Volume of the part [md}
Area of the part [mf)

Shape of the part (axisymmetric, prismatic, etc.) [string]

Dimensions (length, width and height) [mm]

Volume of the feature [mfh
Area of the feature [mfh
Faces of the feature [string]

Coordinate of the feature in reference with origin [xx;yy;zz]

Attl

s)

o)

o)

o)

o)

Manufacturing feature b Type of feature (hole, slot, fillets, etc.) [string]

o)

b Properties of the feature (size, diameter, length, etc.) [mm]
o)
o)
o)
o)

PMI of the feature (roughness, tolerances, coatings, etc.) [string]
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Part environment related features

As said in previous chapters, bathalyticalcost methodology and DfM/DfA
methodology are based on models feature recognittorieature recognition
procedure begins by defining the types of feature to be identified. Nowadays, a
shared methodology for feature classification is still missing becadspends on
the application scenario (Sanfilippo et al., 2016).

Concerning the features recognition related to a single part, this is composed by
three main blocksEach block contains the feature necessary in function of the
DfM/DfA rules to verify or the cost estimation model to calculdtke blocls could
be dividedin this way

9 Block 1: Physical and material features of the model.
9 Block 2: Manufacturing and material features of the model (isolated).

1 Block 3: Manufacturing and material features of the model in relation with
other feature/s (interrelated for part).

The blocks have the scope to classify and organize the features of a part (or
assembly)n order to be read and analysed by the framework which calculate the
cost and verify the DfM/DfA rulesThe division into several blocks has been
implemented cause eablock collects different types of features to be associated
with specific DfM/DfA rules and specific elements of the manufacturing/assembly
cost routing structure (a more detailed explanation of the cost routing structure is in
section3.2.3.

In (Table 7) are summarized the blocks of features related to the part
environment
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Table7 Block1, 2 and 3f themethodology

Block 1: Physical and material features of theadel

™

M Material feature:
M Material: [string]
M Physical feature:
b  Shape: [string]
M Volume: [mn¥]
M Area: [mnf]

Dimensions (lenght*widht*height) [mm]

Block 2: Manufacturing and material features of the model (isolated)

Uy}

Jdaddddd

b Material feature:

b Manufacturing feature vs. Manufacturing feature/s:

Material: [string]

Type of feature: [string]

Coordinates of the feature in reference with origin: [XX;YY;ZZ]
Properties of the feature: [mm]

Volume of the feature: [mfh

Area of the feature: [mfh

Faces of théeature: [string]

PMI:

b  Specific roughness: [string]

b Specific tolerance: [string]

b Coating: [string]

part)

Block 3: Manufacturing and material features of the model in relation with other feature/s (interrelated f

U}

Jdaddd Jd

b Material feature:

b Manufacturing feature vs. Manufacturing feature/s:

Material: [string]

Type of feature vs type of feature/s: [string] vs. [string]
Coordinates of the feature vs. coordinate of the featu
[XX;YY;ZZ] vs. [XX;YY;Z2Z]

Properties of the feature vs. properties of #adre/s: [mm] vs. [mm
Volume of the feature vs. volume of the feature/s: finra. [mn?]
Area of the feature vs. area of the feature/s: frws [mn¥]

Faces of the feature vs. faces of the feature/s: [string] vs. [string
PMI:

b Specificroughness vs. specific roughness: [string] vs. [strin
b Specific tolerance vs. specific tolerance: [string] vs. [string]
b Coating vs. coating: [string] vs. [string]

1° block: Physical and material features of the model

This first block includes the featineeded for generaharacteristicsf the part,
in particular material and physical features. The information and attributes contained
in these features are volume, area, shape of the part (physical features) and material
(material feature). These types features are used generally for théV rules
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concerning the overall dimensions of the part for transportation limits and its
manoeuvrabilityor for the selection of the type of raw materid Table 8 are
reported an example (3D model of a plate) of the features recognized by this analysis.

Table8 Example of 1° block

M Material feature:
M Material: Aluminium alloyi 1060
b Physical feature:
M Shape: Prismatic
M Volume: 24366,20 [mf
M Area: 11589,00 [m#A)
M Dimensions (lenght*widht*height): 100*50*5 [mm]

2° block: Manufacturing and material features of the model (isolated)

This second block take into consideration material and manufacturing features of
the part. A manufacturing feature consist in a series of faces and related attributes,
such as slot depth, max and min roughness. Information contained in a
manufacturing featre are the type of feature, the coordinate of the feature in
reference with origin, its properties such size, diameter or length, and also the
volume, the area and the faces of the feature. In addition, manufacturing feature has
information regarding thEMI of the feature (roughness, tolerances, coatings, etc.).

The DfM rules which refer to this second block are related to a single feature
isolated (e.g. avoid sharp internal corners in machining prod&sgje same time
this block, in canection whit he 3°block, is used to define the manufacturing
strategy and operation bundief the cost routing structurésection 3.2.3.
Manufacturing strategyedines the specific manufacturing process to be used for
converting a stock into a finished component (e.g., machining vs additive) and is
composed by a series of operations bundles. An operations bundle is composed by
the group of operations needed forspecific product manufacturing feature.
Manufacturing features affect the operation bundle, cause in function of the type of
feature there will be different operations (drilling for holes, milling for slots, etc.)
that can be produced with different toatsd machinery and then different costs.
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Also material features are important, causeythllow to evaluate a feature
feasibility whit some material (e.g. avoid treated hole in plastic comporsmtdhe
influence on costs

In Table9 are reported an example of manufacturing and material features of the
model (isolated) (3D model of a plate).

Table9 Example of 2° block

M Material feature:
M Material: Aluminium alloyi 1060
b Manufacturing feature:

M Type of featureFeature_1- PAD
M Coordinates of the feature in reference with origin: {58;00]
[50;25;00] £50;25;00] [50;-25;00]
b Properties of théeature:
b Height: 5 [mm]
M Volume of the feature: 25000,00 [fjm
b Area of the feature: 11500,00 [Mm
b Faces of the feature:
b Rectangular_face 01.01
b Rectangular_face_01.02
b Rectangular_face_01.03
b Rectangular_face_01.04
b Rectangular_face_01.05
b Rectangular_face_01.06
™ PMI
b  Specific roughness:
M Ra 1,6 [ &m] on:
M Rectangular_face_01.02
M  Specific tolerance: NO
M Coating: NO

b Material feature:
b Material: Aluminium alloyi 1060
b Manufacturing feature:
b Type of feature: Feature_2 - HOLE RECTANGULAR
PATTERN
- b Coordinates of the feature in reference with origin:
= b For rectangular pattern [42;%7,5;05] [42,5;17,5;05]-[
42,5;17,5;05] {42,5:17,5;05]

- M Properties of the feature:
- M For holes:

b Diameter: 6 [mm]

M Length: 5 [mm]
Volume of the feature: 1570,80 [Mm
Area of the feature: 1256,64 [Mm
Faces of the feature:

I
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Circular_face_02.01
Circular_face_02.02
Circular_face_02.03
Circular_face_02.04
Circular_face_02.05
Circular_face_02.06
Circular_face_02.07
Circular_face_02.08
Cilindrical_face_02.01
Cilindrical_face_02.02
Cilindrical_face_02.03
Cilindrical_face_02.04
I:
ecific roughness:
Ra 1,6 [em] on:
b Cilindrical_face_02.01
b Cilindrical_face_02.02
b Cilindrical_face_02.03
b Cilindrical_face_02.04
b Specific tolerance: NO
b Coating: NO
b Material feature:
b Material: Aluminium alloyi 1060
b Manufacturing feature:
b Type of featureFeature_3- PAD CORNER FILLETS
b Coordinates of the feature in reference with origin: {&8;,00]
[50;25;00] F50;25;00] [50:-25;00]
N  Properties of the feature:
e M Radius: 4 [mm]
M Height: 5 [mm]
Volume of the feature: 17,17%4 [min
Area of the feature: 31,42*4 [nfin
Faces of the feature:
M Semicircular_face 03.01
M Semicircular_face_0.02
M Semicircular_face_03.03
M Semicircular_face_03.04

<

gd
gd¥2ddddadddddIddI

Jdad

b Spedfic roughness: NO
b Specific tolerance: NO
b Coating: NO

3° block: Manufacturing and material features of the model (interrelated for
part)

The third block take into consideration material and manufacturing features of
the part evaluating theelationships between them (e.g. distance between twag, holes
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space for tools, efg.which could affect the accessibility or the feasibility of a
particular feature (e.g. small space tomanufacturea hole implies the use of a
special tool with increasés production cost As said previouslythe third blockis

used (in connection with the second) to define the manufacturing strategy and
operation bundle of the cost routing structure (se@iér.

In Table 10 are reported an example of manufacturing and material features of
the model (interrelatefor part).

Table10 Example of 3° block

b Material feature:

b Material: Aluminium alloyi 1060
b Manufacturing feature vs. manufacturing feature/s:

b Type of feature vs. type/s of featureFeature_17 PAD vs.
Feature_2- HOLE RECTANGULAR PATTERN
Coordinates of the feature vs. coordinates of the feat(is&/s:
25;00] vs. [42,5117,5;05]

Properties of the feature vs. properties of the feature:

M  Minimum distance: 4,5 [mm]

Volume of the feature vs. volume of the feature/s: 25@D(
[mm?] vs. 196,35*4 [mr]

Area of the feature vs. area of the feature/s: 11500,06][nsn
94,22%4 [mnf]

Faces of the feature vs. faces of the feature/s:
Rectangular_face_01.01 vs. Circular_face_02.01
Rectangular_face_01.01 \@ircular_face_02.02
Rectangular_face_01.01 vs. Circular_face_02.03
Rectangular_face_01.01 vs. Circular_face_02.04
Rectangular_face_01.02 vs. Circular_face_02.05
Rectangular_face_01.02 vs. Circular_face_02.06
Rectangular_face_01.02 vs. Circular_face_02.07
Rectangular_face_01.02 vs. Circular_face_02.08
Rectangular_face_01.03 vs. Cilindrical_face_02.01
Rectangular_face_01.04 vs. Cilindrical_face_02.01
Rectangular_face_01.04 vs. Cilindrical_face_02.02
Rectangular_face_01.05 \@ilindrical_face_02.02
Rectangular_face_01.05 vs. Cilindrical_face_02.03
Rectangular_face_01.06 vs. Cilindrical_face_02.03
Rectangular_face_01.06 vs. Cilindrical_face_02.04
Rectangular_face_01.03 vs. Cilindrical_face_02.04
 PMlvs. PMI:

Specific roughnes®NO

M  Specific tolerance: NO

h Coating: NO

g d I I J

doddddddddddFddd
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Assemblyenvironment related features

Other features to mentioned are connected to the assembdgsAmbly feature
is a stereotypical assembly fAsituationo.
information carrier for assembbpecific information. Assembly information can be
divided into two types: The first type represents assembly information used to handle
a component, i.e. handlingpecific assembly information on generic level. The
second type represents information about the connections between components. So
the assembly features are divided into handling features, representing handling
information, and comection features, representing connections between
components. Aandling featureprovides information about feeding, fixturing and
grasping, for a generic component. The feeding and fixturing information consist of
predefined position and orientation infeation, together with involved contact
areas. The gripper information consists of, among other things, the number of
fingers, the maximum finger width, the finger length, minimal and maximal grasp
forces, and available motiondandling features could hebtained from the 1° and
2° blocks introduced before.

From the 1° block could be obtained information regaydor examplethe
slipperinessor the fragility of the part (from material features) and could be
calculated the number of people or the neededjrasping tool for the part
movements (physical features). From the 2° block could be evaluated the presence
of sharp points in the part of fragile section (thin or sharp manufacturing features).

The idea otonnection featureis that characteristics of connection types can be
incorporated in these features. A connection feature provides assembly information
for a specific connection between several components. Some example of connecting
feature are: involved form feature typéisal position, insertion position, insertion
path, tolerances, contact areas, internal freedom of motion, geometric refinements
(Kimura, 2001).

For the connection features is necessary the introduction of a 4° block:
Manufacturing and material featurethe model in relation with feature/s of other
model/s (interrelated for assemblg)able11)
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Tablel1lBlock 4 of the methodology

Block 4: Manufacturing and material features of the model in relation with feature/s of other model/s
(interrelated for assembly

M Material feature vs. material feature/s:

b Material vs. material/s: [string] vs. [string]
M Manufacturing feature vs. manufacturing feature/s:
Type of feature vs type of feature/s: [string] vs. [string]
Coordinates of the feature vs. coordinate of the featu
[XX;YY;ZZ] vs. [XX;YY;ZZ]
Properties of the feature vs. properties of the featirefs] vs. [mm]
Volume of the feature vs. volume of the feature/s: finra. [mn¥]
Area of the feature vs. area of the feature/s: fms [mn?]
Faces of the feature vs. faces of the feature/s: [string] vs. [string
PMI:
b  Specific roughness vspecific roughness: [string] vs. [string]
b Specific tolerance vs. specific tolerance: [string] vs. [string]
b Coating vs. coating: [string] vs. [string]

Jdaddd Jd

Features used in analytical and DfM/DfA methodologies for assembly are
summarized iMablel12, describing also their information/attributes.

Table12 Features classification for assembly environment

Assembly Handling feature 1° Block Material feature [strings]
feature Physical feature [strings]
2° Block Material feature [strings]
Manufacturing feature
[strings]
Connection feature 4° Block Material feature vs material

feature [strings vs. strings]
Manufacturing feature vs.
manufacturing feature/s
[strings vs. strings]

4° block: Manufacturing and material features of the model (interrelated for
assembly)

The 4° block is similar to the previous of@ block)but in this case the features
are relatd to different component&.he fourth block take into consideration the
relation between material and manufacturing features of two or more components in

an assembly. In thiblock, a givenmaterial or manufacturing featuoé a model
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(componerntneeds tdoe investigated against features of other modelsiponents
that are composing the same assembly (features relation).

The fourth block is used (in connection with the second) to define the assembly
strategy and operation bundle of the cost routing stre¢sectior8.2.3.

Assembly strategy defines the specific assembly process to be used for converting
a series of components in final assembled product (e.g., welding vs gluing vs
bolding) and is composed bysaries of operations bundles. The choice for a specific
assembly strategy is also based on material of assembly components (e.g. for plastic
parts welding operation are not feasible).

In Table 13 are reported an example of manufacturing and material features of
the model ifiterrelatedor assembly).

Table13 Example of 4° block

M Material feature vs. material feature/s:

b Material vs material/s: Aluminium alloy 1060 vs. Aluminium

alloyi 1060
b Manufacturing feature vs. manufacturing feature/s:

b Type of feature vs. type/s of featurefseature_2 - HOLE
RECTANGULAR PATTERN (upper part) vs. Feature_2 i
THREADED HOLE RECTANGULA R PATTERN (base
part)

b Coordinates of the feature vs. coordinates of the feat(4&/5:-
17,5;05] [42,5;17,5;05] -§2,5;17,5;05] {42,5:17,5;05] vs.
[42,5-17,5;05] [42,5;17,5;05}42,5;17,5;05] {42,5:17,5;05]

 Properties of the feature vs. propestad the feature/s:
M Axis gap: 0 [mm]

M Diameter gap: 1 [mm]

M Volume of the feature vs. volume of the feature/s: 392,7|
[mm?] vs. 196,35*4 [mm]

b Area of the feature vs. area of the feature/s: 179,91*4[vsn
94,22%4 [mnf]

b Faces of the feature vs. facedtod feature/s:

b Cilindrical_face_02.01 (upper part) \Y%
Cilindrical_face_02.01 (base part)

b Cilindrical_face_02.02 (upper part) \%
Cilindrical_face_02.02 (base part)

b Cilindrical_face_02.03 (upper part) Y

o)

Cilindrical_face_02.03 (base part)
Cilindrical_fae_02.04 (upper part) VS
Cilindrical_face_02.04 (base part)
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' PMlvs. PMI
M  Specific roughness: NO
M  Specific tolerance: NO
M Coating: NO

b Material feature vs. material feature/s:
b Material vs material/s: Aluminium alloy 1060 vs. Aluminium
alloyi 1060
M Manufacturing feature vs. manufacturing feature/s:

M Type of feature vs. type/s of featurdfgature_1- PAD (upper

part) vs. Feature_1- PAD (base part)

b Coordinates of the feature vs. coordinates of the feature/s:
25;00] [50;25;00] {50;25;00] [50;-25;00] vs. [50:25;00]
[50;25;00] F50;25;00] F50;-25;00]

Properties of the feature vs. properties of the feature/s:

M  Minimum distance: 0 [mm]

Volume of the feature vs. volume of the feature/s: 2500

[mm3] vs. 125000,00 [mm3]

Area of the feature vs. areéithe feature/s: 11500,00 [mdhvs.

11500,00 [mrA

Faces of the feature vs. faces of the feature/s:

b Rectangular_face_01.02 (upper part)
Rectangular_face_01.02 (base part)

PMI vs. PMt

M  Specific roughness:

M Ra 1,6 [ &m] on:

M Rectangular_face_01.02 (upper part)
Rectangular_face_01.02 (base part)
b Specific tolerance: NO
b Coating: NO

g d I

&

b Material feature vs. material feature/s:

b Material vs material/s: Aluminium alloy 1060 vs. 11SMn30Q
(class 4.6)

M Manufacturing feature venanufacturing feature/s:
M Type of feature vs. type/s of featurefSeature_2 - HOLE
RECTANGULAR PATTERN (upper part) vs. Feature_1 i
CYLINDRICAL PAD (screw)
b Coordinates of the feature vs. coordinates of the feat(4&/s:-
17,5;05] [42,5;17,5;05] -§2,5;17,5;05] F42,5:17,5;05] vs.
[42,5-17,5;05] [42,5;17,5;05}42,5;17,5;05] {42,5:17,5;05]
b Properties of the feature vs. properties of the feature/s:
b Axis gap: 0 [mm]
b Diameter gap: 1 [mm]

b Volume of the feature vs. volume of the feature/s: 196,3
[mm?] vs. 284,71*4 [mrf]

b Area of the feature vs. area of the feature/s: 94,22*4’nam

227,69*4 [mnd]

Faces of the feature vs. faces of the feature/s:

M Cilindrical_face_02.01 (upper part) \%
Cilindrical_face_01.01 (screw 1)




b Cilindrical_face_02.02 (upper part) \%
Cilindrical_face_01.01 (screw 2)

 Cilindrical_face_02.03 (upper part) Y
Cilindrical_face_01.01 (screw 3)

b Cilindrical_face_02.04 (upper part) \%
Cilindrical_face_01.01 (screw 4)

M PMIlvs PMI:

b Specific roughness: NO
M  Specific tolerance: NO
b Coating: NO

M Material feature vs. material feature/s:

™

Material vs material/s: Aluminium alloy 1060 vs. 11SMn3Q
(class 4.6)

b Manufacturing feature vs. manufacturing feature/s:

s}

™

Type of feature vs. type/s of featurdfeature_2i THREADED
HOLE RECTANGULAR PATTERN (base part) vs.
Feature_17 CYLINDRICAL PAD (screw)
Coordinates of the feature vs. coordinates of the feat(4@/s:-
17,5;05] [42,5;17,5;05] -f2,5;17,5;05] {42,5:17,5;05] vs.
[42,5-17,5;05] [42,5;17,5;05}-42,5;17,5;05] {42,5:17,5;05]
Properties of the feature vs. properties of the feature/s:

M Axis gap: 0 [mm]

b Diameter gap: 0 [mm]
Volume of the feature vs. volume of the feature/s: 392,7
[mm?] vs. 284,71%4 [mrf]
Area of the feature vs. area of the feature/s: 179,91*47[msn
227,69*4 [mmd]
Faces of the feature vs. faces of the feature/s:

b Cilindrical_face_02.01 (base part) V]
Cilindrical_face_01.01 (screw 1)

b Cilindrical_face_02.02 (base part) V]
Cilindrical_face_01.01 (screw 2)

M Cilindrical_face_02.03 (base part)
Cilindrical_face_01.01 (screw 3)

b Cilindrical_face_02.04 (base part) V]
Cilindrical_face_01.01 (screw 4)

PMI vs. PMI:

b Specific roughness: NO
b Specific tolerance: NO
b Coating: NO
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3.2. Analytical cost estimatioanalysis

As said in previous chapters analytical cost estimation approach consist in

decomposing a product into elementary units, operations, and activities that
represent different resources consumed during the productionacytlexpressing

the cost as a summation of all these components. This section will define two
frameworkwhich can be used by designers and engineers for the analytical cost
estimation of mechanical products. One framework is dedicated for manufacturing a
single component, while the other one is for assembly of a group of parts. Is

important to notice that the two frameworks are similar in some aspect. The proposed
approach is based on an article written in collaboration with other university
colleagues (Madholini et al., 2020) and in case of assembly is based on Boothroyd
methodology (Boothroyd et al., 2011)

Theframeworksare composed by five main paradigms used for formalizing the

knowledge required for the cost estimation of products:

() a manufacturing/assmbly process data structureo represent the logical
sequence of manufacturing or assembly operations;

(i) a cost breakdown structure used for breaking out the
manufacturing/assembly costs;

(iii) a cost routingused for the collection of the knowledge required dor
manufacturing/assembly process definition;

(iv) a cost modelised for the collection of the knowledge required for calculate
the cost of each manufacturing/assembly process operation;

(v) a workflow for determining a manufacturing/assembly process using 3D
virtual prototypes.

Manufacturing process could be classified ifitbshing, forming/shapingand

joining processegAshby, 2A.0). Since there are great differences among such
processes, the framework presented in tiesis has been conceived for

forming/shajpng processes. Joining and finishing are beyond the boundaries of this
framework.
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Mainly forming processes are:

casting sand casting, die casting, investment casting;
moulding injection moulding, compression, blow moulding;
deformationrolling, forging, drawing;

powder sintering, HIPing;

1
1
1
1
9 machining cutting, turning, drilling, grindinggtc;
1

heat treatmentgguench, temper, etc.

On the contrary the assembly process can be done temporarily with fasteners or
permanently by welding or gluing. tthe assembled part requires service, it is better
to connect temporarily. During the assembly process, the order should also be
considered during the design stage

Section3.2.1definesmanufacturing process data structyutbe logical sequence
for transforming a raw material into the final product, asdembly process data
structure the logical sequence for connect the single parts together infmahe
product. Sectio3.2.2describe theost breakdowstructure. SectioB.2.3provides
cost routingused for collecting the manufacturing and assermddgted knowledge,
while section3.2.4 provides thecost modelused for collecting the costlated
knowledge considering each operation within a manufacturing/assembly process.
Section3.2.5describes thevorkflowi n t he component ds manuf act
cost estimation starting from a component 0s

3.2.1.Process data structure

A manufacturing procesg-igure 9) can be defined as sequence of operations
needed to transform raw materials into final components, while an assembly process
(Figure 10) is the sequence of operations needed to join the single components
together and obtain final products. To describe a manufacturing or an assembly
process for pduct cost analysisreneeded:

(1) the representation of the characteristics of the product to be manufactured
(geometrical features, components required, etc.);
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(ii) the available technology (machines, services, equipment, tool, etc.);

(iir) the tasks/operations required to achieve these features. Each task of a
generic manufacturing process is defined based on the geometrical
product features and other features that gextig the process (status
of the machines, characteristics of the raw material, etc.) (G@respo,

2010).

|

Samemachine

v K
=I ‘ Sameclamping
v K
=I ‘ Sametool
| v K
— ] |

Figure 9 Schematic model of a generic manufacturing process (UML class
diagram)

A working plan consists of several phases and operations performed with the
same machine or in the same cost centre. In a single phase, operations are grouped
into subphases, in whit they are realized with the same wqikce clamping. A
clamping contains different tools which can be used in the manufacturing of the final
part. Microphases grouped operations realized through use of the same machine,
work-piece clamping, and tools.
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Same tool

Figure 10 Schematic model of a generic assembly process (UML class diagram)

Assembly planning can be roughly divided into three phases (Nasr, 2006):

1. Selection of assembly method: identifying the one maost suitable method for
the product while accounting for the type of assembly system to be used.

2. Assembly sequence planning: generating a sequence of assembly phases.
Each phase groups operations realized with the same tools (e.g. tighten a
series of identical screw for closing d)li

3. Assembly operations planning: emphasizing the details of individual
assembly steps, such as access directions, mating movements, and
application of fasteners.

3.2.2.Cost breakdown data structure

Starting from the proposed process data structure, a coktibveadata structure
is necessary to collect information of each phase and operation. The schema for
collecting the costs of each item is represented by the treEigare 11
(manufacturing) and iigure12 (assembly).

The costs, in case of manufacturing, are divided into six categories:

0] material;
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(ii) machine

(iii) labour;

(iv) equipment

(V) consumables;

(vi) energy

While in case of assembly the costs are divided into four categories:
(i) labour;

(i) equipment

(i) consumables;

(iv) energy

These representations derive from a literature analysis and combines the retrieved
information to reflect the most common classifications for the cost estimation of
different manufacturing/assembly processes and the cost items generally used in the
manufat ur i ng technol ogies (Chiadamrong et
et al, 2006)(Xu et al, 2012).
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Figure 11 Cost breakdown structure (manufacturing) (UML class diagram)
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Figure 12 Cost breakdownteucture (assembly) (UML class diagram)

Thematerialcategory represents the costs of raw material needed to manufacture
a specific part/component. The raw material cost, or also called gross cost, includes
the sum of the partsd net cost and waste cc

Material waste is composed by two categories:

0] Scraps the material in excess of what is necessary for processing (e.g.,
flash in the forging process or the runners in casting). In some cases,
scraps can be contaminated with lubricant, which decreases et
cause additional cleaning and decontamination operations required for
their reuse.

(ii) Defected partsthe noacompliant components realized during the initial
process startip or during production. A typical example of stapt
waste are the initialipces in the plastic injection process when a change
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of the component colour is made; this initial parts will not be of the
expected colour, but there will still be some leftover pieces from the
previous colour that remained inside the moulds. Both typdefected
parts (those realized during stag and those realized during production)
are classified into contaminated and uncontaminated pieces.

Machineandlabour categories refer to the cestntres used for performing an
operation. These costs arether classified into to:

0] Operation A sub-category referred to the manufacturing or assembly
operations (e.g., chip removal, plastic deformation, forging, heating,
screwing, welding etc.) that directly contribute toward the realization of
thefinalcomponent. These items are consi der

(ii) Idle: A sub-category referred to a passive phase when one operation has
been completed and tooling or materials for the next one is not yet
completed or available. In this condition, the maelonthe operator (or
also the equipment in case of assembly) is available in theory, but it does
not perform any work. This item is also considered a product direct cost
as manufacturing operations.

(i) Setup:A sub-category referred to the previous idle ggems, such as
tool setting and machine/equipment cleaning, required before starting the
production. The operations time not depend by the batch dimension, but,
the related cost must be split according to the batch quantity for
calculating the setup cokir each component. For this motivation, the
machine setip cost is an indirect cost.

For each process operation, according to the degree of automation, one/no
machine and/or one/multiple worker(s) can be employed. The hourly cost rate of a
machine compriss its maintenance, overhead and depreciation cost, whereas the rate
for an operator comprises the operatords we

Theequipmentategory refers to those tools, such as mould jigs and fixtures (in
case of manufacturing) or drill and weldimgchines (in case of assembly), required
for performing a specific process operation. The cost is the sum of the initial
expenditure and the maintenance cost during its usage. The initial expenditure
considers the cost for bought them or in case of intexgaipment production
considers the design and manufacturing plus the material cost. This cost is
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independent of the production volume; hence, the related cost must be split for the
production volume for calculating the equipment cost for each component.
Therefore, the equipment cost is considered an indirect cost.

Theconsumablesategory refers to those materials that enable the process itself
(e.g., lubricants used for forging, gas cutting assistance for laser cutting, shielding
gas or filler material sed for welding, etc.). This item is a direct and accessory cost
directly allocated to the cost of each component or assembly.

The energycategory refers to the energy vectors (e.g., electricity, water, steam,
etc.) that guarantee that the process wdekergy may be required by machines
and/or equipment, and the related cost is function of their power and working time.
This item is considered a product direct cost.

3.2.3.Cost routing

A cost routing (manufacturing figurel3and assembly iRigurel14) is defined
as a hierarchical data model of five clasasblue colour). Each class contains
groups of attributes and rules for generating manufacturing or assembly processes
from 3D virtual models of components. This hierarchical data model is required
cause each process is defined through a wstdp apprach 6ection3.2.5, which
starts from the setting of a production scenario to the calculation of the elementary
operations necessary for converting raw materials into finished parts. A cost routing
does not cotain direct information for computing the cost of a process, while such
knowledge is contained in cost models. Rules contained in a cost routing can be
classified into three groups and are required for generating a manufacturing process:

0] Validity rules: necessary for establishing only the feasible
manufacturing/assembly solutions in the group of all the possible ones.
Validity rules are required in case of migtienario simulation.

(ii) Priority rules. needed for sorting the feasible solutions, with the parpos
of selecting the best one. Priority rules are required to identify the
optimized production process.

(i) Calculation rules:used for computing process parameters. Calculation
rules are needed for evaluating and sorting the manufacturing/assembly
solutions.
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Figure 13 Manufacturing cost routing structure (UML class diagram)
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In case of manufacturing the five constructs of a cost routing can be summarized
as follows:

)l

Production scenario It consists of a list of production strategiead
represents the first container of knowledge required for defining a
manufacturing process. A scenario could represent the facilities and
production technologies available (the context) in which the manufacturing
process is realized (make a productinglly or buy from a supplier). At this
level, validity and priority rules are required for establishing the production
scenario in which a component is realized.

Production strategyThis strategy roughly defines the overall manufacturing
process (e.gmachining from block vs machining from sefiriished casted

part) to be used for realizing a component and contains list of pairs, such as
raw material and manufacturing strategies. Validity and priority rules are
both required for defining a specific prattion strategy.

Raw material strategy This strategy defines the raw material (e.g.,
commercial semfinished material, casted/forged elements) to be used for
realizing the final part. Feature recognition algorithms compute in automatic
way a raw materiagtrategy, which is obtained by the characteristics of the
material and the partél® block of the feature recognitianflgorithms
calculate dimensions and typology of raw matdralvmaterial recognizer)

For this strategy, only validity and calculatinrles are applicable. The last
ones are used for determining the size of a stock.

Manufacturing strategyThis strategy defines the specific manufacturing
process to be used for converting a stock into a finished component (e.g.,
machining vsadditive) and is composed by a series of operations bundles.
Each operation bundle has a series of validity and priority rules.

Operations bundle An operations bundle is composed by the group of
operations needed for a specific product manufacturingres@dtyy 2° and 3°

block of feature recognition)t is consisting of a series of faces and related
properties, such as slot depth, slot shape, maximum and minimum tolerance,
maximum and minimum roughness. Some examples of product
manufacturing features are slots, holes, threaded holegutajtfillets,
chamfers, milling features, turning features. A product manufacturing feature
can be alternatively realized by one bundle at a time. Specific recognizers
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contain feature recognition algorithms which calculate these product
manufacturing features. For eachndkiof product to be analysed, such as
turned axisymmetric parts, milled prismatic parts, casted parts, or forged
parts, there is one specific recognizer. Each feature has different product
manufacturing feature properties which are used within the vatdig of

each bundle to establish which one is valid. The bundle is also responsible
for transferring the product manufacturing feature properties to the valid
operations defined inside the bundle. Indeed, a bundle may contain multiple
operations, whosealidity is managed by validity rules defined within each
operation.

Feature recognition play an important role in the definition of an operation
bundle.

Manufacturing features affect the operation bundle, cause in function of the
type of feature there W be different operations (drilling, facing, milling,
etc.) that can be produced with different tools and machidsp, the
relationships betweetwo or morefeatures (e.g. distanceetween two
features space for tools, etc.gould be affectthe accesibility or the
feasibility of a particular feature (e.g. a small spanplies the needs of
special tools The machineries and tools used affect the production cost,
cause each machinery has different hourly cost, a defined number of crew, or
differenttools.
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Figure 14 Assembly cost routing structure (UML class diagram)

In case of assembly the constructs are three and can be summarized as follows:
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1 Assembly scenaridt consists of a list of assembly strategies and represents
the first container of knowledge required for defining an assembly process.
A scenario could represent the facilities and production technologies
available (the context) in which the assembly process is realized (make a
product internally or buy from a splger). At this level, validity and priority
rules are required for establishing the assembly scenario in which a product
is realized.

1 Assembly strategyrhis strategy defines the specific assembly process to be
used for converting a series of componentBrial assembled product (e.g.,
welding vs gluing vs bolding) and is composed by a series of operations
bundles. Each operation bundle has a series of validity and priority rules. The
choice for a specific assembly strategy is also based on materiakailag
components (e.g. for plastic parts welding operation are not feasible).

I Operations bundle An operations bundle is composed by the group of
operations needed for a specific product assembly featureomplete
description of assembly featuigein section3.1.1.1

An assembly feature can be alternatively realized by one bundle at a time, as was
the case with the manufacturing feature.

3.2.4.Costmodel

As said before, a manufacturing or assembly operation is a simple block of a more
complex process, instantiated directly by a bundleost modeis a data model
which contain the knowledge necessary for production time and cost estimation for
eachoperation. A cost model could be considered a structured information object, as
shown inFigure 15 (for manufacturing) andrigure 16 (for assembly), and is
composed by a list of parameters of product and process. The product parameters are
defined by the bundle and are function of the manufacturiragsembly features
associated with the bundle. The process parameters characterize the operations from
a technological point of view. Considering as example the injection moulding
process, some of these parameters are injection temperature and pressiadre, mou
temperature, injection tonnage, mould dimensions. These parameters are computed
using specific calculation rules which are based on the product parameters. These
rules are contained in a specific database and they come from industrial practice or
industial and scientific literature. A cost model also contains several validity rules
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and calculation rules. Validity rules are used for restricting the possible cost centres
(machine and labour), energy vectors, consumables, equipment and materials
applicablefor a specific operation. Calculation rules evaluate the consumption of the
energy vector, consumables, equipment and the generation of waste. Finally,
consistent with the cost breakdown presentedrigure 11 and Figure 12, an
operation contains rules for computing the manufacturing time and cost.

Assembly rules derive from Boothroy@ewhurst (Boothroyd et al., 2011)
method of assembly. It entails the estimatiof the assembly time for each
component, which is the sum of five contributions: (i) acquisition, (ii)) movement,
(i) orientation, (iv) insertion, and (v) fastening. The assembly time depends on
multiple factors that affect the assembly steps almogeioned. Handling and
insertion times are a function of the following component parameters. Each of these
parameters directly affects the assembly process by simplifying or complicating it:

1 Component size.

Component thickness.

Component weight.

Tendency oftte component to nesting.

Tendency of the component to tangling.
Component fragility.

Component flexibility.

Component slipperiness.

Component stickiness.

Necessity of using two hands to effect assembly.
Necessity of using specialized grasping toolsftect assembly.

Necessity of optical magnification to effect assembly.

= =2 =4 =4 -4 A A A - - A -

Necessity of mechanical assistance to effect assembly.
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Non assembly operations also are included in the worksheet. For example, extra
time is allocated for each time the assembly @siemted. According to empirical
measurements and geometric considerations, the acquisition, movement, orientation
insertion, and fastening times can be separately or jointly related to these factors.
This approach allows designers to estimate the asgetiné of a component
considering its actual conditions within an assembly. For this aim, Boothroyd et al.
defined proper classification systems where establishing the relationships among
part features and manual handling, insertion, and fastening tiraddition to these
classifications systems, Boothroyd et al. also proposed equations and graphs for
estimating the assembly time according to the most important part features.
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Figure 15 Manufacturing cost model structure (UML class diagram)
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Figure 16 Assembly cost model structure (UML class diagram)

To compute the process parameters, it is necessary to establish the following
information:

1 Machine (only for mamfacturing) The machine is the cost centre used for
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realizing the operation. Each operation has a list of available machines
restricted by a list of validity rules (e.g., press tonnage in injection moulding
or in forging must guarantee a camping forceaggethan that one required

by the process) Is important to emphasize that process parameters are
influenced by the machine (e.qg., in forging process the forging time depends
on the press force and dimensions).

Labour (both for assembly and manufacturingdbour is another cost centre
that can be used for operation realization. It behaves in the same way as the
Machine

Energy (both for assembly and manufacturig) energy vector is generally
electricity. For each operation could be used one, multiplecoenergy



vectors. The energy consumption mainly depends on the machine, product,
process parameters, the equipment or tool used (e.qg., electricity consumption
depends on the machine or equipment power and time of usage).

Consumable (both for assembly andnufacturing) Regarding consumables

can be made the same considerations of energy. Consumable are lubricants,
cutting tools, cutting assistance gas, shielding gas for welding, filler
materials, glue, etc. Each operation could use one, multiple or no
corsumables. The consumables consumption mainly depends on the
machine, product and process parameters.

Equipment (both for assembly and manufactuririguipment are jigs,
fixture and moulds, welding machine, wrenches, screwdriver and as well as
for energy ad consumables each operation uses one piece of equipment,
multiple pieces of equipment, or no equipment. The equipment depends by
the machine and some process parameters, such as batch size or production
volume. In many cases an equipment influences gqihmress parameters

(e.g., hot chambers in injection moulding process are used to reduce raw
material scrap).

Waste (only for manufacturingfcach operation generates scraps or defected
parts during the process stap or normal production (runner volunie
casting, or flash in forging). Waste depends on both the product and process
parameters and the maturity of a procesdatt in a welltested process
scrap are limited compared to a new process (learnability curve).

All this information contributes to the calculation of the operations cost, but not
all are necessary. Hfact, while one machine or labour is required, all the other
components are optional (e.g., a consumable is not applicable for injection moulding
or for bolted assembly).

3.2.5.Workflow for the definition of a manufacturing process

As show in previous sections, the analytical manufacturing cost estimation
process is a sequence of multiple steps, and the calculation of its cost breakdown is
presented ifrigurel1 andFigurel2 (UML Sequence Diagram). Starting from a 3D
virtual prototype of a compongrthe workflow for the definition of a manufacturing
process consists of six decision stepgyre 17), while the workflow for the



definition of an asembly process consists of 4 decision s{Efipure18). Each step
is supported by the proper knowledge, which is a combination of databases and
knowledg-based rules.

The cost estimation process, both for manufacturing and assembly, is based on
the following set of product and process related information:

i 3D CAD model This is the Boundary Representation model (BRep) of the
part which will be analysed f@xtracting process specific attributes required
for defining the manufacturing process. Specific attributes are stamping or
machining direction, quantity of undercuts, etc.

1 Geometrical and nogeometrical attributesThese attributes are general and
represent overall dimensions, maximum/average thickness, weight, material,
shape (i.e., axisymmetric, prismatic, sheet metal, etc.). These attributes are
retrieved from the 3D CAD model.

1 Product Manufacturing Information (PMI)PMI are the roughness,
toleran@s, welding length and other attributes, such as surface coatings, heat
treatments and surface finishing, that are related to the manufacturing process
and are directly linked to the 3D CAD model.

T Process attributes These attributes denote information ate to
manufacturing aspects, such as batch size, production volume, and delivery
time.

Manufacturing

The first step of the cost estimation of a manufacturing process is composed by
substeps 1a, 1b, 1c and 1d. In this step is established the overall production scenario.
In the firstonethe user defines the production information (batch size, production
volume and general PMI (roughness, tolerance and coating)) and select the CAD
model of the part. After that, from 3D CAD model, are extracted product
manufacturing information (material, shape, ect) and at the end the production
scenario is instantiated.daed, the manufacturing process and the related costs first
depend on the production environment, which is characterized by the production
facility (e.g., machine tools, tools, plant layout, and overall equipment
effectiveness), the raw materials warehoarse the sourcing strategy. The selection
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of the right production environment is usually determined by vendor ratings and
supplier selection methodologies.

The second step of the cost estimation process is the definition of the production
strategy and incldes the selection of the raw material and manufacturing process.
The selection of raw material type (e.g., commercial gemished product or custom
stock) and the manufacturing process type (e.g., forging vs chip forming) is
performed at the same timiese these two aspects are dependent on each other. For
example, closed die forging process is valid only for metal materials (validity rule),
which are appropriate only for production volumes greater than hundreds of
components (priority rule). The valtgiof a production strategy is also triggered by
the validity of the raw material and manufacturing strategy. In the case of one of
these rules are not valid, the production strategy where such manufacturing or raw
material strategies are used will be ildated.

The third step, composed by 3a, 3b and 3cstaps, is the definition of raw
material features. Based on the information on the type of material, some features
are assessed by the model such as the following:

Type of supplied material: commerckear, sheet metal, or billet.

Shape: circular, rectangular, or solid/hollow.

Supply status: hot rolled, extruded, grinded, or galvanized.

1
1
1 Dimensions: thickness, length, width, and height.
1
1 Volume.

1

Weight.
Unitary cost.

The type of supplied material is cpoted according to the produetiated
information previously presented, by using validity and calculation rules. For
computing such information, feature recognition algorithms should be employed for
analysing the 3D CAD model, with the aim of definingaferaw material features
consisting of a set of geometrical information required for selecting the stock (Han,
2000) (Cicconi, 2010). The raw material cost is computed by multiplying the amount
of requested material by the unitary cost.
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The fourth stepof the cost estimation process is the definition of the
manufacturing strategy to be employed for making a component/product. For
example, mass products should be realized by adoptingphigluction processes
and machines. Considering the closed dieifigrghis process is recommended only
for production volumes greater than hundreds of components.

The fifth step, composed by 5a, 5b, 5c, 5d and 5eswys, is an intermediate
phase before the calculation of the operations sequence. Indeed, a wholeastmpo
or a group of its surfaces can be realized employing multiple and different
operations. For example, although a specific manufacturing strategy may be already
defined, a hole (according to its shape, diameter, depth, roughness, tolerance, and
productmaterial) can be realized by adopting different operations. Indeed, for a
milling from a block strategy, a hole can be realized with a simple drilling operation
or rather from combining drilling and boring operations according to the dimensional
tolerancefor its diameter. The operations bundle is the container of knowledge that
provides the definition of the sequence of operations required for a certain product
manufacturing feature.

The sixth step (6and & sub steps) consists in combining all the valirations
calculated up to now (with related cost) to define the operations list that represents
the manufacturing process of a product. The total manufacturing cost is computed
by adding the raw material cost and the cost of each single operation.

Figure1l7 summarize the workflow of a manufacturing process cost estimation.
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Figure 17 Workflow for defining a manufacturing process (UML sequence
diagram)
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Assembly

The first step of the cost estimation process of an assembly is composed by sub
steps la, 1b, 1c and 1d. In this step, as well as in the case of manufacturing, is
established # overall production scenario. In the fi(st, 1b)the user defines the
production information (batch size, production volume) and select the CAD model
of the assembly and then parts which compose them. After that, from 3D CAD
model, are extracted assdgnbnd manufacturing information (material, shape, ect)
and at the end the assembly scenario is instantfatedLd) Indeed, the assembly
process and the related costs first depend on the production environment, which is
characterized by the producticecility (e.g., machine tools, tools, plant layout, and
overall equipment effectiveness) and the sourcing strategy. The selection of the right
production environment is usually determined by vendor ratings and supplier
selection methodologies.

The second ep (2a) of the assembly cost estimation process is the definition of
the assembly strategy and includes the selection of the assembly process in function
of material and components features. The selection of the assembly process type
(e.g., welding vs bahg) is performed taking in consideration components material
and shape at the same time since these two aspects are dependent on each other. For
example, automated welding jointing is valid only for metal materials (validity rule),
which are appropriatenty for high production volumes (priority rule).

The third step, composed by 3a, 3b, 3¢3&hnd 3fsubsteps, is an intermediate
phase before the calculation of the operations sequence. Indeed, joining two or more
components of an assembly can beizedl employing multiple and different
operations. For example, although a specific assembly strategy may be already
defined, a screw (according to its shape, diameter, depth, roughness, tolerance, and
product material) can be tightened by adopting diffeaperations (for example
using manual wrench or an electrical screwdriver). The operations bundle is the
container of knowledge that provides the definition of the sequence of operations
required for a certain product assembly feature.

The fourth step (4aand 4b sub steps) consists in combining all the valid
operations calculated up to now (with related cost) to define the operations list that
represents the assembly process of a product.

Figure18 summarize the workflow of an assembly process cost estimation.
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Figure 18 Workflow for defining an assembly process (UML sequence diagram)
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3.3. DfM/DfA analysis

In this stepDfM/DfA design rulesare linkedwith 3D CAD features developed
during the engineering design process of parts or assemblies. The methodology is
based in a frmework composed by a database rulegository, mathematical
equations and 3D CAD model feature recognition. Mathematical equations are used
to verify the compliance of design guidelines with the information retrieved by the
3D model data reading. A dedied repository (DfM/DfA rules DB) is necessary to
collect all the information in a structured way based on the KB sy&ention
3.3.]). Validated and nowalidated DfM/DfA rules are displayed to the designer
with the aim to keep him/her informed about the feature that are not compliant with
the guidelines collected in the reposit@sgction3.3.2. The proposed methodology
is based on an article written in collaboration with other university colleagags (
et al., 2020).

The main idea underpinning this research study concerns thibipgsto link
DfM/DfA design rules with 3D CAD features developed during the engineering
design process of parts or assembilies. It is well known that DfM/DfA design rules
are part of the company knowledge (through the experience and the skills of their
engineers) whose dissemination among employees and technical departments is a
critical issue. As a standard practice, designers usually use DfM/DfA guidelines as
a sort of checklist once finished the engineering phase, or even worse. Sometimes,
these guidénes are checked by production engineers before starting the production
(approval of the technical drawings). This approach increases the time to market and
the number of iterations between design and manufacturing departments (design
reviews).

Intendingto integrate DfM/DfA approach within the 3D CAD modelling, this
section describes the materials and method used for this purpose. The method
concerns three main aspects:

(i) 3D CAD Model feature recognitioand organizatiorfdescribed in section
3.1.1..

(i) A KnowledgeBased (KB) Systerfor DfM/DfA rules classification and

deposition.
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(iii) A Rules Validation Systeto connect 3D Model feature to DfM/DfA rules
contained in the database.

In Figure 19 are represented the overall methodology framework for DfM and
DfA methodology.

Rules Validation System

3D CAD Maodel feature recognition

______________________________ -
Rules Validation System 1 1
[ - T S— I
'y Materi - !
PhysicalFeatures . I
1 1
| |
! Shape !
1 1 Volume |
[ N T S e |
1y MaterialFeatures < Dimensions !
T MamfacturingFeatures <4~ | | 1
| H 1
! | i |
1 . 1
1 P e Material \
A T 5 !

P e N e T D s ——
1 = 1 ! 1 MaterialFeatures o::- !
1 DIMDIA Rules 1 : ManufacturimgFeatures !
|
1 1D | 1 Type I
1 Manufacturing .tcclmﬂlogy 1 | Coordinate |
1 Material . 1 | 1 Properties. |

| CAD feature recognition 1 . i Volume

| Rulesrprsensnon e ] e !
____________ 1 | MaterialFeatures 7 F Faces !
X ManufacturingFeatures < PML :

Knowledge-Based (KB) System
L e == 1

Figure 19 Overall methodology framework for Dfshd DfA methodology

3.3.1.Knowledge Based System

A Knowledge Based System is used to classify the DfM/DfA rules. The system
for classifying these rules is based on three main fundamentals:

(iv) Knowledge acquisitianrefers tothe literature analysis and industry best
practices investigation for the collection of DfM/DfA design rul&his
phase could be divided in two main steps: (i) the collection of design rules
for several manufacturing and assembly technologies, and H@) t
identification of geometrical entities and numerical parameters involved in
the design rules.

(v) Knowledge processingefers to the connection between the DfM/DfA

design rules collected in knowledge acquisition phase and the geometrical
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features of a virtal 3D model (CAD file). This phase is essential to transform
the DfM/DfA rules list into a systematic design review of the product (3D
CAD Model).

(vi) Knowledge representatiomefers to the definition of a structured database
repository for the collection anthe formalization of DfM/DfA knowledge.
This phase includes the logical definition of DfM/DfA design guidelines
(syntax) and related information, as well as suggestions about design changes
to guarantee the corrected product manufacturability and assahtyl

Here now will be explained in detail the previous three main fundamentals.

3.3.1.1. Knowledge acquisition phase

From the manufacturing and assembly perspective, production knowledge
represents the groundwork for a proper implementation of DfM/Bféthods
(Hoque et al., 2013). Knowledge can be divided into tacit and explicit knowledge
(Darai et al, 2010). Tacit knowledge is the knowledge that people carry in their
minds. Hence, this knowledge is not formalized and not widely used by an
organization Explicit knowledge, instead, refers to a set of information that can be
articulated, codified, and stored in certain media.

Knowledge acquisition phase begins with the analysis of the literature related to
the DfM/DfA topic (book, research papers, teclhieports, master/Ph.D. thesis).
In particular the most interesting authors have been: Boothroyd et al., (Boothroyd et
al., 2011), Bralla (Bralla, 1999), Ciambrone (Ciambrone, 2007), Poli (Poli, 2001),
Molloy et al. (Molloy et al., 1998) and El Wakil (EVakil, 2019). Some of the
previous authors write DfM/DfA rules as a list of actions about what to do and what
is better to avoid during the design phase of a mechanical component realized
employing a specific manufacturing technology. On the other handpfoe other
authors, the DfM/DfA rules are not explicitly stated, and a meejpth analysis is
necessary to extract applicable design rules. Another essential source for the
acquisition of DfM/DfA rules concerns the use and the access to the available
documentation of commercial software and tool developed for DfM/DfA analysis.
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For example, DFMA® tool from BOOTHROYD DEWHURSTINC.
(https://mvww.dfma.com/) and DFMPro® from HCL Technologies Ltd.
(https://dfmpro.com/) are two software tools developed to dedigners and
engineers in designing assemblympliant products. Besides, authors organized
several meetings in design departments of manufacturing companies to collect best
practices and rules dedicated to given manufacturing technologies.

3.3.1.2. Knowledge proessing phase

Knowledge processing phase consist in the definitidheiDatabase Repository
of the DfM/DfA knowledge previously acquihirel.starts with the definition and
classification ofDfM/DfA rulesassociated with a given manufacturing technology
The repositorys composed by three sections:

() Manufacturing technologyrecalling the technological aspects related to a
given rule

(i) Material, providing material information related to a given rule.

(i) CAD feature recognition identifying geometrical paragters and
mathematical equations associated to a given rule.

Manufacturing technologis related to the technological aspects of a given rule
and includes: (i) manufacturing technology class, (ii) manufacturing technology type
i level I, and (iii) manufactring technology typé level Il. The adoption of these
clusters is necessary to classidyM/DfA rules that are generic for a technology
class (e.g. machining, sheet metal stamping, metal forming, metal casting, plastic
forming, welding, assembly) or spkc for a manufacturing operation of the defined
technology class (e.g., drilling). Indeed)®/DfA rule may be valid for the generic
manufacturing technology class (e.g., machining) regardless of the specific operation
(e.g., turning, milling, drilling. Conversely, &fM/DfA rule may be valid only for
a specific operation (e.g., drilling) and cannot be generalized for the manufacturing
technology class that contains the operation (e.g., machining). The identification of
two levels for manufacturing teoology type allows classifyin@fM/DfA rules
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based on a list of operations (e.g., turning) or for a single operation (e.g., drilling,
external cylindrical turning, internal cylindrical turning).

Material section requires the definition of two clustercading to Ashby
(Ashby,2010: (i) material class, and (ii) material type. These two groups allocate a
given DfM/DfA rule to a generic class (e.g., carbon steel) or a specific type (e.g.,
C40) of materials. The identification of these two clusters allolassifying
DfM/DfA rules that are valid for any material (N.ANot Applicable), for a given
material class (e.g., stainless steel) or for a given material type (e.g., AISI 304).

CAD feature recognitioslassifies the geometrical parameters and matheshat
equations with 3D CAD features to recognize in relation with a gdf&tiDfA rule.
This section is divided in: (i) 3D CAD features, which identifies the type of feature
to recognize (e.g., hole, slot), (i) PMIProductManufacturing Information tcead
(e.g., roughness, tolerances), (iii) dimension/geometry, which is connected to the
features properties (e.g., hole diameter, hole length, hole length/diameter ratio), and
at the end the rules to verify (e.g. hole length/diameter ratio < 5).

Table 14 presents the overall structure of the repository used for collecting and
storing the ruleelated information. Two examples facilitate underdiiag the type
of information to store for each section.

Table14 Overall structure repository example

Manufacturing technology Material CAD features recognition
Rul | Manufactu| Manufactu | Manufactu | Mater | Mater | CAD PMI to | Dimension | Rul
elD | ring ring ring ial ial features | recogn | s es
technolog | technolog | technolog | class | type to ize to
y class y type y type recogni veri
level 1 level 2 ze fy
MO | Machining | Milling N.A. All N.A. Pocket | N.A. s: r
03 and/or pocket/con | <=
contour tours s/6
s thickness
r: inner
radii
AOO0 | Assembly | Bolted N.A. All N.A. Hole N.A. Center or [X1
3 Center Gravity ,
or coordinates| Y1,
Gravity of feature | Z1]
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coordin 1:[X1, VY1, | =
ates Z1] [X2

Center or s
Gravity Y2,
coordinates| Z2]
of feature
2:[X2, Y2,

Z2]

3.3.1.3. Knowledge representation phase

Knowledge representation phase has the function of explain correctly the rule to
the designer. Then this phase is composed by three main pillars: (i) a predefined
syntax, (ii) the type of guidele, and (iii) an explicatory image. EabRV/DfA rule
is defined in a prelefined form. Then, a taxonomy and a syntax are necessary to
keep consistency among different guidelines and to provide the same level of details
and information that can be manipigld by the mechanical designer during the
product development process. For eB&/M/DfA guidelines there are necessary and
optional information. Necessary information provides the minimum set of
information to perform a design improvement. Then necessaryd r mat i on o6 s
design action to do (verb), and the subject which requires modification (hame).
Optional information provides additional data that allows clarifying the context in
which the design action is required. These additional data are thdattaning
process, the type of feature involved, the type/family part, and the type of material.
The type of guideline classifies the importance of the rules. A rule could be divided
in three level of importance:

9 Critical: precludes the technological feakty.

I Warning: generate potential problems or complications during
manufacturing or assembly.

1 Information: is a suggestion that would be desirable, a nice to have (e.g. for
cost reduction).
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To give a more detailed understanding of Df&d/DfA design rué, an image
explains what to do and what to avoiéble 15, Figure20 andFigure21 summarize
examples of the previous DfM and DfA ruleTdible14.

Table15 Example of DfM/DfA guideline syntax

Action (verb) Subject Context | Context | Context Context Type of
(name) (type of (type of (type of (manufacturing | guideline

feature) part) material) | process)

Necessary Necessary Optional | Optional | Optional Optional Necessary

Avoid sharp internal N.A. N.A. in milling Critical
corners operations

Guarantee alignment of hole N.A. N.A. in assembly Critical
axes operations

Figure 20 Example of DfM/DfA guideline picture (rule 1D aB)
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Figure 21 Example of DfM/DfA guideline picture (rule ID A%)0

3.3.2.Rules Validation System

Rules Validation System is the core of the entire system with three main purposes:
interaction with the 3D CAD Model, extrapolate rules from the DB repository and
then evaluate which design rules in 3D CAD Model are respected and which are not.

The interaction module is the link with the CAD environment, and it allows to
display in which feture the rule fails, and so where the designer can make design
changes on the model. This stage deals with the execution of the DfM/DfA design
rules for which any part is analysed to check whether it satisfies or not the rules. The
link with the CAD tool dows realtime simulation of the design changes and the
possibility to check if the design change is compliant with the manufacturing
process.

A dedicated repository (DfM/DfA rules DB) is necessary to collect all the
information in a structured manner bdson the KB system. The KB system informs
the designer about the validated and-maldated DfM/DfA rules to keep him/her
informed about those features that are not compliant with the guidelines collected in
the repository.

The evaluation consists of rhamatical equations and algorithms, and it
concerns the possibility to display and generate report of validated aivdlitated
DfM/DfA design rules. This step allows checking all the design rules stored in the
DfM/DfA rules DB with the design featuregtrieved by the analysis of the 3D
model. Mathematical equations are used to verify the compliance of the applicable
design guidelines with the information retrieved during the 3D model data reading.
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3.3.3.Workflow of DfM/DfA methodology

Starting from 3DCAD Model, the workflow for the definition of DfM/DfA
methodology consists of 5 decision stepgy(re 22), each one supported by a
combination of datases and knowledg®ased rules. The first step of théM/DfA
process is composed by ssiieps 1a, 1b, 1c, 1d and 1e. In this step the user defines
the production information (batch size, production volume and general PMI
(roughness, tolerance and coat)ngid select the CAD model of an assembly or a
part. After that, from 3D CAD model, are extracted material, physical and
manufacturing feature (material, shape, ect).

The features extraction is necessary for the feature blocks creation in step 2 (sub
step2a, 2b, 2c and 2dn particular material and physical feature compose the first
block, while manufacturing feature together with material feature compose the
second and the third block. Also, the fourth block is a composition between material
and manufeturing features, but in this case, they are interrelated with the assembly.

After features extraction and their grouping in the various blocks, in step 3 the
knowledgebased system is instantiated (3a) and rules are extracted from database
(3b). The Knowkdge Based System is used to classify the DfM/DfA rules through
knowledge acquisition, processing and representation.

In the fourth step rules and features are connecigether throughhie Rules
Validation Systemwhichinteracts with the 3D CAD Modelx&apolate rules from
the DB repository and then evaluate which design rules in 3D CAD Model are
respected and which are not.

At the end (step 5) th€B system informs the designer about the validated and
nonvalidated DfM/DfA rules, displaying them in 3DAD Model. In this way the
designer could look the features that are not compliant with the guidelines collected
in the repository.

Figure22 summarizehe workflow of DfM/DfA methodology.
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Figure 22 Workflow of DfM/DfA methodology
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4. Cost and DfM-DfA tool

Methodology described in previous sectiinas been implemented in a specific
software tool. In this section will be described its functionalities and the software
structure, but the code and the programming steps are not desdokied out of
scope of the thesis.

4.1. Cost and DfMDfA tool description

The Cost and DfVDfA software tool help designers during the 3D modelling
activities in the development phase, through the calculation of the cost of a
component and/or assembly amith the identification oflesign errors occurred in
this phaseln this way, designers can understand how their choices affect the design
of the product and how select alternative design that better meet manufacturing
production without compromising cost performance. The guided process toward
the selection of the best design for the manufacturing of product component starts
from the 3D CAD model of the part or assembly.

The tool is integrated with the most popular 3D CAD systems through the use of
dedicaed DLLs.A DLL contains code and data that can be used by more than one
program at the same timBLLs allow the connection between a CAD system and
the tool,extracting the necessary information required for analysis, in particular the
parts features need for cost estimation and for DfM/DfA design rules validation.
The CAD connection isot only focused in inputs extracting, but also allows the
highlighting of features not compliant with DfM/DfA rules directly in 3D CAD
systems interface. In this way the user could visualize directly in 3D model the
feature to change.

Prior to go into the dail description of the structure of the software, input and
outputs are described.

The inpus of thetool are:

1 3D CAD model of the part or assemidisom 3D CAD model are extracted
information relating to the part such as panegterial shape(axisymmetic,
prismatic, etc.), partgolumes partssurfaces aregpartsdimensionglength,
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width and height), parhanufacturing featurefholes, slots, fillets, etc.pMI
I Product Manufacturing Informatiotolerances, roughness, etc.).

Production information production volume and batch size These

informationbs are necessary to deter mi

and tool costs (production volume), but adgfectthe best process type-In

fact, in function of batch size and production volume, process cost varies and
some processra more economical (e.g. for small production volumes a
forging process are generally not convenient).

Production and assembly strategyoduction and assembly strategies define
the manufacturinge.g. machining: milling from block, machining: turning
from block, casting, casting and machining, eiad assembly process (e.g.
assembly: bolted, assembly: welding, etc.) for the analysis.

1 Treatment and paintinghe treatments and painting of the part or assembly.

The outputs are represented by:

1 Costanalgis the analysis of cogtcludes (i) total cost, (ii) raw material cost,

121

(i) investment cost and (iv) process coAt the same time the system
providesa more detailed costreakdowrincluding costsand timedor each
manufacturing or assembly opeaatiand featureFor each operation are

provided informationds regarding the

n e

ma

assembly direction and roughness/ toler

displayed in the GUI of the tool and they could be exported in a dedicated
report in excel format.

DfM/DfA analysis this analysis showis the GUI of the toothe DfM/DfA

rules which are not validated and thtee manufacturing features which do
not respect the design guidelines are highlighted in the CAD software
interface connet to the toal In the GUI are also displayed the suggestions
within the notvalidated design guidelinest the same time the list of the
design guidelines involved in analysiwith images of 3D modelsare
contained in the dedicated excel report.

Reportin excel formatreport generation contains the export of the history of
analyses carried out with images of 3D modatsl the bill of materials
(BOM) of an assembly with indication of the incidence of the cost of each



component.Report includes alsothe type of manufacturing operation
associated with each featurthe related performance (i.e. cost of a
manufacturing operatn), andthe list of validated and not validated
DfM/DfA rules with the associated images of 3D models feat@owing

the outcomes stated in the reports, the designer can adjust the 3D model
following the suggestions included within the tivalidated design
guidelines.

The developed tool has been implemented using Microsoft .NET framework as
programming environment, which allow to create Windows applications using
different programming languages; in this case Visual Basic has been selected.

Part of this work is realized in collaboration of external software house. For these
reasons only a preliminary description of the tool software implementation is
proposed.

The structure of the software is composed by four mmaidules

1. GUI: the Graphical User Intixce, with which the user interacts (section
4.1.0.

2. Feature recognition: allow the connection between a CAD system and the
tool (sectiord.1.2).

3. Database: contains information about materials, machine and the rules for
a correct design and cost estimatfeection4.1.3.

4. Analysis franework: module needed for costs calculation and rules
validations, continuously interfacing between feature recognition,
databases and the GUI. Through the latter it allows the user to view costs
and design rules (sectidnl.4).

4.1.1.GUI

The graphical user interface is the series of screens through which the user could
be connecedwith the Cost and DfVDfA tool.
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The tool interface is positioned nextthee CAD softwareKigure23) for viewing
features and design errors directly in it. During 3D model design, the user can hide
the tool and continue thdesign in CAD software in full screen.

[ G

L

Mo analysis. Press “New analysis” to generate one

£ e g o 30

Figure 23 Tool interface prior to analysis

The designe , to start a new analysi she press ¢t
bottom left side of the GUI. In this way 3D CAD model of the part (or 3D models of
the assembly) will be loaded thetool. The user then have to insdré necessary
information(Analysis information forn{Figure24)) of the analysis

1 Production informationthe user set therpduction volume and batch size
needed @ determine setup costs (batch size), equipment and tool costs
(production volume), butlso are necessary to advise the user on the best
process typeThe tool,in function of batch size and production volume,
suggest the beprocess for the part or assembly analysed.

1 Processtype t hrough this the user select the
components analysis, while in case of as
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chosen. In this section the user is conduct by the tool with the suggestion of
the best process in function afbguction information.

1 MaterialandPMI when the user press fiNew anal ys
interface Figure23), the system, through the faeg recognition, recognize
the 3D CAD model 6s materi al and PMI . | f
information,or the material are not reacbin the 3D CAD modelthe user
can choose material and general PMI (roughness and tolerances).
In this section are also present the raw material stock type and size. The tool
selects the best stock in function of recognized/selected material, PMI and
process type, buttheuse coul d change it i f the def au

his needs

1 Treatment and paintinghe treatments and painting of the part or assembly.

Analysis information X Analysis information X
Productien information Production information
i
Production volume: 100 x Production volume: 100 %
Batch quantity: 100 | Batch quantity 100 '@
Process type Process type
= ==
Machining: milling from block i/ Assembly: bolted
Material and PMI Material and PMI
=
Material: | Aluminium — 1060 ] G Assembly 1 L4
@ Assembly 1_Part 1 (]
= [ ]
R - Plate 60%12 - hot rolled i
aw type: Wy @ Assembly 1_Part 3 (i ]
® Assembly 1_Part 4 [ ]
Roughness (Ra): 32 . [H @ Assembly 1_Part5 o
Dimensional tolerance (1SO-2768): m — medium @ Assembly 1_Part 6 o
Geometric tolerance (1S0-2768): K class
Assembly 1_Part 1
Treatments and paintin, =
i y Material: =~ Aluminium — 1060
Thermal treatment Yes/No
inting: Yes/No =
Lalnting: Raw type: = Plate 60*12 - hot rolled W
% Start Analysis Delete
Roughness (Ra): 32 pm

Dimensional tolerance (ISO-2768):
Geometric tolerance (ISO-2768):

Treatments and painting

Thermal treatment
Painting:

m — medium
K class

Yes/No
Yes/No

&g Start Analysis

Delete

Figure 24 Analysis information screen (left: component; right: assembly)
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Once all thenformation necessary for the analysis has been entered, the analysis
can start (AStart analysisd button) and t he
or assembly analysed can be shown to the &sgure25).

The tool interface after the analysis is divided in five main sections:

1 3D CAD Model and Analysisollects the information about 3D CAD Model
name and analysis type. Also in this sectoecontained the buttons for the
analysis report and the list of modifications made in the component from the
beginning of the analysis.

I Physical and material infenation in this section are collected the
information about material, shape, voluare dimensions of the part (or the
assembly). User could change these f o r magd ii ogn 6tshe #fAi 0 buttor
right, which bring back the user to the analysis informasicreen Figure

24).
1 Production informationproduction volume and batch quantity information.

9 Cost analysisin this interface section cost displayedlirdes only: (i) total
cost, (ii) raw material cost, (iii) investment cost and (iv) process cost. For a
more detailed cost breakdown the #fAi o0 bul
open a new screen and will show more information to the designer. These
info r ma tinclodesicests, machine type, machining or assembly direction
and roughness/tolerance for each manufacturing or assembly operation and
feature. At the same time the default machine chosen by the tool can be
changed selecting them from a list ined in the tool database.

1 DfM/DfA analysis this section shows DfM/DfA the rules which are not
validated and then the features which do not respect the design guidelines
contained in the database. The #fAi 0 butto
allows the highlighting, in the CAD software, of the features connected to the
guideline and also an example image of the error and how to correct it is
shown.

Once the designer found his designer error, he can modify the 3D model and
repeat the analysis. €lanalysis can be launched several times to compare the results
based on the changes made. Some indicators shown the growth or decrease in costs
and in not respected ruldsigure26).
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Figure 26 Tool interface after the analysis update

4.1.2.Feature recognition

As said in previous chapters, both aogtthodology and DfM/DfA methodology
are based on models feature recognition. The main idea underpinning this research
study concerns the possibility to link manufacturing/assembly costs and DfM/DfA
design rules with 3D CAD features developed during thineegng design process
of parts or assemblies.

Features used in analytical and DfM/DfA methodologies e material
features, (i) physicafeatures (iii) manufacturing featuresand (iv) assembly
features A more detailed description of them atewnin Table6, describing their
informationandattributes.

The feature recognitiomoduleallows the connection between CAD software
and analysis framework.

Material and physical features can be extracted from a 3D geomatep (Bodel
T boundary representation) because attributes included in this class are readily
available. Manufacturing &ures can be extracted from a 3D model by using
specific kernel for manufacturing features recognitiokernel can compute
manufacturing features for a comprehensive set of components shapes (e.g.
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prismatic, axisymmetric, sheet metal) and assemblias, (velded structures
mounted assemblies). For each feature, it is possible to watch the most relevant
attributes expected for the further DfM rules processing.

As described in sectio.1.1, material physical and manufacturingfeatures
whereorganized ir8 blocks divided in this way:

1 Block % Physical and material features of the model.
1 Block 2 Manufacturing and material features of the mdibalated).

1 Block 3 Manufacturing and material features of the model in relation with
other feature/s (interrelated for part).

The blocks have the scope to classify and organize the features of a part (or
assembly) in order to be read and analysed byrémeework which calculate the
cost and verify the DfM/DfA rules. The division into several blocks has been
implemented cause each block collects different types of features to be associated
with specific DfM/DfA rules and specific elements of the manufactiassembly
cost routing structure

As described in sectioB.1.1, assembly featurederivesfrom a composition of
handling and connectionfeatures. The first type represents assembly information
used to handle a component, i.e. handfipgcific assembly information on generic
level. The second type represents information about the connections between
componentsThe feature recognition module cres handling feature starting from
the 1° and 2° blocks introduced beforehile the connection features derive from
new block, thélock 4 which represents the manufacturing and material features of
the model in relation with feature/s of otmeodel/s (interrelated for assembly).

The eight steps and the workflow activities of the Feature Recognition module
are described in detail as follows.Figure27 are summarized STEP 1, STEP 2 and
STEP 3 of the workflow, while ifigure28are summarized STEP 4, STEP 5, STEP
6, STEP 7 and STEP 8 of thwrkflow.

The first step is the 3D CAD model imptsdm CAD software. In this step the
assembly is decomposed in into the parts that compose it, to extract the different
features and information of the assembly and of the single parts.
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The second step csists in extractinghe featuref the single parts: material,
physical and manufacturing features. Concerning the manufacturing ones, all the
single features types (holes, cylinders, surfaces, etc.) present in the parts which
compose the assembly areraxted.

In the third step feature parameter are extractédature parameters consist in:
(i) material for material features, (ii) shape, volume, area and dimensions of the parts
for physical features and (iii), for manufacturing features, type, cooedinat
properties, volume, area, faces and PMI of the single type features.

These informati on 6 &foerth stepta créa df black & t hen wus
block2andblock® f t he si ngl ettouaderliresthatinsoniesaséessmp or t an
3DCADmo d e | havendt informationdés regarding n

the 3D models are lack of these information, or the material are notrosadhfe
3D CAD model, the user can choose material and general PMI (roughness and
tolerances).

The fifth sep consists in create handling featur#sa single part from block 1
and 2.

In the sixth step blocks 4 are creat&locks 4 derive fronmaterial features and
manufacturing features of the single parts relating them to the features of another
part.

Fromblocks 4 in theseventh step are create connection features

The last step (8) consists in create assembly featdresn handling and
connection features.
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STEP 1 STEP 2

3D CAD Model import Extract features

STEP 3

Extract features parameters

Material features » Material » To block 1,2,3 and 4
Shape
Physical features Volume To block 2
¥ > —_—>
y: Area 0 bloc
Dimensions
Type
Coordinate
Part 1 Feature Properties
) — Typel —— Volume ———
G (hole 1) Area
Faces
[ Manufacturing features PMI
Feature Parameters of
— Type2 — manufacturing ——
(hole2) feature type 2 To block 2,3 and 4
Feature Parameters of
> Type3 — manufacturing
(cylinder 1) feature type 3
Feature Parameters of
— Typei — manufacturing
(.- feature type i
Material features » Material » To block 1,2,3 and 4
Part 2 Shape
. Volume
' > —_—>
Physical features Area To block 2
Dimensions
Feature Parameters gf
> Tyoe 1 — manufacturing
P feature type 1
Type 2 —> type2
To block 2,3 and 4
Type 3 — > type3
Manufacturing features : :
) Typej ~ ——» type]
Material features » Material » To block1,2,3 and 4
Partm Shape
" Volume
X > Erm—
Physical features Area To block 2
Dimensions
Feature Parameters gf
> Type 1 — manufacturing
P feature type 1
Type 2 —> type2
To block 2,3 and 4
Type 3 — type3
Manufacturing features ; ;
Type k — typek

Figure27 STEP 1, STEP 2 and STEP 3 of the feature recognition module
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STEP 4 STEP 5 STEP 6 STEP 7 STEP 8

Create block 1. 2 and 3 Create handling features Create block 4 Create connection features

Create assembly features

From ——» Material

! Connection features —» Assembly features
part 1 ———  Physical )

|
|
I I
[ Handling features | L A A - ==
|
I Block 2 I
I
——r Material I
From — Manufacturing type 1 |
1 — —» Manufacturing type 2 1
art 1 Block 4
s ——» Manufacturing type 3 I oc
7 Manufacturing type i O Material part 1 vs
I . I material part 2
From » Manufacturing type 1 part 1 vs. ————
part 1 I » | manufacturing type 1 part 2
| Manufacturing type i part 1 vs.
I Block 3 | manufacturing type j part 2
I
I—b Material |
From Manufacturing type 1 vs. 1
part 1 manufacturing type 2 I
Manufacturing type 1 vs.
I manufacturing type i I
|
'L !
1 |
From 44— Block1 —— | Handling features —
partz | Block 4
Fr:tlnz I——I- Block2 —— -,-I Material part 2 vs
pa I »! material part m
1 »| Manufacturing type 1 part2 vs. |== 4= == == == == == == == == = -
From | "l L;nan}lfacm_ri.l.\gtype_ 1 Pﬂ;m ! Counection features —»  Assembly features
anufacturing typejpart2vs. |y, 7
part2 | ! manufacturing type k part m j
1 |
| 1
From
part 2 ~———» Block 3 ]
1 1
. | e e e e Lo e e e I
—— o m ———————— |
From I —» Handling features T
4——» Block1 ——
partm I I Block 4
From | I ‘
————» Block2 —— 1 Material part 1 vs
partm .
material part m
N N
| | Manufacturing type 1 part 1 vs.
> 1 _—— = ————— - -
I | manufacturing type 1 part m
From | Manufacturing type i part 1 vs. | Connection features —» Assembly features
partm | | manufacruring type k part m
I
I
I
From o piock3 !
part m 1
I

Figure28 STEP 4, STEP 5, STEP 6, STEP 7 and STEP 8 of the feature recognition
module
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4.1.3.Databases

The developed tool includes databases to store cost estimation arDfRfM
knowledge. These databases have been built as Microsoft Access, the reason of this
choice lies in its simple implementation and connection with the implemented user
interface by the integrated API available for Access in .NET environment. It is
important to underline that these databases can be developed with other technologies,
in order to obtain improved functionalities and more, just by changing the loading
data module in the source code.

The database contains the data needed to guarantee coktticeicand design
errors evaluation.

Database are divided in five sdhatabases:
1. Material DB

2. Labour DB

3. Machine DB

4. Cost estimation models DB

5. DfM/DfA rules DB

4.1.3.1. Material DB

The material DBTablel)c ont ain the informationods
raw material needed to manufacture a specific part/component. Each material is
represented by a progressive code for identification.

Material DB is divided in function ofmaterial clasge.g. aluminium, alloy steel,
stainless steel, carbon steel) and each material class is divicheadenal type(e.g.
stainless steel AlSI 304, stainless steel AISI 306).
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Each material type is classified function ofraw geometry characteristicand
supply countr{EU, China, etc.).

Raw geometry characteristics ateck typologye.g pipe, roundkondition(e.g.
cold drawn, hot rolled) andimensiongD1 [mm], D2 [mm], D3 [mm], D4 [mm]
andSection Aredmn?]).

Raw geometry characteristics and supply country affect ntlagerial cost
(Unitary Cost [<CUR>/kg] and Scrap Value [<CUR>/kjgJand thephysical
characteristics

Physical characteristio§able 17) are Density [Kg/mi], Machining factor [],
Ultimate Tensile Strength [Mpa], Ultimate Shear Strength [Mpa], Fusion Latent
Heat [kJ/kg], Specific Heat [kJ/(K kg)], Melting Temperature [°C] abdnvective
Coefficient [W/rfK].

Tablel16 Extract of material DB

Materia | Mat | Mat | Stoc | Con | D D D | D | Sec| Sup | Cur | Unita | Scrap
| Code eria | eria | k ditio | 1 2 3 4 tio ply | renc | ry Value
| | top n M| m/|{[m]|[m]|n cou |y Cost [<sCU
Clas | Typ | olog ml |m] | m]|m]|[m ntr [<C [<CU | R>/kg
s e y mj |y UR> | R>/kg | ]
] ]
#CSEUO | Car | AST | Rou | Hot 20 [ 20 | 20 | 20 | 400 | EU | U 2,2 0,14
0000026 | bon | M nd rolle
steel | 471 d
Typ
e2
#CSEUO | Car | AST | Squ | Hot 19 | 19 | 19 [ 19 | 284 | EU |« 2,4 0,14
0000059 | bon | M are | rolle
steel | 471 d
Typ
e2

Table17 Material physical characteristics of material #CSEU00000026

Material physical characteristics| Value

Material Code #CSEU0000002
Density[Kg/m?] 7850
Machining Factor 1
Ultimate Tensile Strength [Mpa] 966
Ultimate Shear Strength [Mpa] 759
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Fusion Latent Heat [kJ/kg] 251
Specific Heat [kJ/(K kg)] 0,46
Melting Temperature [°C] 1400
Convective Coefficient [W/fK] 10

4.1.3.2. Labour DB

Labour DB contains hourly rate of operators in function of their skillcandtry
(Table18).

Table18 Extract of labour DB

Operator Code Operator type | Country | Currency [KCUR>] Hourly rate [<RCUR>/h]
#00025 Welder Italy 0 40
#00026 CNC operator | ltaly 0 25
#00029 Welder U.K. £ 45
#00030 CNC operator | U.K. £ 30

4.1.3.3. Machine DB

Machi ne DB contain the informationbés of
operation. Each operation has a listavfilable machines restricted by a list of
validity rules (part dimensions, process force required, etc.) and priority rules (e.g.
the cheaper machine). Each machine is represented by a progressive code for
identification.

Machine DB(Table 19) is divided in function of country dataset (EU, China,
etcé), machine category (forging, milling,
CNC milling (4 axis), CNC milling (5axis)) and in each type the classification is
based on machine dimensions (CNC milli(g axis)_Large, CNC milling (4
axis) _Medium, CNC milling (4 axis)_Small).

Each machine dat aset (labe20dbasedonmadshe et of i nf
use and category:
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Geometrical and pr o cheasirsum @re Imaimendstoékn f or mat i
dimension (X, y and z) [mm], maximum and minimum stock weight [kg], machine
axes (for milling, etc.

Machi ne per f or magnaemumspihderratatonal speed (for
milling tools) or blow per minute (for forging press), minimum tolerance achievable
[IT], minimum roughness [um], etc.

Machine times [min]setup time [min], changing tool times [min], etc.
Machine unitary costs [<RCUR/h>]Macdhine costs are affected by many items:

1 Number of operators required: each machine, in function on its complexity,
needs a specific number of operators.

1 Energy vectors: are generally electricity or gas. For each operation could be
used one, multiple or nmergy vectors. Unitary energy consumption mainly
depends on the machine size and type.

1 Consumable: consumable are lubricants, cutting tools, etc. Each machine
could use one, multiple or no consumables.

Table19 Extract of machine DB

Machining
Code

Category

Machine
type

Machine
dimension

Country
dataset

Currency

Unitary
[<CUR>/h]

cost

#2350

Milling

CNC
milling
Axis

Small

Italy

[<CUR>]
a

45

#2351

Milling

CNC
milling
Axis

Medium

Italy

50

#2352

Milling

CNC
milling
Axis

Large

Italy

60

#2353

Milling

CNC
milling
Axis

Small

Italy

55

#2355

Milling

CNC
milling 4
Axis

Medium

Italy

60
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#2356 Milling CNC Large Italy 70

milling 4

Axis

Table20 Machine information's of machine #2356

Machine informationds Value
Machine Code #2356
Maximum Stock Dimensioh X [mm] 1100
Maximum Stock Dimensioh Y [mm] 1200
Maximum Stock Dimensioh Z [mm] 1500
Maximum Stock Weight [kg] 4000
Minimum StockDimension- X [mm] 0
Minimum Stock Dimension Y [mm] 0
Minimum Stock Dimensior Z [mm] 0
Minimum Stock Weight [kg] 0
Number of axes| 4
Minimum Batch Sizeq 0
Maximum Batch Size-] 0
Minimum Tolerance Achievable [IT] 6
Minimum Roughness Achievable [um] 0,8
Maximum spindle rotational speed (for milling tools) [rpn 4000
Number of pallets-] 0
Preloaded number of toolg [ 10
Rapid traverse acceleration [f/s 6
Rapid traverse speed [m/min] 15
Milling head change timgmin] 0
Milling head rotation time [min] 0,5
Pallet change timpmin] 0
Table rotation timg¢min] 0,05
Setup time (each phase) [min] 30
Tool change time (Pieggiece) [min] 0,5
Tooling time in machine (each tool) [min] 1
Tooling time in toolroom (each tool) [min] 5
NC programming time (each tool) [min] 15

4.1.3.4. Cost estimation models DB

A cost model is a data model which contain the knowledge necessary for
production time and cost estimation for each operation. A cost model could be
considered a structured information object.

Cost estimation models DB contains the cost estimation models of the various
operations in a structured way. A cost estimation model is divided by geometric cost
drivers, process cost drivers and process timecastcalculation
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Geometric cost drivers represent the necessary input information of the cost
model taken from the 3D CAD model, inserted by user, or taken from Material DB.
Geometric cost drivers could be material type (M), part dimensions (L, W, H), par
volume (V),production batchRy), etc.

Geometric cost drivers have validity and priority rules. Validity rules used for
establishing only the feasible manufacturing solutions among all the possible ones,
while priority rules used for sorting the felalsi solutions, with the aim of selecting

the best one (e.g selection of a shearing instead of sawing for cutting billet in

forging).

Process cost drivers is the list of the cost driver needed for process cost and time
calculation. These ones could be takssm Material DB or Machine DB (e.g.
Machine Power (M.P), Maximum Stock Dimension, Material shear stress) or could
calculated from equations contained in database (e.g. Shearing FassadiFAs
Geometric cost drivers also Process cost drivers halidity and priority rules.
Validity rules are used for establishing only the feasible machine among all the
possible ones, while priority ruleseused for sorting the feasible them (e.g using
hourly cost).

Process time and cost calculation are the tampsmused to obtain time and cost
of the operations.

In Table 21 are show a cost estimation model of shearing operation for billet
cutting in forging process.

Table21 Cost estimation model of shearing operation

#00256 Iltem Reference or calculation form

Geometric cost driver

Material (M) Useror 3D CAD model
Billet diameter (¢hw) [Mmm?] 3D CAD model

Billet volume (V) [mn] 3D CAD model
Production batch @p[-] User

Material density)() [kg/dm3] Material DB

Billet weight (W) [kg] J AV 10

Billet base area (Abillet) 3D CAD model

Geometric validity rules

Abillet < 70.000 mra

Geometric priority rules

Priority=1F(R,>100;20;0)

Process cost driver

Machine Power (M.P) [N]

Machine DB

Maximum Stock Dimensioh X (M.X) [mm]

Machine DB
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Maximum Stock Dimensioh Y (M.Y) [mm] Machine DB
Maximum Stock Dimensioh Z (M.Z) [mm] Machine DB
Material shear stress {¥.) [MPa] Material DB
Machine forging rate (M daokd [min? Machine DB
Machine Cost rate (M [<CUR>/hour] Machine DB

Shearing Force (Fearind [N]

1. 1587 &MY

Process validity rules

M.P > Fshearinq

M. X > draw
M.Y > draw
Process priority rules MIN (M.C,)
Process time and cog Cutting time (futing [Min] 1/(M.Nstrokd
calculation Load and unload time dfa/unioad [Min] f(wW)
Setup time @) [Min] Machine DB
Process time (t) [min] touting* tioadiunioad tsetud P
Total cost [<RCUR>] t A(JMBO0C

4.1.3.5. DfM/DfA rules DB

DfM/DfA rules DB includes theefinition of the repository structure and the link
between a given design rule and the involved features (geometrical features of a
virtual 3D CAD model) that can be read from the CAD file. The structure of the
repository is the semantic (logic) usedwgtsh from tacit knowledge (unstructured)
to explicit knowledge (structured). The repository storessrobsed on theule
number which is a positive, progressive number anbe typewhich provide a
ranking of the compliance for the given feature with manufacturing process (i.e.
info, warning, critical).

four mai n S e
represent

The Df M/ Df A DB is composed by
processing phased and #Aknowl edge
section3.3.2 Manufacturing technologyMaterial, CAD feature recognitiorand
Guideline

Manufacturing technologis related to the technological aspects of a given rule
and includes: (i) manufacturing tewlogy class (e.g. machining, sheet metal
stamping, metal forming, metal casting, plastic forming, welding, assembly), (ii)
manufacturing technologytype i level | (e.g. milling, turning), and (iii)
manufacturing technologyperi level Il (e.g., drilling.
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Material section provides material information related to a given rule and
requires the definition of two clusters according to Ashby (Ash0%0: (i) material
class(e.g., carbon steel, stainless steel) and (i) matsne(e.g., AISI 314, AISI
316). These two groups allocate a givefM/DfA rule to a generic class (e.g.,
carbon steel) or a specific type (e.g., C40) of materials.

CAD feature and algorithmsclassifies the geometrical parameters and
mathematical equations with 3D CAD features t@geize in relation with a given
DfM/DfA rule. This section is divided in: (CAD features to recognizevhich
identifies the type of feature to recognize (e.g., hole, slot),P{flf i Product
Manufacturing Information to recognizde.g., roughness, tokences), (iii)
dimension and rules to verjfyvhich is connected to the features properties (e.g.,
hole diameter, hole length, hole length/diameter ratio), and at the end the rules to
verify (e.g. hole length/diameter ratio < 5).

Guidelinesection hashe function ofcorrectly explairthe rule to the designer.

In Table22 are show a extract of DfM/DfA rules DB.

Table22 Extract of DfM/DfA rules DB

CO00N
TOON
# 9Iny

Buiurepn
Buiurepn
adAy
a|ny

Buluiyoe
Buluiyoe
sse|D
ABojouyoa |
Buunyoenuey

Buln
Buln

T 1987
18dAL

139



Material CAD features and algorithms Guideline
Typei Class Type CAD features PMI to Dimensions
Level 2 to recognize recognize and rules to
verify
N.A. All N.A. Initial volume N.A. S=VilVf Keep limited the ratio between the
materials of the part (Vi) S>3 volume of the raw material (Vi) ang
Final volume of the volume of the finished part (Vf)
Drilling All N.A. Hole diameter | Hole Ra O O,/Avoid tight rou
materials (D) roughness | L/ D O gem) for deep hol
Hole length (L) | (Ra) machiningoperations

Inside #re

This moduleis the mainmoduleof the Cost and DfM/DfA tool.
contained algorithms for organizing a manufacturing process, for cost calculation

4.1.4.Analysis framework
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(cost analysis framework) and for design guidelines validation (DfM/DfA analysis
framework).

Themoduleis connected with the GUWith the feature recognition and with the
databaseFrom the GUI receives the information needed for the analysis (process
type, material, etc.) and at the same time after the analysis send to the GUI the result
of the analysisFrom feature recognitioneceives feature information of the 3D
model/s under analysis and at the same time send information for highlining feature
faces in CAD softward-rom the database the analysis framework receives unitary
cost, design rules, etc.

The analysis framework isudded in two main sulframeworks:
1. The cost analysis framework.

2. The DfM/DfA analysis framework.

4.1.4.1. Cost analysis framework

The cost analysis framewohas the function to define groups of attributes and
rules for generating manufacturing or assembly processes from 3D virtual models of
components. Analysis framework is composedviny cost routinggenerators one
for manufacturing processes and the ofbeassembly processes. A cost rouiisg
defined as a hierarchical data modeld isdivided by classegequiredfor the
definition of aprocessy a multistep approach, which starts from the setting of a
production scenario to the calculation of thengentary operations necessary for
converting raw materials into finished parts. A cost routing does not contain direct
information for computing the cost of a process, while such knowledge is contained
in cost models.

Manufacturing processes casuting generator is divided in five modules
1. Productiofassemblyscenario generation module
2. Production strategy generation module
3. Raw material strategy generation module.

4. Manufactuing/assemblystrategy generation module
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5. Operation bundlgeneration maodle.

Productioriassemblyscenario generation moduldefines the facilities and
production technologies available (the context) in which the manufactoring
assemblyrocess is realized, for example the definition of the production country or
make a produdnternally or buy from a supplier. The production scenario is directly
chosen by the user, which define the database country through the setting of the tool
and his will affect material DB (column supply countryigbour DB (column
country) andmachine DB (column country. In each of previous mentioned
databases will be considered only the codes belonging to the selected country.

Production strategy generation moduliefines the overall manufacturing
process (e.gmilling from prismatic bar vs. milling from round bar vs. millifrgm
semifinished casted part) to be used for realizing a component.

Production strategy is defined by the tool user from a list of adailatoduction
strategiesThe production strategy list is composed by al@ttof raw material and
manufacturing strategieshe available production strategies are defined in function
of materialand physical features of the part (blockof the featurerecognition
module). The tool in function of alidity and priority rulessuggest the best
production strategfor the specific part.

Raw material strategy generation moddifines the raw material to be used for
realizing the final part. The module calates the correct raw material (e.g.,
commercial semfinished material, casted/forged elements) starting from material
features angbhysicalfeatures of the patblock 1 of feature recognition modube
from use}. The selection of the correct raw maakis a process consisting five
steps, which are summarized as follow.

Step 1 of Raw material strategy generation madbElem material features are
selected a list of material code belonging to a specific material class (e.g. Carbon
steel), materialype (e.g. C40) and condition (e.g. hot rolled).

Step 2 of Raw material strategy generation madulstep 2 are excluded the stock
topologesnot compatible wittthe shape of the part (physical feature information)
Step3 of Raw material strategy generation modufestep3 are selected the proper
stock topologyin function of the production strategy selected before (e.g. billets for
forging process, commercial round or commercial square for machining processes).
Step4 of Raw material strategy generation moduléhe raw material strategy
generation modulthencalculateghe minimumraw dimensions and compare them
with dimensions D1, D2, D3 and D4 available in material .DB
Step5 of Raw material strategy generation modute this step the material code

142



with the low unitary cost are then selecfesim the list of material codes left over
from the previous stepfn this way material physical characteristics are then
imported in raw material strategy.

Manufacturingassemby strategy generation modulelefines the specific
manufacturing process to be used for converting a stock into a finished component
(e.g., turning vs milling)or for converting a series of components in final assembled
product (e.g., welding vs gluing Jsolding) Manufacturingassemblystrategy is
choserby the user and each manufactufasgemblystrategy is composed byliat
of operations bundle¥he manufacturingssemblstrategies available for a part are
defined by validity and priority ruledn case of manufacturingvalidity rules
evaluate in function of material and physical features of the part (block 1 of the
feature recognition modulethe manufacturing strateg compatible with the part
(e.g. the injection molding strategy is available only for plastic parts, or milling and
turning strategiedhave limitationsin function of part dimensions)n case of
assembly strategy, validity rules are used to evaluateafisembly strategies
compatible with the parts in function of handling and connection features.

Priority rules suggest the best manufacturing strategy for the specific part in function
of batch size and production volume (e.g. for an aluminium part aéabie
machining strategies or dasting strategies, but theost suitable is defined by the
production volume and/or batch sizé). manufacturing is module limits the
machine category in machine DB.

Operation bundle generation moduken operationdundle is composed by the
group ofphaseseeded fothe specificfeatures ofa product (1°, 27 3° blockand
assembly featuresf feature recognitiomoduld. The operation bundle generation
module calculates the list of operations needed for th@passemblyand calculate
the cost of each operation. This is a process consistitgarsteps, which are
summarized as follow.

In Step 1 the list gfhasesn a bundle is chosethrough a series of validity rules,
which arecompareé product featureand raw material with the available machine
contained DB

In the second step, the costs of each single pleageplasma cutting, milling with

3 axis CNC vertical) are calculatdd.case of manufacturin@é starting point is the
mateial of the part that allows the identification, from the material DB, of its
physical characteristics, which will be used for the cost model calculation.

After that machine type and size of each phase are chiogether whit operator
type The dimensios of the machine depend on the size of the component to be
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produced (1° block of feature recognition), while machine type (e.g. 3 axis or 4 axis
milling) depends on the feature of the part to be produced (2° and 3° block of feature
recognitionor by usermformatior), i.e. by the different operations that compose the
phase (e.qg. drilling holes). The cost of each single operation will then be calculated
starting from the cost model contained in DB cost model, which is compiled with
the coming from the parf and 3° block of feature recognition) and from the other
DBs (material DBlabour DBand machine DB).

In case of assembly the operations are chosen and evaluated in function of assembly
features of the parts.

At the end the costs are displayed in GUdtanclude: (i) total cost, (ii) raw
material cost, (iii) investment cost and (iv) process cost.

4.1.4.2. DfM/DfA analysis framework

DfM/DfA analysis framework has the function to liafdsign rules with 3D CAD
features developed during the engineering dgwsigeoess of parts or assembliesisTh
frameworkconnectglatabase rules repositogathematical equatiorssd 3D CAD
model feature recognitioifhe scope of this framework is to examine the features of
the part or assembly and verifithey are compliantvith the guidelines collected in
the repository.

DfM/DfA analysis framework is strictly connected whit cost analysis framework,
in-fact production strategy, raw material strategy, manufacturing/assembly strategy
and operation bundle generation modulesasit analysis framework are used also
in DfM/DfA analysis framework.

DfM/DfA analysis framework is composed by a rules validation system and an
interaction module.

Rules Validation Systeimthe core of the entire system with three main purposes:
interaction with the 3D CAD Model, extrapolate rules from the DB repositody a
then evaluate which design rules in 3D CAD Model are respected and which are not.
Rules validation systeris usad with production strategy, raw material strategy,
manufacturing/assembly strategy and operation bundle generation modules of cost
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analysisframework and connect them whit DfM/DfA rules DB. At the same time
rules validation system woskwith features recognition module teerify the
guidelines. As described in sectidril.3the DfM/DfA rulesDB is composed by
main sectiongManufacturing technology, Material, CAD feature recognition and
Guideline)and they will be defined by these items:

1 Manufacturing technology class: defined by production strategy in case
of manufacturing and bgssembly strategy in case of assembly.

1 Manufacturing technology typé level I. manufacturing/assembly
strategy

1 Manufacturing technology tygelevel Il: phasesand operations
1 Material class and material type: material feature of the parts.

1 CAD features to recognize, PNlIProductManufacturing Information
to recognize and dimensisand rules to verify: block 1, block 2, block
3 and assembly features of featurecognition module.

At the end the rules validation systalisplaysin GUI the guideline section of
the DfM/DfA rules DBto correctly explairthe rule to the designer

The interaction modules the link with the CAD environment, and it allows to
displayin which feature the rule fails, and so where the designer can make design
changes on the model.

In Figure29 andFigure30 are shown the tool structure.
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Figure 30 DfM/DfA and cost estimation tool structure (part 2)
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5. Case studies

In this section, the proposed CAitegrated DfM/DfAand costmethodology was
used to address possible manufacturing issues in mechanical components and
assemizd products. In particular, the proposed approach was used to perform
DfM/DfA and costanalysis by using 3D CAD modelsdgparts components (parts)
and 2 product (assembly). Case studies are divided imain subsections, in
function of manufacturing process analysed:

1 Forging case studgSectiorns.1).
1 Machining case studiBections.2).
1 Assembly case stu@$ections.3).

The firsttwo case studies are focused on Design for Manufacturing, while the
last one is focused on Design for Assembly.

5.1. Case study Forging
Theforging case study is divided in 6 siglections:
I Section5.1.1presents a brief introduction of the clos#id forging process.

1 Section5.1.2is focused on the cost structure of the clediedforging
process.

1 Section5.13 presents the cost estimation methodology related to the elosed
die forging process.

1 Section5.1.4describes the design rules involved in cledelforging.
I Section5.1.5presents the first part analysed (Pin).

I Section5.1.6presents the second part analysed (Planet carrier).
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5.1.1.Closeddie forging introduction
The first two parts analysed are focused in forging process.

As described by (Mandolini et al., 2028nhd Campi et al., 2020jorging is a
manufacturing process which shapes a billet or a bar by applying compressive forces
on it. The process temperatuesmployed during forging operations, classifies the
technology in heforging and coleforging (Kalpakjian et al., 201)7 Another typical
aspect of this process is the use of hammers or presses to squeeze and deform the
material into a high strength pafthe deformation could be achieved using flat or
simple dies that do not completely enclose the material or into complex and shaped
dies. In the first case, the process configuration is called-digeforging while in
the second one the process configorats called closedie forging.

The basic procedure for closdie forging is relatively straightforwardrigure
31). Metal stockn the form of eitheingot or a billet, which is cut from a commercial
bar, is first heated into the hot working temperature range to improve ductility. Then
the material is squeezed or hammered in a series of tool steel dies to convert the
stock into the finished shape. Exsenaterial in the form of flash is produced as a
necessary part of forging, and the final processing stage is to remove the flash to
yield the finish forged part. Hot forging is a near net shape process, but all forgings
require some subsequent machiningparticular for surfaces that must locate with
other surfaces during the final assembly of a product (in conventtosdddie
forging achievable surface roughness could not overcome 12,5 um) (AsHi®y, 20

RAW CUTTING HEATING FORGING FLASH HEAT CONTROL & MACHINING FINAL PART
BARS REMOVAL TREATMENT TESTING

L R h Py
' Tk A
J &} >

Figure 31 Closeddie forging process phases

5.1.2.Closeddie forging process costs structure

According toFigure 17, the workflow for defining a manufacturing process
begins by first selecting theroduction environmeniThen, the production country
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or plant is chosen, and the unitary costmaferials and energy and the hourly rates

of machines and labour are consequently established. The rules used at this stage do
not depend on the process itself but rather depend on the supply strategies of the
company that is developing the product.

The séection of theproduction strateggonsists of establishing the raw material
and manufacturing proces$able 23). All forgeable metals can be emplay&
closeddie, and a list of forgeable materials is availablg/A$M International
Handbook Committee, 20p5The production strategy depends on the realized
productés wvariables (i.e., its shape and
Generally, the closeddie forging process variants can be grouped into three
categories: (i)blockertype (ii) conventional and (iii) closetolerance (ASM
International Handbook Committee, 2005)

Blockertype forgings are produced in relatively inexpensive diag, their
weight and dimensions are somewhat greater than those of corresponding
conventional closedie forgings. A blocketype forging approximates the general
shape of the final part, with relatively generous finish allowance and radii.

Conventionatloseddie forgings are the most common type and are produced to
comply with commercial tolerances. These forgings are characterized by design
complexity and tolerances that fall within the broad range of general forging practice.

Closetoleranceforgings are usually held to smaller dimensional tolerances than
conventional forgings. Little or no machining is required after forging, because
closetolerance forgings are made with less draft, less material, and thinner walls,
webs, and ribs. Thesertpngs cost more and require higher forging pressures per
unit of plan area than conventional forgings.

Each of previous categories can be divided in function of billet type (round or
prismatic), derived from component shape (axisymmetric or prismatiogrélty a
round billet could be used both for axisymmetric and prismatic part, but a prismatic
billet could not be used for axisymmetric components.

151



Table23. Production strategies for closetie forging

Production
strategy

Raw
material
strategy

Manufacturin
g strategy

Validity rules

Priority rules

Blocker
closeddie
forging from
round billet

Round
billet

Blocker closee
die

Piece.Material.Categor

y = fAMetalo
Piece.Volume > 0,025
dm3 AND Piece.
25 dm3

NOT  (Piece.Shape =
AHol | owd)

NOT  (Piece.Shape =
ASheet Met al 0)

IF (Piece.Shape =
AAXYysi mmetr
) THEN Score = 10
ELSE Score =0

Blocker
closeddie
forging from
prismatic
billet

Prismati
c billet

Blocker closed
die

Piece.Material.Categor

y = fAMetalo
Piece.Volum e > 0,025
dm3 AND Piece.
25 dm3

Piece.Shape =
APrismatico

NOT  (Piece.Shape =
AAxysi mmetrical
NOT  (Piece.Shape =
AHol | owo)

NOT  (Piece.Shape =
ASheet Met al 0)

N/A
alternative
production
strategy
available)

(no

Conventiona
| closeddie
forging from
round billet

Round
billet

Conventional
closeddie

Piece.Material.Categor

y = fAMetalod
Piece.Volume > 0,025
dm3 AND Piece.
25 dm3

Piece.Shape =
AAXysi mmetrical
NOT  (Piece.Shape =
AHol | owo)

NOT  (Piece.Shape =
AiSheet Met al 0)
Piece.GeneralRoughness

< 25um
Piece.GeneralTolerance

< +3mm

IF (Piece.Shape =
AAXYysi mmetr
) THEN Score = 10
ELSE Score =0

Conventiona
| closeddie
forging from
prismatic
billet

Prismati
c billet

Conventional
closeddie

Piece.Material.Categor

y = fAMetalo
Piece.Volume > 0,025
dm3 AND Piece.
25 dm3

Piece.Shape =
APrismatico

NOT  (Piece.Shape =

AAXxysi mmetrical

N/A
alternative
production
strategy
available)

(no
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NOT  (Piece.Shape =
AHol | owd)

NOT  (Piece.Shape =
ASheet Met al 0)
Piece.GeneralRoughness
<25 pum
Piece.GeneralTolerance

< +3mm
Piece.Material.Categor

y = fAMetalo
Piece.Volume > 0,025
dm3 AND Piece.

Precisiqn N lz\i;.jrms (Pie ce.Shape = I~F (Piece.Shape:
closeddie Round Precision ~ s AAXYysi mmetr
) . ; AHol | owo) _

forging from | billet closeddie NOT (Piece.Shape = ) THEN Score =10
round billet isheet Met al o) ELSE Score =0

Piece.GeneralRoughness

<12,5um

Piece.GeneralTolerance

< +1,5mm

Piece.Material.Categor

y = fAMetalo

Piece.Volume > 0,025

dm3 AND Piece.

25dm3

Piece.Shape =
Precision APrismatico N/A (no
closeddie Prismati | Precision NOT (Pigce.Shape = alternati_ve
forging from billet loseddi AAXysi mmetr i call production
prismatic ¢ brile closeadie NOT  (Piece.Shape = strategy
billet AHol | owod) available)

NOT  (Piece.Shape =
AfSheet Met al 0)
Piece.GeneralRoughness
<12,5um
Piece.GeneralTolerance

< +1,5mm

The material is closely related to the manufacturing process. However, the
manufacturing process also depends on the piece shape (axtsigmpresmatic,
etc.), its dimensions, the tolerances and the surface roughness required.

Theraw material strategygonsists in the initial stock selection and is a function
of the quantity of material needed for the final p&gt{le24). Material costs usually
make more than 50% of the forging costs, and a significant proportion of this
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material is waste (Knight, 1992). The material cost is detedriiyethe weight of
the forged partRawMaterial.Density*Piece.Volume ) and by the wastes generated

during the process. Scraps can be divided into (i) waste during billet cutting

(Cutting.Waste.Vqume),

(i) defected

oxidation lossegscaleLoss.Percentage
chip forming {(achining.volume ).

The was

Due to the heating of threaterial, scale loss is always present in hot forging. The
outer surface of the hot metal is generally oxidized, and during the deformation, the
oxidized film breaks and falls down in the form of scale. Scale is generally a

pal‘tSIiefectedPiece.Percentage), (iii) scale
), and (iv) the machining allowance loss for

te Il osses (scraps) depend on
size of the component.

percentage of total volume argla function of the material forged. Machining loss

should be considered only if a chip forming process (milling, turning etc.) is present
after the hot forging. The amount of machining loss is function of the part

dimensions.

The amount of raw material pends on the volume of the component and

therefore on the amount of material necessary for the entire process (from billet
cutting to final machining). The stock is a billet cut from a commercial bar. In case

of axisymmetric components, the round billebrdeter RawMaterialwidth ) is
generally % of the piece widthiéce.width ). Billet height RawMaterial.Length ) iS
calculated starting from necessary volume for forging the pawtigterial.volume ).

Table24. A Round nmaierialseategy r a w

(Piece.Shape =
fiSheet Met a

Validity rules Calculation rule
I F (Piece. Shape = AAXYysi mm
RawMaterial.CrossSectionType =
NOT . . o
(Piece.Shape = RawMaterial . CrossSectionType = fAPri
AHo .I l owd) RawMaterial.Material = Piece.Material
NOT RawMaterial.Volume = (Piece.Volume + Cutting.Waste.Volume

+ Flash.Volume

ScaleLoss.Percentage/100) * 1 +
DefectedPiece.Percentage/100)
RawMaterial.Width = Round(3/4 * Piece.Witdh; -1)

+ Machining.Volume) * 1 +
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RawMéerial.Length = (RawMaterial.Volume * 4) / ( oo
RawMaterial.Width"2)

RawMaterial.Cost = RawMaterial.Volume *
RawMaterial.Density * RawMaterial.UnitaryCost i
((Machining.Volume + Cutting.Waste.Volume +Flash.Volume)

* 1 + DefectedPiece.Percentage/100)) *
RawMaterial.Density * Scrap.UnitaryRevenue

Once defined the stock strategy, thanufacturing strategghould be selected
(Table 25). A manufacturing strategy covers all the bundles available for a given
strategy. For the closatie forging process, the shape of component (axisymmetric
parts and prismatic parts) affedie tmanufacturing strategies.

Table25. APreci Dien FOlrgsemdyd0 manufacturing
Manufacturing  strategy | Operation . -
validity rules s bundles Bundles validity rules Bundles priority rules
Precision :
) . N/A  (no alternative
Clos_eddle Always valid bundles available)
forging
Non- .
. _ . . N/A  (no alternative
NOT (Piece Shape = destructive | Piece.NDTRequested bundles available)
AHol | owo) test
NOT (Piece.Shape = Heat . N/A  (no alternative
fisheet Met al o] reatment | *Ways valid bundles available)
Piece.GeneralRoughn Turning Piece.GeneralRoughn IF
ess < 12,5um with ess < 6,3um (Production.BatchQuan
Piece.GeneralTolera Multitaski | Piece.GeneralTolera tity < 10) THEN Score
nce< +1,5mm ng lathe nce< +0,5mm =5ELSE Score =20
Piece.GeneralRoughn IF
Turning + | ess <6,3um (Production.BatchQuan
Milling Piece.GeneralTolera tity O 10) THE
nce < +0,5mm =10 ELSE Score =0

Table 26 shows an analysis of a conventional cledad forging of an
axisymmetrical component. The forging process is completed whitfainpng
operations to achieve the final dimensional tolerarared surface roughness. For
precision closedlie forging manufacturing strateg¥able25), there are 5 bundles:
(i) closeddie forging, (ii) nonrdedructive test, (iii) heat treatment, (iv) turning with
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the multitasking lathe. and (v) turning plus milling. The precision claedorging
bundle is composed by the following four principal operations:

1 Billet cutting (sawing is alternative to shearing)
9 Billet heating;
1 Forging;

1 Flash removal (sawing or trimming in function of component characteristics).

Table26. AiPrecision Closed Die Forgingo operat

Operation

s Operation validity rules Product parameters

Operation.Area =
RawMaterial.CrossSectionAre
a

Operation.Area =
RawMaterial.CrossSectionAre
a

Operation.Width =
Piece.Width *
Always valid Furnace.BachtSize
Operation.Height =
Piece.Height

Operation.Length =
Piece.Length

Operation.Width =
Piece.Width

Operation.Height =
Piece.Height
Operation.ProjectedArea
Piece. ProjectedArea
Flash.Pr ojectedArea
Forging Always valid Operation.Volume =
Piece.Volume
Operation.PartingLine =
Piece.PartingLine
Operation.MainAxis =
Piece.MainAxis
Operation.SideDepression =
Piece.SideDepression
Operation.NumberSurfaces =
Piece.  NumberSurfaces

Billet RawMaterial.CrossSectionDimension
sawing 1>300 mm

Billet RawMaterial. CrossSectionDimension
shearing 1 O 300 mm

Billet
heating
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Flash
trimming Piece.ThroughHole.Area > 8 E03mm?2 | Operation.ProjectedArea =

Operation.Length =
Piece.Length

Operation.Width =
Piece.Width

Operation.Height =
Piece.ThroughHoles.Number > 1 Piece.Height

Piece. ProjectedArea +
Flash.ProjectedArea
Operation.Perimeter =
Piece.PerimeterOutside +
Piece.Perimeterinside

Flash
sawing

Operation.Length =
Piece.Length

Operation.Width =
Piece.Width

Operation.Height =
Piece.Height

Operation.  ProjectedArea =
Piece. ProjectedArea +
Flash.ProjectedArea
Operation.Perimeter =
Piece.PerimeterOutside

Piece.ThroughHoles.Number < 1 OR
Piece.ThroughHole.Area < 8 EO3 mm 2

5.1.3.Closeddie forging cost calculation

For the sake of brevity, this section focuses only on the forging process for an
axisymmetrical component, which represents the case studies analysed in this
section.

Once the operations that constitute the overall forging process are established, the
following variables are calculated for each operation:

1
1
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Raw material required.

Operation, setup and idle time for machines and labour.
Equipment required.

Solid, liquid and gas consumables consumption.

Energy consumption for the employed vectors.



The cost of forged components is calculated by first summing the cost of each
operation included within theloseddie forgingbundle (Eq. 1).

0 ) )
0 0 @)

The cost of the overall manufacturing process is calculated by summing the cost
of each bundle (Eqg. 2).

0 0
0 0 2

Finally, the cost of the forged compent is calculated by summing the raw
material and the process cost (Eq. 3).

0 0 0 (3)

5.1.4.Closeddie forgingdesign rules

The design of any forging process begins with the geometry of the finished part.
Consideration is given to the shape of the part, the material to be forged, the type of
forging, theequipment to be used, the number of parts to be forgedpfitieation
of the part and the forging type (blocker, conventional and precision). The design of
forging part could be summarized in 8 main points (ASM 14A, 2005):

1. Parting Line: projected line around the periphery of a forging that is defined
by the adjacet and mating faces of the forging dies when the dies are closed.
The parting line design involve its inclination and position in relation of
forging part.

2. Draft: describe the taper commonly applied to or inherent in the vertical sides
of elements or feates of a hammer or press forging. Its function is to
facilitate removal of the workpiece from the die. Draft design rules are
generally focused on draft angles in function of forging part material.

3. Ribs and bosses: are integral functional elements arésatf a forging that
project outward from a web in a direction parallel to the ram stroke. The
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design of ribs and bosses is necessary to ensure their suitability for
performing their functions, then the design rules are focused on ribs and
bosses dimensns and characteristics.

4. Corners and fillets: are curved connecting surfaces on cltisefbrgings
that unite smoothly the converging or intersecting sides of forged elements,
such as ribs, bosses, and webs. Then the design rules involving corners and
fillets are focused on their values according to the features in which they are
located.

5. Webs: are the relatively thin elements of the forging that lies between, and
serves to connect, ribs, bosses, and other forged elements projecting from
surfaces of the wie The design of webs must be considered along with the
design of ribs and bosses, the location of the parting line, the assignment of
draft, and the selection of corner and fillet radii.

6. Cauvities and holes: cavities are pockets, recesses, or indentdti@gsilar
or irregular contour that are impressed into a portion of a cldisefbrging.
Holes are prolongations of cavities that perforate, or penetrate completely,
some portion of the forging elements. Their design involves distances, radii,
thicknessand draft.

7. Flash: itis metal in excess of that required to fill the impression. Flash design
are strictly connected with parting line design.

8. Dimensions and tolerances: dimensions describe the overall length, width
and height, the location and amountdrséft, and the location and size of
forging features (ribs, bosses, cavities, holes) and they define the
interconnecting fairing, or fillet radii, and the outside edge or corner radii.
Dimensions and tolerances limits are function of the feature invdiweging
material and forging type (blocker, conventional and precision).

In appendixA. (Table 64) are reported a set of rules dedicated to the closed
forging process. It is worth noting that this is not a complete list of rules but only
part of it.
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5.1.5.Case study Forging closed die (part 1 pin)

The first part analysed is a pimanufactured by precision closdi forging
process. The part is manufactured in C40 carbon steel with a production volume of
50000 components and a batch size of 500 parts.

General roughness of the partis @ and the tolerances doe
+1,5mm.

In Figure32 are show the component and its properties.

Material: C40 Carbon Steel
Production volume: 50000
Batch size: 500

General roughness: 6,3 pm

N R

General tolerances: +1.5mm

Figure 32 Forging closed die (part 1 pin)

By following the proposed methodologyg@ion3), the first step $tep 1:3D
CAD Mode) concerns the 3D model data reading as described in the methodology
workflow (Figure 8). The described CAD feature recognition system was used to
retrieve information from the 3D CAD model under development and to connect
product eature with the DfM/DfA guidelines and cost estimation algorith&tef{
2: Feature recognition and extraction)n Appendix B.Features of components
analysed in case studjefable 67, are summarized thehysical and material
features of the modéFeatures of 1° blockyhile in Table68 are summarizethe
manufacturing and material features of the model (isolated) (Features of 2°.block)
Block 3 (Manufacturing and material features of the model in relation with other
feature/s (interrelated for part)) and block 4 (Manufang and material features of
the model in relation with feature/s of other model/s (interrelated for assembly)) are
notinterested in this case study.
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Once identified the features belonging to the blocks, DfM/DfA rules analysis was
performed as described the methodology workflow (8p 4: DfM/DfA analysi3
(Figure8). For the part analysis, only the set of DfM rules referring to the cldised
forging technology, in particular precision forging, was selecfeablé 64 in
Appendix A. DfM/DfA rules repositories Then, mathematical equations
characterizig each DfM rule are checked with the feature identified in the feature
recognition phase.

In this first case study are identified 2 design problems regarding thdqidrt,
related to the second block of geometric feature recognition

The first issue corer n s t he absence of dir aft angl
CYLI NDERO. Draft is the term used to descr
inherent in the vertical sides of elements or features of a hammer or press forging.

Its function is to facilitate removal of ¢hworkpiece from the die. Although the
surfaces of die cavities normally are polished and lightly coated with a lubricating
film, the absence of draft, or of sufficient draft, causes the forging to stick in the dies,
making removal impossible or difficulworkpieces designed with no taper on
vertical sides (zero draft) require special forceful means for ejection from die
cavities). The minimum draft angle in precision cleséglforging of steel cannot be
lower than 3°. This issue can be classified as iticar since it affects the
technological feasibility of the feature.

The second design issue is related to the absence of fillets at the base of
AFeat WUC¥LLRDERO, c aieforgingiofrstea miminsum dalue of
corner fillet radii is 1,5mm. Fillet and corner are curved connecting surfaces on
closeddie forgingsthat unite smoothly the converging or intersecting sides of forged
elements, such as ribs, bosses, and webs. Their radii provide a smooth, gradual
connection rather than an abrupt angular junction. Minimum values for corner and
fillet radii provide a seds of advantages including a lower concentration of stress
but also a less die costs, time savings and reduction of processing waste. Indeed,
sharp edges cannot be obtained by forging and is required a machining operation.

Table27 summarize the identified design problem.
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Table27 Design problems identified for the component (partaln original
design)

Knowledge processing Knowledge representation
Manufacturing Material CAD fegt_ure .DfM/DfA DfM/DfA guideline picture
technology recognition guideline syntax
Class: Metal Class: Recognize: Outside | Action:
forming Metals draft angle (o) Guarantee
Type- level 1: Type: PMI: N.A. Subject: An
Closeddie Steel Dimensions/geometry| outside draft
forging U d=B° angle higher than
Type- level 2: 3°
Precision Context: In

precision closed
die forging of

steel
Class: Metal Class: Recognize: Corner Action:
forming Metals radius (r) Guarantee
Type-level 1: | Type: PMI: N.A. Subject: A
Closeddie Steel Dimensions/geometry| minimum corner
forging r>1,5mm radius of 1,5 mm
Type- level 2: Context: In
N.A. closeddie

forging of steels

At the same time witDfM/DfA rules analysis, an analytical cost estimation has
been done starting from the identified featutg) 3: Cost analygidt is important
to notice that the manufacturing cost estimation is not applicable in the original
design due to the imposdity to produce the part cause the draft angle and corner
radius absence.

Based on the mentioned analyses (3D Model Data, Feature recognition and
extraction DfM/DfA analysis and Cost estimation) two report (one for cost analysis
and one for DfM/DfA analyis) was generated. This report keeps track of the changes
did about the CAD model and its evolutions over time. At this step, the previously
highlighted issues will be fixed and then the 3D model is upd&texp 5: Update
3D CAD Model)y changing the nael features according to the design guideline.

The changes consisted of:
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I Feature_10 CYLINDER: substituted with a cone having a 3° draft angle
(Feature_12 TRUNCATED_CONE_NEW).

1 Feature_10 CYLINDER: elimination of sharp corner at the base using a 1,5
mm corner radius (Feature_1BILLET NEW).

In Appendix B.Features of components analysed in case stutizesummarized
only the modifiedohysical andmaterial features of the updated modetétures of
1° block)while in Table70are summarizethemanufacturing and material features
of theupdatedmodel (isolated) (Features of 2°block) 1| t 6 s i mportant to
the component will then undergo a machining openatd obtain thé-eature_10
CYLINDER 10, necessary for the assembly of the component. The component after
machining operation will be the same of the original design, therefore, regarding the
other features the information are the same representedvinys¢ables Table67
andTable68).

Table28 andTable29 report the cossharing for the component manufacturing
after the design update. Analysing the breakdown of cost can be notice that the
APreci sidor dloogged g ( b u mtohdiretgrm of costs, whilee mo st
the heat treatment and control impact only in a small percentage in the total costs.

Table28 Cost analysis (part 1 pin updated desigrn) Raw material

Raw material information Type [ad.] Dimensions Volume [dn] Total [
[mm]
Raw material (net+waste) Round billet 70*70*104 0,40 2,48

Table29 Cost analysis (part 1 pin updated desigrn) Operations

Cost breakdown (bundles) Setupl/idle Active Total Tooling
Cost Time Cost Time | Cost Time | [ 4]
[G] |1Is] [ O] |1Is] [a] | s

Precision closedlie forging 1,95 43 8,25 512 10,20 | 556 13850,22

(manufacturing strategy) (tot.)

Precision closedlie forging 1,83 38 5,64 434 7,47 472 13850,22

(bundle) (tot.)

100 ton billetshearing press (55 | 0,14 9 0,02 1 0,16 10

al h)

750 ton hydraul| 1,69 29 2,35 40 4,04 69 13850,22
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Feature_10 CYLINDER:
 Cylindrical_face_10.01

Bandsaw trim (3- 3,27 392 3,27 392
Heat treatment + control (bundle] 0,03 0,35 15 0,38 16
(tot.)

Furnaceheat r eat ment | 0,03 0,22 6 0,25 7
Vi sual control - 0,13 9 0,13 9
Chip forming (bundle) (tot.) 0,06 0,84 63 0.90 68
Generic CNC turret lathe (tot.) 0,06 0,84 63 0,90 68
(48 4/ h):

M Rough cylindrical turn on - 0,84 63 - -
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5.1.6.Case study Forging closed die (part 2 planetcarrier)

Using the same procedure as in the first case studgetimndoart analysed is a
planet carrier manufactured also in this case by precision etieddrging process.
The part is manufactured in C40 carbon steel with a production volume of 50000
components and a batch size of 500 parts.

General roughness of the pas 6, 3um and the tolerances doe
+1,5mm.

In Figure33 are show the component and its properties.

Material: C40 Carbon Steel
Production volume: 50000
Batch size: 500

General roughness: 6.3 um

N N N 7

General tolerances: +1.5mm

Figure 33 Forging closed die (part 2planet carrier)

Following the methodology (SECTIOMNB) in Appendix B. Features of
components analysed in case studiezble 71, are summarized thehysical and
material features of the mod€Features of 1 block) while in Table 72 are
summarizedthe manufacturing and material features of the model (isolated)
(Features of 2° blockBlock 3 (Manufacturing and material features of the model
in relation with other featurs/(interrelated for part)) and block 4 (Manufacturing
and material features of the model in relation with feature/s of other model/s
(interrelated for assembly)) also in this case study are not interested in the analysis.

Once identified the features betpng to the blocks, DfM/DfA rules analysis was
performed and mathematical equations characterizing each DfM rule are checked

with the feature identified in the feature recognition phase.
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In this second case study are identified 4 design problems regthrdipgrt, all
of them related to the second block of geometric feature recognition:

All the issues are related to the too low draft angle of some features:

T AFeatuTRUNMCATED CONE_160: too | ow draft
issue.

1T AFeat U C¥LIMLNDBBReace of draft angl€ritical issue.

1T AFeat iB8eO0OTI30: absenCdtcabisgsuedr aft angl e.

T AFeat ur@YLLISBNDER_CI RCULAR PATTERNO: abser

angle.Critical issue.

The minimum draft angle in precision closgig forging of steel cannoeldower
than 3° and in this case is only 2° for the first feature and absent fothr®nes
As described in the previous case study this issue can be classified as a critical since
it affects the technological feasibility of the feature.

Table30 summarize the identified design problem.

Table30 Design problems identified for the component (partdanet carrier

original des

ign)

Knowledge processing

Knowledgerepresentation

Manufacturing Material CAD fez?lt_ure .DfWDfA DfM/DfA guideline picture
technology recognition guideline syntax

Class: Metal Class: RecognizeQutside Action:

forming Metals draft angle (do) Guarantee

Type- level 1: Type: PMI: N.A. Subject: An

Closeddie Steel Dimensions/geometry| outside draft

forging U dxB° angle higher than

Type- level 2: 3°

Precision Context: In

precision closed
die forging of
steel
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Class: Metal Class: Recognize: Inside Action:

forming Metals draft angle {di) Guarantee

Type- level 1: Type: PMI: N.A. Subject: An

Closeddie Steel Dimensions/geometry| inside draft angle

forging U d>B° higher than 5°

Type- level 2: Context: In

Precision precision closed
die forging of
steel

Class: Metal Class: Recognize: Inside Action:

forming Metals draft angle {di) Guarantee

Type-level 1: | Type: PMI: N.A. Subject: An

Closeddie Steel Dimensions/geometry| inside draft angle

forging U d>b° higher than 5°

Type- level 2: Context: In

Precision precisionclosed
die forging of
steel

Class: Metal Class: Recognize: Outside | Action:

forming Metals draft angl| Guarantee

Type- level 1: Type: PMI: N.A. Subject: An

Closeddie Steel Dimensions/geometry| outside draft

forging Udo >3A angle higher than

Type- level 2: 3°

Precision Context: In

precision closed
die forging of
steel

Also in this case study is important to notice that the manufacturing cost
estimation is not applicable in the original design due to the impossibility to produce
thepart cause the draft angle absence.

Then, starting from the previous analyses (3D Model Data, Feature recognition
and extraction DfM/DfA analysis and Cost estimation) and from the report
generated, the highlighted issues will be fixed and then the 3D model is updated by
changing the model &ures according to the design guidelines.

The changes consisted of:

167




i Feature_* TRUNCATED CONE_1: increasing the draft angle from 2° to
3° (Feature_1 TRUNCATED CONE_1_MOD).

1 Feature_10 CYLINDER: elimination of this feature for forging operation.
The feature will be obtained using a chip forming process.

I Feature 127 SLOTS: adding a draft angle of 3° (Feature 12
SLOTS_MOD).

1 Feature_16 TRUNCATED CONE_3: changing height (from 9,33 mm to 20
mm) andreduced th@iameter (from 88 mm from 82,28 mm).

I Feature 26 FILLET _NEW: adding a fillet (radius 3mm) at the base of the
Feature_16 TRUNCATED CONE_3_MOD.

i Feature 18/ CYLINDER_CIRCULAR PATTERN: substitution of this
feature with a truncated cone with a 3° draft angle (Featurd 18
TRUNCATED_CONE_CIRCULAR PATTERN_NEW).

In Appendix B.Features of components analysed in case stltidde 73, are
summarized only the modifigehysical and material features of the updated model
(Features of 1° blockyhile in Table 74 are summarizethe manufacturing and
material features of theipdatedmodel (isolated) (Features of 2° block) | t &6 s
important to notice that the component will then undergo a machining operation to
obtain theFeature_Q i CYLINDER, necessary for the correct working of the
component in the assembly. The component after machining operation, except for
previously edited features, will be the same of the original design, therefore,
regarding the other features the inforroatiare the same represented in previous
tables Table71andTable72)

Table31andTable32reports the cossharing for the component manufacturing
after the design wate. Analysing theostsbreakdown can be notice also in this case
study that thedei aPfecgengn(bluondked) o is the
of costs, while the heat treatment and control impact only in a small percentage in
the total costs.
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Table31 Cost analysis (part 2 planet carrier updated desigii)Raw material

Raw material informations Type [ad.] Dimensions Volume [dm?] Tot al [
[mm]
Raw material (net+waste) Round billet 190*190*104 2,96 18,49

Table32 Cost analysis (part 2 planet carrier updated desigi)Operations

Cost breakdown (bundles) Setup/idle Active Total Tooling
[ 0]
Cost Time Cost Time Cost Time
[a] |Is] [a] |Is] [a] |Is]
Precision closedlie forging 6,55 69 27,00 1241 33,55 | 1310 47301,09
(manufacturing strategy) (tot.)
Precision closedlie forging 6,44 62 19,21 665 25,65 | 727 47301,09
(bundle) (tot.)
500 ton billet shearing press (11§ 0,52 16 0,06 2 0,58 18 -
al/l h)
5000 ton hydraulic press (470 5,92 46 14,55 111 20,47 | 157 47301,09
al h)
Bandsaw trim (3- - 4,60 552 4,60 552 -
Heat treatment + control (bundle| 0,03 1 1,24 52 1,27 53 -
(tot.)
Furnace heat tr| 003 1 0,98 26 1,01 27 -
Vi sual control - - 0,36 26 0,36 26 -
Chip forming (bundle) (tot.) 0,08 6 6,55 524 6,63 530 -
Generic CNC machining center | 0,08 6 6,55 524 6,63 530 -
(tot operationg
b Dril  single hole on| - - 6,55 524 - - -
Feature_10 CYLINDER:
b Cylindrical_face_10.01
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5.2. Case study machining/chip forming
The machining/chip forming case study is divided in 6-sedtions:

1 Section5.2.1 presents a brief introduction of the machining/chip forming
process.

1 Section5.2.2is focused on the cost structure of the machining/chip forming
process.

I Section 5.2.3 presents the cost estimation methodology related to the
machining/chip forming process.

I Section5.2.4describes the design rules involvedriachining/chip forming.
1 Section5.2.5presents the first part analysexilied late).

1 Section5.2.6presents the second part analysachédhatft).

5.2.1.Machining introduction
In this section the case study is focused in chip forming process.

Machiningis a term that covers a large collection of manufacturing processes
designed to remove unwanted material, usually in the form of chips, from a
workpiece. Machining is used to ca@rt castings, forgings, or preformed blocks of
metal into desired shapes, with size and finish specified to fulfil design requirements
(ASM International Handbook Committee, 1989).

Machining process number is huge and each process could be perfornmed on o
or more machine tools. Faxample, drilling can be performed on drill presses,
milling machines, lathes, and some boring machines. The main chip forming
processes are listed below:

1 Turning (boring, facing, cutoff, taper turning, form cutting, chamtgrin
recessing, thread cutting).

1 Shaping (planing, vertical shaping).
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Milling (hobbing, generating, thread milling).

Drilling (reaming, tapping, spot facing, counterboring, countersinking).
Sawing (filing).

Abrasive machining (grinding, honing, lapping).

Broaching (internal and surface).

= =2 =4 -4 A -

Processes can be combined into multiple capability machines, known as
machining centers.

In machining procesachievable surface roughness is generally less than 3,2 ym
up to very accurate values (0,01 um). Also, for toleeathe values achievable are
extremely accurate, varying betweehmm to+0,01 mm (Ashby, 200).

5.2.2.Machining process costs structure

According toFigure8 and in the same way as forging (Sectol) the workflow
for defining a manufacturingrocess begins by first selecting tpeoduction
environmen{Table33) in the same way as described in previous chapters.

In machining the raw matetiaould be a bar (round or prismatia)tube (round
or prismatic) or a sheet metal n f uncti on of t he reali zed
(Axysimmetrical, Prismatic, Hollow Axysimmetrical, Hollow Prismatic and Sheet
Metal). Also, in chip forming raw material coulet a semfinished part produced
by forming processes, such as forging or casting.

The manufacturing strategy depends on the
shape and dimensions) and could be classifieMilling, Turning (limited for
axysimmetrtal and hollow axysimmetrical components) and a combination of
previous two Milling and Turningfor axysimmetrical and hollow axysimmetrical
parts which need turning but also milling operations.
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Table33 Production strategies for machining

Productio
n strategy

Raw
materia
|
strateg

y

Manufacturi
ng strategy

Validity rules

Priority rules

Milling
from
prismatic
bar

Prismati
c bar

Milling

Piece.Length < 1800

mm

Piece.Width < 500 mm
Piece.Height < 160

mm

Piece.Weight < 4000

kg

NOT (Piece.Shape =
ASheet Met al 0)
NOT (Piece.Shape =
AAXyYysi mmetric
NOT (Piece.Shape =
AHol | owAxysim
| 0)

N/A (no alternative
production strategy
available)

Milling
from
round bar

Round
bar

Milling

Piece.Length < 1800

mm

Piece.Width < 500 mm
Piece.Height < 500

mm

Piece.Weight < 4000

kg

NOT (Piece.Shape =
AiSheet Met al 0)
NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =
AHol Il ow Prism

N/A (no alternative
production strategy
available)

Milling
from
prismatic
tube

Prismdi
¢ tube

Milling

Piece.Length < 1800

mm

Piece.Width < 500 mm
Piece.Height < 300

mm

Piece.Thickness<

14,2 mm

Piece.Weight < 4000

kg

Piece.Shape =

AHol |l ow Prism
NOT (Piece.Shape =
iSheet Met al 0)
NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =
AAXysi mmetric

N/A (no alternative
production strategy
available)
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NOT (Piece.Shape =
AHol |l owAxysim
I 0)

Milling
from
round tube

Round
tube

Milling

Piece.Length < 1800

mm

Piece.Width < 1200

mm

Piece.Height < 1200

mm

Piece.Thickness<

12,5 mm

Piece.Weight < 4000

kg

Piece.Shape =

AHol | ow

AXysi mmetrica
NOT (Piece.Shape =
ASheet Met al 0)
NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =
AAXysi mmetric
NOT (Piece.Shape =
AHol | owPr i sma

N/A (no alternative
production strategy
available)

Milling
from sheet
metal

Sheet
metal

Milling

Piece.Length < 1800

mm

Piece.Width < 1200

mm

Piece.Height < 700

mm

Piece.Weight < 4000

kg

Piece.Shape =

AfiSheet Met al o
NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =
AAXysi mmetric
NOT (Piece.S hape =
AHol |l owPr i sma
NOT (Piece.Shape =
AHol | owAxysim
I 0)

N/A (no alternative
production strategy
available)

Milling
from
semi
finished

Semt
finished

Milling

Piece.Length < 1800
mm

Piece.Width < 1200
mm

Piece.Height < 1200
mm

Piece.Weight < 4000
kg

N/A (no alternative
production strategy
available)
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Piece.Length < 1910
mm

Piece.Width <500 mm
Piece.Height < 500

IF (Piece.Shape =

mm AAXyYysi mmetrica
Eéece.Welght <4000 Production.BatchQuant
- _ ity > 10) THEN Score
Turning Iflece.Shap_e = . -10
from Round Turning n.A Xys| Tme trice IF (Piece.Shape =
bar Piece.Shape = o - .

round bar fiHo!l | owWAXysi m nAxy_S|mmetr|ca
Lo Productlon.BatchQuant
NOT (Piece.Shape = Ey5 < 10) THEN Score
AfSheet Met al 0) _
NOT (Piece.Shape = ELSE Score =0
APrismatico)
NOT (Piece.Shape =
AHol |l ow Prism
Piece.Length < 1910
mm
Piece. Width < 630
mm
Piece.Height < 630 IF (Piece.Shape =
mm AHol | owAXxysi mnm
Piece.Thickness< 0 AND
12,5 mm Production.BatchQuant
Piece.Weight < 4000 ity > 10) THEN Score

Turnin kg =10

from ’ Round Turning Piece.Shape = IF (Piece.Shape =

round tube tube AHol |l owAxysi miAHol | owAxysi mm
| o 0 AND
NOT (Piece.Shape = Production.BatchQuant
AiSheet Met al 0) |ity < 10) THEN Score
NOT (Piece.Shape = =5
APrismatico) ELSE Score =0
NOT (Piece.Shape =
AAXyYysi mmetric
NOT (Piece.Shape =
AHol | owPr i sma
Piece.Length <1910
mm
Piece.Width < 630 mm
Piece.Height < 630

. mm
;g;"”g o Piece.Weight < 4000 N/A (no alternative
) o Turning kg production strategy
semt finished NOT (Piece.Shape = available)
finished

iSheet Met al 0)
NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =
AHol |l owPr i sma
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Piece.Length < 1910
mm
Piece.Width < 500 mm

Piece.Height < 500

IF (Piece.Shape =

mm AAXyYysi mmetrica
Eéece.Welght <4000 Production.BatchQuant
Turning Piece.Shape = Ey < 10) THEN Score
and Round | Turning + AAXysimmetric =10
milling . . _ IF (Piece.Shape =
bar Milling Piece.Shape = ~ - .
from ﬁHoIIowaysimnAXy.S'mmetrlca
round bar L _Productlon.BatchQuant
NOT (Piece.Shape = Ey5> 10) THEN Score
ASheet Met al 0) _
NOT (Piece.Shape = ELSE Score =0
APrismatico)
NOT (Piece.Shape =
AHol |l ow Prism
Piece.Length < 1910
mm
Piece. Width < 630
mm
Piece.Height < 630 IF (Piece.Shape =
mm AHol | owAXxysi mnm
Piece.Thickness< 0 AND
12,5 mm Production.BatchQuant
Turning Piece.Weight < 4000 ity < 10) THEN Score
and . kg =10
milling E%l;nd I/;:ﬁi?:ng * Piece.Shape = IF (Piece.Shape =
from 9 AHol |l owAxysi miAHol | owAxysi mm
round tube I o 0 AND
NOT (Piece.Shape = Production.BatchQuant
fiSheet Met al 0) | ity>10) THEN Score
NOT (Piece.Shape = =5
APrismatico) ELSE Score =0
NOT (Piece.Shape =
AAXYysi mmat i)
NOT (Piece.Shape =
AHol |l ow Pri sm
Piece.Length <1910
mm
Piece.Width < 630 mm
. Piece.Height < 630
Turning mm
aqq . . Piece.Weight < 4000 N/A (no alternative
milling S_gmr Tgrnlng * kg production strategy
from. finished | Milling NOT (Piece.Shape = available)
seme iSheet Met al o)
finished

NOT (Piece.Shape =
APrismatico)
NOT (Piece.Shape =

AHol Il ow Prism

175



The material is closely related to the manufacturing process. However, the
manufacturing process also depends on the piece shape (axisymmetric, prismatic,
etc.), its dimensions, thelewances and the surface roughness required.

Theraw material strateggonsists in the initial stock selection and is a function
of the quantity of material needed for the final pdarakle 34). Material costs
importance in total cost breakdown of chip forming is extremely variable and
affected by raw material unitary cost and by part complexitfa¢hin complex part
the manufacturing cost outclasses thaterial cost. The material cost is determined
by the final part dimensionsiéce. Length, Piece. Width, Piece. Height ) and by the
allowance of material P(ece. Length .Allowance, Piece. Width .Allowance,

Piece. Height .Allowance ) required to obtain the finalughness and tolerances of the
part.

In raw material cost must be considered also the defected parts
(DefectedPiece.Percentage ). Generally the scrap, defined as the difference between
raw material volumeRawMaterial.volume ) and piece volumerigce.volume ), could
be resold to obtain some revenues.

Table34Ai Pri smatic bar o raw materi al strategy

Validity rules Calculation rule

RawMaterial.Material = Piece.Material

RawMaterial. Dimensionl > Piece. Length +
Piece. Length .Allowance

RawMaterial. Dimension2 > Piece. Width +
Piece. Width .Allowance

RawMaterial. Dimension3 > Piece. Height +

Piece.Dimension2 Piece. Height .Allowance B

;iggg girrzension?, RawMaterial.Volume = (RawMaterial. Dimensionl *
<160-mm RawMaterial. Dimension2 * RawMaterial. Dimension3 ) * (1

+ DefectedPiece.Percentage/100)

RawMaterial.Cost = RawMaterial.Volume *
RawMaterial.Density * RawMaterial.UnitaryCost i
(RawMaterial.Volume i Piece.Volume) * (1 +
DefectedPiece.Percentage/100) * RawMaterial.Density *
Scrap.U nitaryRevenue
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Once defined the stock strategy, thanufacturing strategghould be selected
(Table 35). For the milling process, the dimensions of component (space limits in
machining centers) and the movements required at the machining centers (3 axis, 4
axis and 5 axis) affects the manufaitg strategies.

Table35A Mi | | i ngd manufacturing strategy

Manufacturing
strategy validity
rules

Bundles priority
rules

IF NMax
movements
movements required: X axis req_uwed: X
e C o righto) A SXSANDY
fr aX|_s AND Z
axis THEN
Score=1 5
ELSE Score =
15
IF NMax
movements
required: X
axis AND Y
axis AND Z

. axis THEN
Piece.Length Score = 10

<1800 mm
Piece.Width IF NMax

Operations

bundles Bundles validity rules

Milling with
3 axis CNC

NMa.

(
! (
vertical

ax
fi
f t to backo) A
up and downo)

=S

f
0
(

< 1200 mm Milling with NMax movements required: X axis movements
Piece.Height 4axisCNC| AND Y axis AND Z axi required: X
e horizontal rotation around thgdg axisANDY

<_1200 mm axis AND Z
Piece.Weight axis AND

<4000 kg rotation

around the X
axiso TH
Score = 10

ELSE Score =

10
IF NMax
movements

NMax movements required: X axis
AND Y axis AND Z axis AND required: X
((A180A rotation ar d! ‘
- . . | = < axis AND Y
Milling with axiso AND nA180A rot 4 .
. . N axis AND Z
5 axis CNC the Y axiso) OR (AN :
. axis THEN
rotation around the _
~ P - Score =5
A180A rotation ar ol IF NMax
axiso) OR (AND fd180
novements
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r

around
otation

the Y

around

axiso

t he

required: X
axis AND Y
axis AND Z
axi s
rotation
around the X
axiso
Score =5
ELSE Score =5

AND

TH

Broaching

Piece.BroachingRequest

N/A (no
alternative
bundles
available)

EDM

Piece.MinFilletRadius

< 3mm

N/A (no
alternative
bundles
available)

Non-
destructive
test

Piece.NDTRequested

N/A (no
alternative
bundles
available)

Painting

Piece.PaintRequest

N/A (no
alternative
bundles
available)

Chrome
plating

Piece.ChromeRequest

N/A (no
alternative
bundles
available)

Table36 shows an analysis of a milling using a vertical 3 axis CNC. The milling
process is completed whit operations to achieve the final dimensional tolerances,
surface roughness or painting. For millifgble35) there are 8 bundles in function
of machine required to achieve the final part shape: (i) milling with 3 axis CNC
vertical, (ii) milling with 4 axis CNC horizontal, (iii) milling with 5 axis CNC, (iv)
broaching, (v) EDM, (vi) noestructive tesatnd(vii) painting and chrome plating.

The milling with 3 axis CNC vertical bundle is composed by the following

operations:

1 Raw material cutting, which could be achieved by laser, plasma or in case of

large ®ction, by bandsaw.

1 The milling process using a vertical 3 axis CNC.
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Table36n Mi

l ing with

3 axis CNC vert

i cal

Operations

Operation validity rules

Product parameters

Laser cutting

RawMaterial.Dimension3
20 mm

IN

Operation.Height =
RawMaterial.Dimension3
Operation.Perimeter =
RawMaterial.Perimeter

Plasma cutting

RawMaterial.Dimension3
160 mm

IN

Operation.Height =
RawMaterial.Dimension3
Operation.Perimeter =
RawMaterial.Perimeter

Bandsaw cutting

RawMaterial.Dimension3
160 mm

|V

Operation.CrossSectionalArea =
RawMaterial.CrossSectionalArea

Milling with 3 axis
CNC vertical

Always valid

Operation.MaxLength =
Piece.Length
Operation.MaxWidth =
Piece.Width
Operation.MaxHeight =
Piece.Height

5.2.3.Machining cost calculation

0

Once the operations that constitute the overall process are established, the
following variables are calculated for each operation:

1 Raw material required.

9 Operation, setup and idle time fimachines and labour.

1 Equipment required.

1 Solid, liquid and gas consumables consumption.

1 Energy consumption for the employed vectors.

The cost of machined parts is calculated by first summing the cost of each
operation included within thililling with 3 axis CNC verticabundle (Eq4).

&

O=
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The cost of the overall manufacturing process is calculated by summing the cost
of each bundle required (ES).

0 0 0 0
0 0 0 (5)
Finally, the cost of the final component is calculated by summing the raw material
and the process cost ().

0 0 0 (6)

5.2.4.Machining design rules

The design of a machined components includes limitations about drilling
operation, hole diameters, achievable and recommended surface finish and
tolerances, achievable radii, ect.

A set of rules dedicated for machining (milling and turning in particular) are
reported inAppendix A.DfM/DfA rules repositoriesTable65. It is worth noting
that this is not a complete list of rules but only part of it.

5.2.5.Case studyMachining (part Il milled plate)

The first part analysed is@| at e manuf actured by A mi
production strategy. The part is manufactured in AluminiudC 100 with a
production volume of 100 components and a batch size of 10 parts.

General roughness of the part is @ and the tolerances are sdified as
medium.

In Figure34 are show the component and its properties.
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Material: Aluminium - AC
100

Production volume: 100
Batch size: 10

General roughness: 3.2 pm

General tolerances: medium

Figure 34 Machining (part 1i milled plate)

As in the previous case study, also in this one is followed methodolegtid®
3) , st ar tSiepy 3D fCAD Modeb Figure 8), an d Step 2:Feature

recognition and extractia® in Appendix B.Features of components analysed in

case studigsTable 75, are summarized thehysical and materiafeatures of the
model(Features of 1° block)in Table 76 are summarizethe manufacturing and
material features of the model (isolated) (Features of 2° bjagkile in Table77

are summarized thBlock 3 (Manufacturing and material features of the model in

relation with other feature/s (interrelated for partBlock 4 (Manufacturing and
material features of the model in relation with feature/s other model/s
(interrelated for assembly)$ notinterested in this case study.

Once identified the features belonging to the blocks, DfM/DfA rules analysis was

performed as described in the methodology workflote§St: DfM/DfA analysi$
(Figure8). For the part analysis, only the set of DfM rules referring to the machining
process, was selectedppendix A.DfM/DfA rules repositoriesTable 65). Then,

mathematical equations charactierigeach DfM rule are checked with the feature

identified in the feature recognition phase.

In this case study are identified 3 design problems regarding the part, two related

to the second block of geometric feature recognition, while the latest exradahe

third block.

The first design issue is classified as critical and it affects the technological
feature. This -i ssue

feasi bi
SLOT 10

divided in three rules in function of radius of the pocket/contours edge (r) and the
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ratio between this radius and pocket/contours thickness (s). The rule is classified as
critical if the radius is zero and is classified as warning or informatiéunction of
the r/s ratio (warning: r <= s/6; information r <= s/4).

The use of rounded internal corners provides a series of advantages including a
lower concentration of stress but also all fewer machine operations, time savings and
reduction of proessing waste. Indeed, sharp internal edges cannot be obtained by
milling, and they require more complicated and expensive technologies such as
Electrical Discharge Machining (EDM).

The second and third design issues are classified as warning since thaty do
negatively affect component manufacturability but generate waste of manufacturing
time and cost.

The second i ssue i s rel ated t o
THREADED_ _HOLES_ PATTERN_ 10, MFeatur e ¢
THREADED_ _HOLES PATTERN_ 20 and 1 ifFeat u

THREADED_HOLES PATTERN 30 hol es which have fl at bo
flat bottom require special tools instead of traditional ones such as the drill bit. This

cause an increase in costs and times, and problems for any subsequent processing

such as reaming. The drill bit makedlds with a conical bottom, more suitable for

subsequent processing.

The third issue i s i CHEINBRI@AH SUHOD 1 vshe AFeatu
Feature 3i CYLI|I NDRI CAL _SLOT _ 20. Narrow wall mu s
cavities with too thin wall thicknesses are subjected to the stresses due to milling
operations, are at high risk ofdaking

Table37 summarize the identified design problem.

Table37 Design problems identified for the component (pdrtplate original

design)
Knowledge processing Knowledge representation
Manufacturing Material CAD fea}t_ure .DfM/DfA DfM/DfA guideline picture
technology recognition guideline syntax
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Class: Class: Recognize: Action: Avoid
Machining N.A. Pocket/contours Subject: Sharp
Type- level 1: Type: thickness (s)inner internal corners
Milling N.A. radius (r) Context: In
Type- level 2: PMI: N.A. milling
N.A. Dimensions/geometry| operations
r<=s/6
Class: Class: Recognize: Hole base| Action: Avoid
Machining N.A. angle (wb) Subject: Holes
Type- level 1: Type: PMI: N.A. whit flat bottom
Milling N.A. Dimensions/geometry| Context: In
Type- level 2: Uwb > 90° drilling
Drilling operations
Class: Class: Recognize: Slot wall | Action: Avoid
Machining N.A. distance (ds); Slot Subject: Slot wall
Type- level 1: Type: height (hs) distance (ds)
N.A. N.A. PMI: N.A. lower than slot
Type- level 2: Dimensions/geometry| height (hs)
N.A. ds>hs Context: In
machining
process

At the same time witDfM/DfA rules analysis, an analytical cost estimation has
been done starting from the identified featu®®p 3: Cost analygis

Table38 andTable39 report the cossharing for the component manufacturing.
Analysing the breakdown of cost can be notice that the rough and finish single slot
endmi | | on AGASKET_SLOT_160, A GASK®T _SLOT_20
AGASKET_SLOT_40 and AGASKET_SLOT_50 are t he
costs, while the others operation regarding the generic CNC machining center (tot.)
impact only in a small percentage in tio¢at costs. Is also important to notice that
another important cost i t-€Sh OTs 1toh en exidrekde rt oF
obtain the sharp internal corners.

Table38 Cost analysis (part 1 plate original design) Raw material

Raw material informations Type [ad.] Dimensions | Volume[dm® | Tot al
[mm]
Raw material (net+waste) Sheet metal | 351*137*25 | 1,20 13,78
plate
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Table39 Cost analysis (part 1 plate original design) Operations

Cost breakdown (bundles) Setup/idle Active Total Toolin
Cost | Tim Cost Time | Cost Time | g [ ¢
[aljels] [[ 4] | [a] |[s]

Milling with 3 axis CNC vertical (bundle) | 31,3 | 2342 | 135,5 | 1071 | 180,7 | 1305 | -

(tot.) 4 8 0 2 1

Pl asma cutting (to| 118 | 142 0,71 85 1,89 227 -

b Plasma cutting on Feature 1 | - - 0,71 85 - - -

PAD_1:

M Rectangular_face_01.03
b Rectangular_face_01.04
b Rectangular_face_01.05
b Rectangular_face_01.06

Generic CNGmachining center (tot.) (45 | 22,7 | 1817 | 129,0 | 1032 | 151,8 | 1214 | -

a/ h): 1 9 7 0 4

M Rough and finish perimetral end mj - - 0,72 58 - - -
on Feature_1 PAD_1 and Feature__.
- FILLET_1:

M Rectangular_face_01.03
M Rectangular_face_01.04
M Rectangular_face_01.05
M Rectangular_face_01.06
h Cylindrical_face_02.01*4

M Rough and finish face milling on - - 1,56 125 - - -
Feature_1 PAD_1:
b Rectangular_face_01.01
 Rectangular_face_01.02

b Dril and thread single hole o1 - - 0,14 11 - - -
Feature_8§ THREADED_HOLE_2:
b Cylindrical_face_08.01

b Drill single hole on Feature_7 | - - 0,11 9 - - -
HOLE_1:
b Cylindrical_face_07.01

M Counterbore single hole on Feature| - - 1,02 82 - - -

i CYLINDRICAL_SLOT_1
b Circular_face_03.01
b Circular_face_03.02
b Cylindrical_face 03.01

b Drill and thread multiple holes o1 - - 3,76 301 - - -
Feature_25 T
THREADED_HOLES_PATTERN_
3:
b Cylindrical_face_25.01*40
b Drill and thread multiple holes of - - 0,36 29 - - -
Feature_6 T
THREADED_HOLES_PATTERN_
2

b Cylindrical_face_06.01*4
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Drill and thread multiple holes o
Feature_5 T
THREADED_HOLES_PATTERN_
1:
b Cylindrical_face_05.01*12

1,04

83

Rough and finish single slot end m
on Feature_20 GASKET_SLOT_4:
 Polygonal_face_ 20.02
 Polygonal_face 20.03
b Polygonal_face 20.04

12,48

998

Rough and finish single slot end m
on Feature_14 GASKET_SLOT_2:
b Polygonal_face_14.02
b Polygonal_face_14.03
b Polygonal_face_14.04

23,04

1843

Rough and finish single slot end m
on Feature_24 GASKET_SLOT_5:
M Polygonal_face_24.02
M Polygonal_face 24.03
 Polygonal_face 24.04

10,89

871

Rough and finish single slot end m
on Feature_1P GASKET_SLOT_1:
b Polygonal_face_12.02
b Polygonal_face_12.03
b Polygonal_face 12.04

41,40

3312

Rough and finish single slot end m
on Feature_18 GASKET_SLOT_3:
M Polygonal_face 18.02
b Polygonal_face_18.03
b Polygonal_face 18.04

20,84

1667

Rough single pocket end mill o
Feature_19 SLOT_4:
 Poligonal_face 19.02
 Rectangular_face_19.01
 Rectangular_face_19.02

M Semicircular_face_19.01
 Semicircular_face _19.01

0,19

15

Rough single pocket end mill o
Feature_9- SLOT_1, Feature_10
FILLET_2 and Feature_11 7
FILLET 3
Poligonal_face_09.02
Rectangular_face_09.01
Rectangular_face_09.02
Rectangular_face_09.03
Rectangular_face_09.04
Rectangular_face_09.05
Semicircular_face_09.01
Cylindrical_face_10.01
Cylindrical_face_11.01

dodddIdFII

4,35

348
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Rough single pocket end mill o
Feature_13 SLOT_2:
 Poligonal_face 13.02
 Rectangular_face_13.01
 Rectangular_face_13.02
M Semicircular_face_13.01
b Semicircular_face_13.01

0,33

26

Rough single pocket end mill o
Feature_15 SLOT_3, Feature_16
FILLET_4 and Feature_17 7
FILLET_5:

Poligonal_face_15.02
Rectangular_face_15.01
Rectangular_face_15.02
Rectangular_face_15.03
Rectangular_face_15.04
Semicircular_face_15.01
Semicircular_face_15.02
Cylindrical_face_16.01
Cylindrical_face_17.01

doddddIdIFII

0,76

61

Rough single pocket end mill o
Feature_21 SLOT_5, Feature_2P
FILLET_6 and Feature 23 1
FILLET_7:

Poligonal_face_21.02
Rectangular_face_21.01
Rectangular_face_21.02
Rectangular_face_21.03
Rectangular_face_21.04
Semicircular_face_21.01
Semicircular_face_21.02
Cylindrical_face_22.01
Cylindrical_face_23.01

doddddIdIFII

0,29

23

Rough and finish single slot end m
on Feature_4 T
CYLINDRICAL_SLOT_2:

M Circular_face_04.02

M Cylindrical_face_04.01

M Cylindrical_face_04.02

5,83

466

EDM machine (bundle) t ot . ) (

7,45

383

5,78

297

13,23

680

™

Sinker EDM on Feature 9SLOT_1:
Poligonal_face_09.02
Rectangular_face_09.01
Rectangular_face_09.02

oodd

Rectangular_face_09.03

5,78

297
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At this step, the previously highlighted issues will be fixed and then the 3D model
is updated(Step 5: Update 3D CAD Modebhy changing the model features
according to the design guideline.

The changes consisted of:

I Feature_9 SLOT_1: elimination of shia corner using a 3,00 mm corner
radius (Feature 26FILLET_8).

1 Feature 5 THREADED HOLES PATTERN_1: elimination of holes flat
base substituted with a conical one (Feature_5
THREADED_HOLES_PATTERN_1_MOD).

i Feature_8 THREADED_HOLES_PATTERN_2: eliminatn of holes flat
base substituted with a  conical one (Feature_ 6 1
THREADED_HOLES_PATTERN_2_MOD).

1 Feature 2% THREADED HOLES PATTERN_3: elimination of hole flat
base substituted with a  conical one (Feature_25
THREADED_HOLES_PATTERN_3_MOD).

T Feature 3 1 CYLINDRICAL_SLOT 1 VS. Feature 4 1
CYLINDRICAL_SLOT_2: increasing of slot wall thickness from 1,5 mm to
3 mm in way to avoid a slot wall distance lower than wall thickness. The slot
distance increasing is obtainddough the modification ahe internal ad
external diameter of Feature_ ¥ CYLINDRICAL_SLOT_2 (internal
diameter from 52,50 mm to 55,50 mm and external diameter from 59,50 mm
to 62,50 mm)

In Appendix B.Features of components analysed in case stubadse 78, are
summarized only the modifiddatures of 1° blockn Table79 are summarizethe
features of 2° blocland in Table 80 are summarizedeatures of 3° blockThe
component after machining operation will be the same ofotiiginal design,
therefore, regarding the other features the information are the same represented in
previous tablesAppendix B.Features of components analysed in case studibte
75Table76andTable77).
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Table40andTable41reports the cossharing for the component manufacturing
after the design update. Could be noticed that the costs for plasma cutting and CNC
machining center are approximatively the same of the original design, \vhile t
EDM i snét present in this updated desi gn.
at the f#BdOtTurle , 9 using a 3,00 mm corner

FILLET_8) there is a cost reduction of 13,

Table40 Cost analysis (part 1 plate updated desigii)Raw material

Raw material informations Type [ad.] | Dimensions | Volume Tot al
[mm] [dm°]
Raw material (net+waste) Sheet metal| 351*137*25 | 1,20 13,78
plate

Table41 Cost analysis (part 1 plate updated desigii) Operations

Cost breakdown (bundles) Setup/idle Active Tot al [| Toolin
[a] g [u
Cost | Tim | Cost | Time | Cost | Time
[G]els] | [0a] |Is] [a] |[s]

Milling with 3 axis CNC vertical (bundle) 23,9 | 1961 | 130,1 | 1043 | 154,1 | 1239 | -

(tot.) 2 2 8 4 9
Pl asma cutting (tot 1,18 | 142 | 0,71 85 1,89 227 -
b Plasma cutting on Featurei PAD_1: - - 0,71 85 - - -

M Rectangular_face_01.03
M Rectangular_face_01.04
M Rectangular_face_01.05
 Rectangular_face_01.06

Generic CNC machining center (tot 22,7 | 1819 | 129,4 | 1035 | 152,1 | 1217 | -
operations) (45 G4/ h)4 1 3 5 2
b Rough and finish perimetral end mill g - - 0,72 58 - - -
Feature_1i PAD_1 and Feature_2
FILLET_1:

b Rectangular_face_01.03
b Rectangular_face_01.04
b Rectangular_face_01.05
b Rectangular_face_01.06
b Cylindrical_face_02.01*4
b Rough and finish face milling of - - 1,56 125 - - -
Feature_1 PAD_1:
 Rectangular_face_01.01
 Rectangular_face_01.02
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Drill and thread single hole dreature_8
i THREADED_HOLE_2:
 Cylindrical_face_08.01

0,14

11

Drill single hole on Feature 7-
HOLE_1:
 Cylindrical_face_07.01

0,11

Counterbore single hole on Featuré_J
CYLINDRICAL_SLOT_1
 Circular_face_03.01
 Circular_face_03.02

I Cylindrical_face_03.01

1,02

82

Drill and thread multiple holes ol
Feature_25 )
THREADED_HOLES PATTERN_3_
MOD:

h Cylindrical_face_25.01*40

3,78

302

Drill and thread multiple holes ol
Feature_6 T
THREADED_HOLES PATTERN_ 2_
MOD:

b Cylindrical_face_06.01*4

0,36

29

Drill and thread multiple holes ol
Feature_5 T
THREADED_HOLES PATTERN_1
MOD:

b Cylindrical_face_05.01*12

1,04

83

Rough and finish single slot end mill g
Feature_20 GASKET_SLOT_4:

b Polygonal_face_20.02

b Polygonal_face_20.03

b Polygonal_face 20.04

12,48

998

Rough and finish single slot end mill g
Feature_14 GASKET_SLOT_2:

M Polygonal_face_14.02

M Polygonal_face 14.03

b Polygonal_face 14.04

23,04

1843

Rough and finish single slot end mill g
Feature_24 GASKET_SLOT_5:

b Polygonal_face 24.02

b Polygonal_face 24.03

b Polygonal_face 24.04

10,89

871

Rough and finish single slot end mill g
Feature_12 GASKET_SLOT_1:

M Polygonal_face_12.02

M Polygonal_face 12.03

b Polygonal_face 12.04

41,40

3312

Rough and finish single slot end mill g
Feature_18 GASKET_SLOT_3:

b Polygonal_face_ 18.02

b Polygonal_face_18.03

M Polygonal_face_18.04

20,84

1667
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Rough single pocket end mill o
Feature_19 SLOT_4:
 Poligonal_face_19.02
 Rectangular_face_19.01
 Rectangular_face_19.02
M Semicircular_face_19.01
b Semicircular_face_19.01

0,19

15

Rough single pocket endmill on
Feature_9- SLOT_1, Feature_10i
FILLET_2, Feature_11 FILLET_3 and
Feature_26 FILLET_8:
Poligonal_face_09.02
Rectangular_face_09.01
Rectangular_face_09.02
Rectangular_face_09.03
Rectangular_face_09.04
Rectangular_face_09.05
Semicircular_face_001
Cylindrical_face_10.01
Cylindrical_face_11.01
Cylindrical_face_26.01*2

dodddddIdIdII

4,33

346

Rough single pocket end mill o
Feature_13 SLOT_2:

b Poligonal_face_13.02
b Rectangular_face_13.01
b Rectangular_face_13.02
b Semicircular_face_13.01
b Semicircular_face_13.01

0,33

26

Rough single pocket end mill o
Feature_15- SLOT_3, Feature_16
FILLET_4 and Feature_17FILLET_5:
Poligonal_face_15.02
Rectangular_face_15.01
Rectangular_face_15.02
Rectangular_face_15.03
Rectangular_face_15.04
Semicircular_face_15.01
Semicircular_face_15.02
Cylindrical_face_16.01
Cylindrical_face_17.01

doddddIIFII

0,76

61

Rough single pocket end mill o
Feature_21- SLOT_5, Feature_22
FILLET_6 and Feature_23FILLET_7:
Poligonal_face_21.02
Rectangular_face_21.01
Rectangular_face_21.02
Rectangular_face_21.03
Rectangular_face_21.04
Semicircular_face_21.01
Semicircular_face_21.02

cdodddIdIFI

Cylindrical_face_22.01

0,29

23
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 Cylindrical_face_23.01

M Rough and finish single slot end mill g
Feature_4 T
CYLINDRICAL_SLOT_2_MOD:
I Circular_face_04.02
b Cylindrical_face_04.01
b Cylindrical_face_04.02

- - 6,14 491
|
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5.2.6.Case study Machining (part2 i turned shatft)

Using the same procedure as in the first case study, the second part analysed is a
shaft manufactured by turning and milling with motorized lathe process. The part is
manufactured in C40 carbon steel with a production volume of BOfGbonents
and a batch size of 50 parts.

General roughness of the part is 3y& and the general tolerance could be
classified as medium (IT7).

In Figure35 are show the component and its properties.

Material: C40 Carbon Steel
Production volume: 5000
Batch size: 50

General roughness: 3.2 um

NN N

General tolerances: medim

IT7)

Figure 35 Machining (part 21 turned shaft)

Following the same methodology of the previous caseyqtbettion5.2.5, in
Appendix B. Features of components analysed in case studiegsle 81, are
summarized thehysical and material features of the mo@edatures of 1° block)
while in Table 82 are summarizethe manufacturing and material features of the
model (isolated) (Features of 2° blociBlock 3 (Manufacturing and material
features of the model in relation with other feature/s (interrelated for part)) and block
4 (Manufacturing and material features of the model in relation with feature/s of
other model/s (interrelated for assembly)) in this casgysare not interested in the
analysis.
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Once identified the features belonging to the blocks, DfM/DfA rules analysis was
performed and mathematical equations characterizing each DfM rule are checked
with the feature identified in the feature recognititvage.

In this case study are identified 2 design problems regarding the part, all of them
related to the second block of geometric feature recognition.

The first design issue is classi-fied as v
TRUNCATED CONEFeat vaHh@L EO CI RCULAR PATTERN_ 1¢
The issue is caused by the partial holes which do not involve at least 80% of material
area. Making partial holes causes loss of tool control, deviation from the hole axis
and consequent damage. If these holes ¢dimavoided, the surfaeéfected by the
holemust be 80% of the material to be machined.

The second issue is classified as warning sih@®esnot negatively affect
component manufacturability but generate waste of manufacturing time and cost.

Thesecond ssue is already -TRUNCAGTEDOCONE f@iBeat
and AFeaHQLEe CIORCULAR PATTERN_106, but in th
the surface inclination. In the case of holes (through or blind) on curved surfaces,
may arise problems ofoatrol of the tool and is not guaranteeing the precision
required in theoperation For this reason, it is good practice level the surface and
make thesurfaceaffected by the hole flat. Furthermore, in the case of through holes,
the exit hole in the cuneesurface could have irregular burrs difficult to remove.

Table42 summarize the identified design problem.

Table42 Design prollems identified for the component (part 8haft original

design)
Knowledge processing Knowledge representation
Manufacturing Material CAD fegt.ure .DfM/DfA DfM/DfA guideline picture
technology recognition guideline syntax
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Class: Class: RecognizeHole Action: Avoid
Machining All cylinder area (A) Subject: Partial
Type- level 1: materials | Hole radius (R) holes which do
Milling Type: Hole height (H) not involve at
Type- level 2: N.A. PMI: N.A. least 80% of the
Drilling Dimensions/geometry| area of the
A>2" * R* material to be
processed
Context: h
drilling
operations
Class: Class: RecognizeHole Action: Avoid
Machining All circularsurface (A1) | Subject:Starting
Type- level 1: materials | Hole circular surface | hole from the
Milling Type: (A2) norflat surface
Type- level 2: N.A. Hole radius (R) Context: h
Drilling PMI: N.A. drilling
Dimensions/geometry| operations
Al 1T A2 |

Table43 andTable44 report the cossharing for the component manufacturing.
Analysing the breakown of cost can be naotice that the rough side and slot milling
on Feature_16 SPLINED PROFILE, rough external turning on Feature_4
CYLINDER_3 and Feature_6TRUNCATED CONE_14 are the most impacting in
term of costs, while the others operation regagdhe motorized lathe (tot.) impact
only in a small percentage in the total costs. Is also important to notice that another
important costs item are the grinding operations on Feature $BLINED
PROFILE and Feature- ICYLINDER 1 needed to obtain thearow-required

roughness and tolerances on thfesgures.

Table43 Cost analysis (part 2 shatft original designj Raw material

Raw material informations Type [ad.] Dimensions Volume [dm?] Tot al
[mm]
Raw materialnet+waste) Round bar 250*250*333 | 16,35 110,16

Table44 Cost analysis (part 2 shaft original designj Operations

| Cost breakdown (bundles)

| Setuplidle

| Active

| Total
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Cost
[0]

Time

[s]

Cost
[0]

Time

[s]

Cost
[0]

Time

[s]

Tooling
[a]

Turning and milling with motorized
lathe (bundle) (tot.)

12,70

887

212,59

15447

225,29

16334

Bandsaw cutting (

0,08

12

13,96

2010

14,04

2022

M Bandsaw cutting on Featureil
CYLINDER_1:
b Circular_face 01.02

13,96

2010

Mot orized | athe (

5,48

372

173,76

11803

179,24

12175

M Rough and finish face milling ol
Feature_11 CYLINDER_5:
b Circular_face 11.01

2,10

143

M Rough and finish external turnin
on Feature_11- CYLINDER_5
and Feature_7CYLINDER_4:

b Circular_face_07.01
b Cylindrical_face_11.01

4,27

290

M Rough external conical turning 0
Feature_12 CHAMFER_5:
M Conical_face _12.01

0,06

M Rough external turning of
Feature_7 CYLINDER_4:
 Cylindrical_face_07.01

14,75

1002

M Rough external turning of
Feature_4- CYLINDER_3 and
Feature. 6 -  TRUNCATED
CONE_14:

b Cylindrical_face_04.01
b Conical_face 06.01

21,54

1463

b Rough external turning of
Feature_4- CYLINDER_3 and
Feature_2 CYLINDER_2:

b Circular_face_04.02
b Cylindrical_face_02.01

6,27

426

M Rough and finish external turnin|
on Feature_A1CYLINDER_1:
b Circular_face 01.01

3,44

234

b Rough external conical turning 0
Feature_8 CHAMFER_3:
b Conical_face_08.01

0,08

M Rough external conical turning o
Feature_9 CHAMFER_4:
b Conical_face_09.01

0,08

M Rough external conical turning o
Feature_5 CHAMFER_2:
b Conical_face_05.01

0,06

M Rough external conical turning o
Feature_2 CHAMFER_1:

b Conical_face _02.01

0,05
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Rough and finish internal turnin(
on Feature_13SLOT_1:
 Circular_face_13.02
 Cylindrical_face_13.01

1,36

92

Rough internal conical turning o
Feature_14 CHAMFER_6:
b Conical_face_14.01

0,06

Rough and finish internal turnin(
on Feature_15SLOT_2:

M Circular_face_15.02
b Cylindrical_face_15.01

2,93

199

Rough side and slot milling ol
Feature_16 SPLINED PROFILE:
Rectangular_face_16.01*30
Rectangular_face_16.02*30
Rectangular_face_16.03*30
Rectangular_face_16.04*30
Rectangular_face_16.05*30
Triangular_face_16.01*30
Triangular_face_16.02*30
Trapezoidal_face_16.01*30
Trapezoidal_face_16.02*30

dodddIdIII

101,29

6880

Drill multiple holes on Feature_1|
- HOLE CIRCULAR PATTERN:
Circular_face_10.01*10
Circular_face_10.02*10
Circular_face_10.03*10
Cilindrical_face_10.01*10
Cilindrical_face_10.02*10

dodId

15,31

1040

Tangential grinding machine (tot.) (50
a/ h):

6,24

449

11,31

814

17,55

1263

™

Slot grinding on Feature_16
SPLINED PROFILE:
Rectangular_face_16.01*30
Rectangular_face_16.02*30
Rectangular_face_16.03*30
Rectangular_face_16.04*30
Rectangular_face_16.05*30
Triangular_face_16.01*30
Triangular_face_16.02*30
Trapezoidal_face_16.01*30
Trapezoidal_face_16.02*30

doddddIdFII

11,31

814

External round grinding machine (tot.)
(60 G/ h):

0,90

54

13,67

820

14,57

874

™

Rough grinding on Feature- ]
CYLINDER_1:

b Circular_face_01.01

887

13,67

820,2
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Then, starting from the previous analyses (3D Model Data, Feature recognition
and extraction DfM/DfA analysis and Cost estimation) and from the report
generated, the highlighted issues will be fixed and then the 3D model is updated by
changinghe model features according to the design guidelines.

The changes consisted of:
i Feature_6 TRUNCATED CONE_1: elimination.

I Feature_4 CYLINDER_3 MOD: increasing of height to 24,08 mm to 25
mm.

1 Feature 7 CYLINDER_ 4 MOD: increasing of height to 25 mtim35 mm.

1 Feature_10 HOLE CIRCULAR PATTERN_MOD: changing of spotface
height (10,92 mm to 10 mm).

In Appendix B.Features of components analysed in case stltidse 83, are
summarized only the modifigehysical and material features of the updated model
(Features of 1° blockyhile in Table 84 are summarizethe manufacturing and
material features of theipdatedmodel (isolated) (Features of 2° block) | t 6 s
important to notice that the other features are the same represented in previous tables
(Table8landTable82)

Table45 andTable46 report the cossharing for the component manufacturing
after the design update. Analysing the breakdown of cost can be notice a decreasing
in costs of fimotorize®,batlhevmacHli7TBed60@er ¢
of the other machines remained the same of the original design.

Table45 Cost analysis (part 2 shaft updated desigii)Raw material

Raw material informations Type [ad.] Dimensions Volume Total [
[mm] [dm3]
Raw material (net+waste) Round bar 250*250*333 16,35 110,16

197



Table46 Cost analysis (part 2 shaft updated desigii)Operations

Cost breakdown (bundles)

Setup/idle

Active

Total

Cost Time

(4] |[s]

Cost
[0]

Time

[s]

Cost Time

[aj] |8

Tooling
[ 0]

Turning and milling with motorized
lathe (bundle) (tot.)

12,62 | 882

209,46

15226

222,08 | 16108

Bandsaw cutting (

0,08 12

13,96

2010

14,04 | 2022

M Bandsaw cutting on Featureil
CYLINDER_1:
b Circular_face 01.02

13,96

2010

Mot orized | at he (

54 367

170,52

11582

175,92 | 11949

M Rough and finish face milling of
Feature_11 CYLINDER_5:
p Circular_face_11.01

1,09

74

M Rough external turning of
Feature_4 -
CYLINDER_3_MOD and
Feature_7 -
CYLINDER_4_MOD:

M Cylindrical_face_04.02
 Circular_face_07.01

32,55

2211

M Rough external turning of
Feature_2- CYLINDER_2 and
Feature_4 -
CYLINDER_3_MOD:

b Circular_face_02.01
b Cylindrical face_07.01

6,27

426

b Rough and finish external turnin
on Feature_A1CYLINDER_1:
b Circular_face 01.01

3,44

234

M Rough external conical turning of
Feature_5 CHAMFER_2:
b Conical_face_05.01

0,06

M Rough external conical turning of
Feature_2 CHAMFER_1:
b Conical_face_02.01

0,05

M Rough external turning of
Feature_7 -
CYLINDER_4_MOD:

I Cylindrical_face_07.01

3,06

208

M Rough and finish external turnin
on Feature_11 CYLINDER_5
and Feature_7 -
CYLINDER_4_MOD:

M Circular_face_07.01
b Cylindrical_face_11.01

2,89
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 Rough external conical turning 0|
Feature_9 CHAMFER_4:

o Conical_face_09.01

0,08
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Rough external conical turning o
Feature_8 CHAMFER_3:
M Conical_face_08.01

0,08

Roughexternal conical turning of
Feature_12 CHAMFER_5:
M Conical_face_12.01

0,06

Rough and finish internal turnin
on Feature_13SLOT_1:
 Circular_face_13.02
 Cylindrical_face_13.01

1,36

92

Rough internal conical turning o
Feature_14 CHAMFER_6:
b Conical_face_14.01

0,06

Rough and finish internal turning
on Feature_15SLOT_2:

M Circular_face_15.02
 Cylindrical_face_15.01

2,93

199

Rough side and slot milling ol
Feature_16 - SPLINED
PROFILE:

Rectangular_face_16.01*3
Rectangular_face_16.02*3
Rectangular_face_16.03*3
Rectangular_face_16.04*3
Rectangular_face_16.05*3
Triangular_face_16.01*30
Triangular_face_16.02*30
Trapezoidal_face_16.01*3(
Trapezoidal_face_16.02*3(

doddddIdIII

101,29

6880

Drill  multiple  holes on
Feature_10 HOLE CIRCULAR
PATTERN:

b Circular_face_10.01*10
b Circular_face_10.02*10
b Circular_face_10.03*10
b Cilindrical_face_10.01*10
b Cilindrical_face_10.02*10

15,25

1036

Tangential grinding machine (tot.) (5(
G/ h):

6,24

449

11,31

814

17,55

1263

™

Slot grinding on Feature_16
SPLINED PROFILE:

Rectangular_face_16.01*3
Rectangular_face_16.02*3
Rectangular_face_16.03*3
Rectangular_face_16.04*3
Rectangular_face_16.05*3
Triangular_face_16.01*30

Triangular_face_16.02*30
Trapezoidal_face_16.01*3(
Trapezoidal_face_16.02*3(

cdoddddIdFII

11,31

814
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External round grinding machine (tot] 0,90 54 13,67 | 820 14,57 | 874
(60 G/ h):
M Rough grinding on Feature- ] - 13,67 | 820 -

CYLINDER_1:

I Circular_face_01.01
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5.3. Case study Assembly
The assembly case study is divided in 6-sattions:
1 Section5.3.1presents a brief introduction of the assembly process.
1 Section5.3.2is focused on # cost structure of the assembly process.

1 Section 5.3.3 presents the cost estimation methodology related to the
assembly process.

1 Section5.3.4describes the design rules involved in assembly.
1 Section5.3.5presents the first assembly analysed (Centrifugal pump).

1 Section5.3.6presents theesond assembly analysed (Jib crane).

5.3.1.Assembly introduction

In this section the case study is focused on assembly process. Assembly could be
divided in two main groups:

I Removable assemblies: bolted/rivetted.
1 Permanent assemblies: welded adtesively bonded.

The assembly process involves the placement and fastening of one or more parts
in or on another. Often, the operation is manual, although increasingly it is being
performed by automatic equipment, particularly when production volumésgee

Bolted/rivetted mechanical assemblies may consist of only two parts (e.g., a
kitchen saltshaker) or thousands of parts (e.g., an automobile). They can have
components of metal, wood, rubber, paper, plastics, ceramics, or a combination of
these mateals.

In case of permanent assembly, welding consists in a homogeneous joint
produced through the melting and fusing together of adjacent portions of the
originally separate pieces. The final welded joint has unit strength approximately
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eqgual to that oftfte base material. Intense heat is applied to the joint by means of an
electric arc that passes between a welding rod and the work.

Adhesives are compounds capable of holding objects together in a useful fashion
by surface attraction. Adhesive joints artenfless costly, more easily produced, or
better able to resist fatigue and corrosion than mechanical fasteners or welds. In some
cases, adhesives are the only practical means of assembly. Although adhesively
bonded joints can be engineered for high stitgngdhesive bonding may not be
suitable if strength requirements or temperature variations are extreme. Other
fastening methods also may be indicated if provision must be made for disassembly
and reassembly of the component. (Bralla, 1998)

5.3.2.Assembly pro@s costs structure

According toFigure18the workflow for defining an assembly process begins by
first selecting thessembly environme(itable47).

For the assembly process, the production volume of the assembly and the need to
be able to disassemble it in the future define the assembly stratéggt Wwe could
have a permanent link between components (e.g. welding or gluing) or a removable
connection between the parts of the assembly (e.g. bolted/rivetted). At the same time
the production volume affects the methods of assembly of componentsgaugim
automatic or robotized) £8tion2.4.1.9.

Table47. Assembly strategies

Operations

bundles Bundles validity rules Bundles priority rules
. IF (Production.Volume <
) It""g/”.“a'tt g N/A (no a'“:/”a"’i‘lt;‘ﬁek;““d'e 100) THEN Score = 10 ELSE
olted/rivette Score = 5
IF(00 <
Automatized ) Production.Volume < 500)
bolted/rivetted Production.Volume > 100 THEN Score = 10 ELSE
Score =5
Robotized IF (Production.Volume >
obotize Production.Volume > 200 500) THEN Score = 10 ELSE
bolted/rivetted - Score =5
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Manual . . _ N/A (no alternative
welded NOT (Piece. Material = bundle available)
Automatized . . | N/A (no alternative
welded NOT (Piece. Material = bundle available)
Robotized . . | N/A (no alternative
welded NOT (Piece. Material = bundle available)
Adhesively N/A (no alternative bundle N/A (no alternative
bonded available) bundle available)
Manual .
. . | N/A (no  alternative
welded + NOT (Piece. Material S bundle available)
manual bolted
Abd hedsn(/jeE/ N/A (no alternative bundle N/A (no alternative
onde available) bundle available)
manual bolted
Turning with .
; . . N/A (no alternative
Multitasking Assembly.TurningRequest bundles available)
lathe
Turning + . . N/A (no alternative
Milling Assembly.Turning+MillingRequest bundles available)
Non- .
. . N/A (no alternative
destructive Piece.NDTRequested bundles available)
test
L . . N/A (no alternative
Painting Piece.PaintRequest bundles available)
Chrqme Piece.ChromeR equest N/A (no alternat|ve
plating bundles available)

Table48 shows an analysis of an assembly manual bolted/rivetted. In function of
assembly and components weights the number of people needed in assgiably
In case of manual bolted/rivetted assembly the operation is unique and only the
workeis required change

Table48i Ma n u a | bolted assemblyd operations bun
Operations Operation validity rules Assembly parameters
Manual . .

. . . Operation.Weight =
bolted/rivetted with Components.Weight < 10 kg Components. Weight
one person
Manual . .

. . . Operation.Weight =
bolted/rivetted with | Components.Weight < 20 kg Components. Weight
two people
Manual . Operation.Weight =

.Weigh 20 k )
bolted/rivetted with Components.Weight > 20 kg Components.Weight
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two or more people
and specific tools

5.3.3.Assembly costalculation

Once the operations that constitute the overall process are established, the
following variables are calculated for each operation:

I Operation, setup and idle time for labour.

1 Equipment required.

1 Solid, liquid and gas consumables consumption.
1 Energy consumption for the equipment used.

The cost of machined parts is calculated by first summing the cost of each
operation included within thlanual bolted assembbundle (Eq. 7).

6 6 7 (7)

The cost of the overall assembly process is calculated by summing the cost of
each bundle required (Eq. 8).

) 0 0
0 0 (8)

5.3.4.Assembly design rules

Very often, the most significant benefits with design for manufacturability
(DFM) come from designing for assembly (DFA), simplifying the product so that it
has fewer parts and its assembly is easier and faster.

In case of bolted/rivetted assemblies eaomponent of assembly should be
designed to reduce the number of manufacturing and assembly operations to a
minimum. Reducing the number of parts isfih& approach in the improvement of
an assembly, far overshadowing in impact any other changes gm dleat improve

204



manufacturability and further other important design objectives. Other
recommendations are standardizing the designs (e.g. standard fasteners), the use of
modular subassemblies, the use offtentible parts, the use of easily handled parts

etc..

Also for welded assemblies the number of part should be maintained low as
possible. Other design examples of improvements for welded assemblies are the
maintaining an easy access of the welding nozzle, the designing for assembly to
maintain the weled joint as horizontal and avoid the welding of different materials.

In case of adhesive joint is recommended a design for shear, tension and
compression but not cleavage or peel. Adhesive bonds resist shear, tensile, and
compressive forces better thaeavage or peel. Other design rules are focused on
type of surface characteristics (guarantee clean and smooth surfaces for joints).

A set of rules dedicated for assembly (bolted and rivetted in particular) are
reported in appendiXTable66) It is worth noting that this is not a complete list of
rules but only part of it.
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5.3.5.Case study Assembly (assemblyi Icentrifugal pump)

The first assembly analysed is a centrifugal pump. The production strategy used
i s fAmanual bolted assembl y parts corhpenentsss s e mb | vy
(parts) and one product (assemblydh a production volume of 20000 components
and a batch size d00 parts. IrFigure36is shown the exploded view andTiable
49is shown the BoM of the case study.

Figure 36 Exploded view (assembly tentrifugal pump original design)

Table49 Bill of material (assembly 1centrifugal pump original design)

No. Component Quantity Material
1 Cup nut M16 1 39NiCrMo3
2 Casing 1 Grey cast iron
3 Impeller 1 Grey cast iron
4 Wear ring 2 CuAl10Fe5Ni5
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5 Coupling 1 Grey cast iron
6 Packing set 4 Rubber

7 Lantern ring 1 Aisi 316

8 Seal chamber 1 Aisi 316

9 Packing gland 1 Grey cast iron
10 Stud ISO 888 M8 x 85 10 39NiCrMo3
11 Plain washer ISO 7089 M8 10 Aisi 316

12 Nut DIN I1SO 4032 M8 10 39NiCrMo3
13 Hex head screw ISO 4017 M6 x 25 8 39NiCrMo3
14 Taper type grease nipple DIN 71412 M6 2 39NiCrMo3
15 Key IS 2048 6 x 6 x 22 1 Aisi 316

16 Bearing cover 2 Aisi 316

17 Lip seal DIN 3760 A 35 x50 x 7 2 NDR rubber
18 7207 Radial ball bearing 2 Bearing steel
19 Shaft 1 Aisi 316
20 House bearing 1 Grey cast iron
21 Key IS 2048 7 x 8 x 36 1 Aisi 316

22 Support 1 Aisi 316
23 Nut DIN I1SO 4032 M10 1 39NiCrMo3
24 Plain washer ISO 7089 M10 2 Aisi 316
25 Hex head screw ISO 4016 M10 x 45 1 39NiCrMo3

Once identified thdeatures of the parts and the assemibtdp 1:3D CAD
Modeb Figure 8) a 8tep 2:feature recognition and extraction) DfM/DfA
rulesanalysis was performed as described in the methodology workflmp @5
DfM/DfA analysi$ (Figure8). For the assembly analysis, only the set of DfAesul
was selected Appendix A. DfM/DfA rules repositories Table 66). Then,
mathematical equations characterizing each DfA rule are checked with the feature
identified in the feature recognition phase.

In this case study are identifieldl design problems regarding the assembly,
related to the fourth block of geometric feature recognition.
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The first design issue is classified as critical and it affects the assembly feasibility.

In particular, the issue refers to a minimum diameter gap netjbietween screw

and hole of notthreaded parts of bolted connection. This minimum gap is necessary
to facilitate screw insertion and avoid possible stuck in manual assembly operations.

A minimum diameter gap varies in function of screw dimensions, aodnitbe

assessed by the difference between the hole diameter and the external screw

diameter.This issue involved the following features:

1 Feature_1 HOLE CIRCULAR PATTERN (Bearing cover) and Featuré_1

The second design issue is <classifi
assembly feasibility but increase time and difficulty. Thguesis referred to the
absence of bevels around the holes to facilitate screw insertion. In order to make
easier the screw insertion, it is always advisable to provide entry holes with

CYLINDRICAL PAD (Hex head screw ISO 4017 M6 x )2™Minimum
required diameter gap: 0,4 mm. Actual diameter gap: 0 mm.

Feature 1 HOLE BASE (House bearing) and Featuré GQYLINDRICAL
PAD (Hex head screw ISO 4016 M10 x)4Minimum required diameter
gap: 0,5 mm. Actual diameter gap: 0 mm.

Feature_2- HOLE CIRCULAR PATTERN (House bearing), Feature- 1
HOLE CIRCULAR PATTERN (Coupling and Feature_1 i
CYLINDRICAL PAD (Stud ISO 888 M8 x 85Minimum required diameter
gap: 0,4 mm. Actual diameter gap: 0 mm.

Feature_1- HOLE LINEAR PATTERN facking glanyland Feature_1i
CYLINDRICAL PAD (Stud ISO 888 M8 x 85Minimum required diameter
gap: 0,4 mm. Actual diameter gap: 0 mm.

chamfered/countersunk ends. This facilitates the insertion and etiteysurew into
the fixing hole itself.

This issue involved the following features:
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Feature_1II HOLE CIRCULAR PATTERN (Bearing cover), Featurei 3
THREADED HOLE CIRCULAR PATTERN (House bearing) and
Feature_1I CYLINDRICAL PAD (Hex head screw ISO 4017 M&2%).

Feature_1I HOLE BASE (House bearing) and Featuré QYLINDRICAL
PAD (Hex head screw 1ISO 4016 M10 x)45

Feature_ 2 HOLE CIRCULAR PATTERN (House bearing), Feature 1
HOLE CIRCULAR PATTERN Coupling, Feature_1 HOLE CIRCULAR
PATTERN (Casing andFeature_1 CYLINDRICAL PAD (Stud ISO 888
M8 x 85).

Feature_1i HOLE LINEAR PATTERN acking glanyl Feature 2i
THREADED HOLE LINEAR PATTERN Coupling and Feature_ 1
CYLINDRICAL PAD (Stud ISO 888 M8 x 85

The third design issue is classified as infation and is referred tthe use of
combined fasteners, e.g. screws with integrated washers to reduce assembly times.

This issue involved the following components:

)l

Stud 1SO 888 M8 x 85, plain washer ISO 7089 M8 and nut DIN ISO 4032
M8 in theconnection between casing (2) and coupling (5).

Stud 1SO 888 M8 x 85, plain washer ISO 7089 M8 and nut DIN ISO 4032
M8 in the connection between packing gland (9) and coupling (5).

Nut DIN ISO 4032 M10, plain washer ISO 7089 M10 and hex head screw
ISO 4016M10 x 45 in the connection between house bearing (20) and
support (22).

Table50 summarize the identified design problem.

209



Table50 Design problems identified for the assemlysembly 1 centrifugal
pump original design

Knowledge processing

Knowledge representation

Manufacturing Material CAD fe:flt_ure DfM/DfA guideline DfM/DfA guideline picture
technology recognition syntax
Class: Manual | Class: Recognize: Hole Action: Guarantee
assembly All diameter (Dh); Screw | Subject: Minimum
Type- level 1: materials | diameter (Ds); diameter gap between
Bolted Type: Diameter gap (G = Dh| screw and hole of nen
Type- level 2: N.A. - Ds) threaded parts
N.A. PMI: N.A. Context: In the manual
Dimensions/geometry| assembly process of
G > f(Ds) bolted components
Ah = As
Class: Manual | Class: Recognize: Hole Action: Guarantee
assembly All chamfer; Screw Subiject:
Type-level 1: | materials | chamfer Chamfered/countersun
Bolted Type: PMI: N.A. insertion holes and
Type- level 2: N.A. Dimensions/geometry| chamfered screw ends
N.A. N.A. Context: In the manual
assembly process of
bolted components
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Class: Manual
assembly
Type- level 1:
Bolted

Type- level 2:
N.A.

Class:
All
materials
Type:
N.A.

Recognize: Screw;
Washer; Nut

PMI: N.A.
Dimensions/geometry
N.A.

Action: Prefer

Subject: The use of
combined fasteners
Context: In the manual
assembly process of
bolted components

In Appendix B.Features of components analysed in case stuiciee85, Table
86, Table87, Table88, Table89, Table90, Table91, Table92, Table93, Table94
and Table 95 aresummarized the features of the parts of the assembly involved in

design issues.

At the samdime with DfM/DfA rules analysis, an analytical cost estimation has
been done starting from the identified featutgtef 3: Cost analy9idt is important
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to notice that the assembly cost estimation is not applicable in the original design
due to the irdrference between screws and holes of the parts. Thus, it is not possible
to insert the screws and complete the assembly.

At this step, the previously highlighted issues will be fixed and then the 3D model
is updated(Step 5: Update 3D CAD Modebly changng the model features
according to the design guideline.

The changes consisted of:

1
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Feature_2 CHAMFER CIRCULAR PATTERN: new feature needed for an
easier screw insertion.

Feature_2 HOLE CIRCULAR PATTERN (House bearing): increasing of
hole diameters from 8 mm to 8,4 mm (Feature RIOLE CIRCULAR
PATTERN_MOD (House bearing)).

Feature_ 51 CHAMFER HOLE CIRCULAR PATTERN: new feature
needed for an easier screw insertion.

Feature_1 HOLE CIRCULAR PATTERN (Coupling): increasing of hole
diameters fom 8 mm to 8,4 mm (Feature_1 HOLE CIRCULAR
PATTERN_MOD (Coupling)).

Feature_ 31 CHAMFER HOLE CIRCULAR PATTERN: new feature
needed for an easier screw insertion.

Feature_1 HOLE BASE (House bearing): increasing of hole diameters from
10 mm to 10,5 mm @@ature_* HOLE BASE_MOD (House bearing)).

Feature_4 CHAMFER HOLE BASE: new feature needed for an easier
screw insertion.

Feature_1 HOLE CIRCULAR PATTERN (Bearing cover): increasing of
hole diameters from 6 mm to 6,6 mm (Feature HOLE CIRCULAR
PATTERN_MOD (Bearing cover)).



i Feature_2 CHAMFER CIRCULAR PATTERN: new feature needed for an
easier screw insertion.

1 Feature_T HOLE LINEAR PATTERN (Packing gland)ncreasing of hole
diameters from 8 mm to 8,5 mriRdature_1 HOLE LINEAR PATTERN
(Packing glad_MOD).

1 Feature_ 2 CHAMFER HOLE LINEAR PATTERN: new feature needed
for an easier screw insertion.

1 Replacement of the nuts (Nut DIN ISO 4032 M8), washers (Plain washer ISO
7089 M8) and studs (Stud 1ISO 888 M8 x 85) with flanged screws (Hex head
screw DIN ®21 M8 x 65 and Hex head screw DIN 6921 M8 x 60).

1 Replacement of the nut (Nut DIN ISO 4032 M10), washer (Plain washer ISO
7089 M10) and screw (Hex head screw ISO 4016 M10 x 45) with a flanged
nut (Nut DIN ISO 4161 M10) and a flanged screw (Hex head scridv D
6921 M10 x 40)).

In Appendix B.Features of components analysed in case studib&e96, Table
97, Table98, Table99, Table100, Table101, Table102 Table103 Table104and
Tablel05are summarized only the modifiéshtures of 1° bloclkand thefeatures of
2° blockof the modified parts. lfable106are summarizetkbatures of 4° block

Table51reports the costharing for the assembly after the design update. Could
be noticed that the major costs are related to the screw insertion and bearing
mountingl , 47 G4 + 4, 4@. a+ 4,40 G +1,10
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Table51 Cost analysigassembly 1 centrifugal pump updated design)

List of operations Cost[ U ]| Time [s]

b 7207 Radial ball bearing positioning, alignment and mounting with Shaft g4 1,47 177
House bearing (x2) 30 G/ h)

b Lip seal DIN 3760 A 35 x 50 x 7 positioning, alignment and mounting with| 0,10 12
Shaft(x2)( 30 0/ h)

b Bearing cover positioning, alignment and mounting with House bearing ar] 0,10 12
Shaft(x2)( 30 G/ h)

M Hex head screw ISO 4017 M6 x @bsitioning, alignment and screwing with| 4,40 528
Bearing cover and House bearing (k88 0 G4/ h)

b Taper type grease nipple DIN 71412 M6 positioning, alignment and 1,10 132
screwing with Bearing cover (x2)3 0 G/ h)

M Packing set positioninglignment and mounting with Seal chamber (80 0,20 24
al/ h)

b Seal chamber positioning, alignment and mounting with §h&t0 G / h )| 0,05 6

b Lantern ring positioning, alignment and mounting with Seal chafi®i0 ¢ 0,05 6

b Packing gland positioning, alignment and mounting with Sh&ft0 G / h | 0,05 6

b Wear ring positioning, alignment and mounting with Impe(le3 0 G / h )| 0,05 6

b Couplingpositioring and alignment with House bearing and Sha& 0 4 /| 0,05 6

M Key IS 2048 6 x 6 x 22 positioning, alignment and mounting with $Baft 0,05 6
a/ h)

b Impeller positioning, alignment and mounting with Shaft and Cou§80g 0,38 45
a/ h)

b Casingpositioning, alignment and mounting with Shaft, Coupling and Houg 0,25 30
bearingl 30 U/ h)

M Hex head screw DIN 6921 M8 x 65 positioning, alignment and screwing w 4,40 528
House bearing, Coupling and Casing («83 0 G/ h)

b Cup nut M16 positioning, alignemt and screwing with Shaft and Impei@0® | 0,55 66
a/ h)

M Hex head screw DIN 6921 M8 x 60 positioning, alignment and screwingw 1,10 132
Packing gland and Coupling (x@)3 0 G/ h)

M Hex head screw DIN 6921 M10 x 40 positioning, alignmentrandnting 0,05 6
with Support and House bearigg3 0 G/ h)

b Nut DIN ISO 4161 M10 positioning, alignment and screwing with Hex hea| 0,55 66
screw DIN 6921 M10x40 30 G/ h)

M Key IS 2048 7 x 8 x 36 positioning, alignment and mounting with §Baft 0,05 6
ua/ h)

M Total 15,00 1800
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5.3.6.Case study Assembly (assemblyi Jib crane)

Using the same procedure as in the first case study, the second part analysed is a
jib crane assembled as fAwelded and bolted ¢

The assembly is composed by parts components (parts) and one product
(assemblywith a production volume of 10000 mg@onents and a batch size of 100
parts. InFigure37 is shown the exploded view andTable52 is shown the BoM
of the case study.

Figure 37 Exploded view (assemblyi ib crane original design)

Table52 Bill of material (assembly R jib crane original design)

No. Component Quantity Material

1 Hex nut ISO 4034 M10 4 39NiCrMo3
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2 Plain washer Xlarge 1ISO 7094 M10 4 Aisi 316
3 Plain washer ISO 7089 M10 4 Aisi 316
4 Hex head screw ISO 4016 M10 x 35 4 39NiCrMo3
5 Stopper 2 Aisi 316
6 Arm 1 S275 JR
7 Plain washer ISO 7089 M12 16 Aisi 316
8 Hex head screw ISO 4018 M12 x 60 8 39NiCrMo3
9 Hex nut ISO 7417 M12 8 39NiCrMo3
10 Hex head screw ISO 4012 M16 x 45 4 39NiCrMo3
11 Plain washer ISO 7089 M16 16 Aisi 316
12 Hex nut ISO 4034 M16 4 39NiCrMo3
13 Column 1 S275JR
14 Hex head screw ISO 7412 M30 x 140 2 39NiCrMo3
15 Hex head screw ISO 4018 M16 x 80 12 39NiCrMo3
16 Pivot wall 1 S275JR

Once identified the features of the parts andassembly i{Step 1:3D CAD
Modeb Figure8) ,Steffi2:Feature recognition and extraction) DfM/DfA rules
analysis was performed as described imtkéhodology workflow (&p 4:DfM/DfA
analysig (Figure8).

In this case study are identified 6 design problems regarding the assembly, related

to thefourth block of geometric feature recognition. Is important to notice that the

design issues are related only to the bolding and not to the welding. Then the case
study will be focused only on the features related to bolding.

The first design issue is ckiied as critical and it affects the assembly feasibility.

In particular, the issue refers to the need to have flat surfaces for the insertion holes

for screws and rivets. Connections on4fioh a t

surfaces donot

of the components caing the instability of the assemblihis issue involved the
following features:
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i Feature 1 HOLE RECTANGUALAR PATTERN (Column), Feature -1
HOLE RECTANGUALAR PATTERN (Arm), Feature i1CYLINDRICAL
PAD (Hex head screw ISO 4018 M12 x)6Geature_1I CYLINDRICAL
PAD (Hex head screw I1ISO 4018 M12 x 60), Featurie CIYLINDRICAL
HOLE (Plain washer ISO 7089 M12) and Featuré_CYLINDRICAL
HOLE (Hex nut ISO 7417 M12Angle required: 90°. Actual angle: 97,97°.

The second design issue is classifiedcaical too since it could affect the
assembly feasibility, but in general increase time and difficulty. This issue is referred
to the minimum distance between the axis of two or more screw. In the case of bolted
connections, it is necessary to maintaigeatain distance between two adjacent
screws equal to 1.2 D (diameter of the first screw) plus 1.2 d (diameter of the second
screw) to avoid assembly problems. In fact, if the screws used for assembly have a
head with an overall dimension greater thandtsmeter of the screw itself (for
example hexagonal head or hexagon socket screws) these could interfere during the
assembly phase, making assembly impossible. Furthermore, this rule could be
applied considering the load constrains, which suggest thanonmi distance
between two consecutive screws in function of load direction: in case of parallel load
direction this distance is 2.4 times the diameter of the screw, while in the direction
perpendicular to the load this distance must be 3 times the diameter.

This issue involved the same features of previous one:

i Feature 1 HOLE RECTANGUALAR PATTERN (Column), Feature -1
HOLE RECTANGUALAR PATTERN (Arm), Feature i1CYLINDRICAL
PAD (Hex head screw ISO 4018 M12 x)6@eature_1 CYLINDRICAL
PAD (Hex head scre ISO 4018 M12 x 60), Feature I1CYLINDRICAL
HOLE (Plain washer ISO 7089 M12) and Featuré CYLINDRICAL
HOLE (Hex nut ISO 7417 M12Minimum required diameter gap: 31,2 mm.
Actual diameter gap: 30 mm.

The third design issue is classified as informatamd is referred to use of
combined fasteners, e.g. screws with integrated washers to reduce assembly times.

This issue involved the following components:
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1 Hex nut ISO 4034 M10, plain washer Xlarge ISO 7094 M10, plain washer
ISO 7089 M10 and Hex headrew ISO 4016 M10 x 35 in the connection
between stopper (5) and arm (6).

1 Plain washer ISO 7089 M12, hex head screw ISO 4018 M12 x 60 and hex
nut ISO 7417 M12 in the connection between packing column (13) and arm

(6).

1 Hex head screw ISO 4012 M16 x 45,iplavasher ISO 7089 M16 and Hex
nut ISO 4034 M16 in the connection between column (13) and arm (6).

1 Hex head screw ISO 7412 M30 x 140 and hex head screw ISO 4018 M16 x

80 in the connection between pivot wall (16) and wall.

Table53 summarize the identified design problem.

Table53 Design problems identified for the assem(blysembly 2 jib crane
original design

Knowledge processing Knowledge representation
Manufacturing Material CAD fegt.ure .DfWDfA DfM/DfA guideline picture
technology recognition guideline syntax
Class: Manual | Class: Recognize: Angle Action:
assembly All between hole axis anq Guarantee
Type- level 1: materials | surface ) Subject: Flat
Bolted Type: PMI: N.A. surfaces for the
Type- level 2: N.A. Dimensions/geometry| insertion holes
N.A. U = 90A for screws
Context: In the
manual assembly
process of bolted
components
Class: Manual | Class: Recognize: Diameter | Action:
assembly All of first screw (Ds); Guarantee
Type- level 1: materials | Diameter of second | Subject:
Bolted Type: screw (ds); Distance | Minimum
Type- level 2: N.A. between the screw distance between
N.A. axis (La) the axis of two or
PMI: N.A. more screw
Dimensions/geometry| Context: In the
La>1,2Ds + 1,2ds manual assembly
process of bolted
components
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Class: Manual | Class: Recognize Screw; Action: Prefer

assembly All Washer; Nut Subject: The use

Type- level 1: materials | PMI: N.A. of combined

Bolted Type: Dimensions/geometry| fasteners

Type- level 2: N.A. N.A. Context: In the

N.A. manual assembly
process of bolted
components

In Appendix B.Features of components analysed in case stutisdde 107,
Table108 Table109 Table1l10andTable111aresummarized the features of the
parts of the assembly involved in design issues.

Then an analytical cost estimation has been done starting from the identified
features $tep 3: Cost analygislt is important to notice that the assembly cost
estimation is not applicable in the original design due to thelabsurfaces for the
insertionholes for screws and rivets, which cause the instability of the assembly.

At this step, the previously highlighted issues will be fixed and then the 3D model
is updated(Step 5: Update 3D CAD Modebhy changing the model features
according to the designugleline.

The changes consisted of:

1 Feature_T HOLE RECTANGULAR PATTERN (Column): increasing of
hole distance from 30 mm to 50 mm and new coordinates to avoiflaton
surface between Featureil THREADED CYLINDRICAL PAD (Hex head
screw ISO 4018 M12 »60) and Feature 2 T-EXTRUSION (Arm)
(Feature_1 HOLE RECTANGULAR PATTERN_MOD (Column)).

1 Feature_2 RECTANGULAR PAD (Column): changing feature dimensions
cause new feature coordinates of Feature HOLE RECTANGULAR
PATTERN (Column) (Feature i2PAD (Cdumn)).

1 Feature_I HOLE RECTANGULAR PATTERN (Arm): increasing of hole
distance from 30 mm to 50 mm and new coordinates to avoiflaisurface
between Feature_ ILTHREADED CYLINDRICAL PAD (Hex head screw
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ISO 4018 M12 x 60) and Featurei Z-EXTRUSION (Arm) (Feature_1X
HOLE RECTANGULAR PATTERN_MOD (Arm)).

1 Feature_ 2t RECTANGULAR PAD (Arm): changing feature dimensions
cause new feature coordinates of Feature HOLE RECTANGULAR
PATTERN (Column) (Feature_ 2i RECTANGULAR PAD MOD
(Column)).

1 Replacement ofhe screws (Hex head screw ISO 4018 M12 x 60) and
washers (Plain washer ISO 7089 M12) with flanged screws (Hex head screw
DIN 6921 M12 x 40).

1 Replacement of the nuts (Hex nut ISO 7412 M12) and washers (Plain washer
ISO 7089 M12) with flanged nuts (Hex nutNDISO 6923 M12).

1 Replacement of the nuts (Hex nut ISO 4034 M16) and washers (Plain washer
ISO 7089 M16) with flanged nuts (Hex nut DIN ISO 4161 M16).

1 Replacement of the screws (Hex head screw ISO 4016 M10 x 35) and
washers (Plain washer ISO 7089 M10) witmged screws (Hex head screw
DIN 4162 M10 x 35).

1 Replacement of the screws (Hex head screw ISO 4018 M16 x 80) and
washers (Plain washer ISO 7089 M16) with flanged screws (Hex head screw
DIN 4162 M16 x 80).

In Appendix B.Features of components analysed in case stutisdde 112
Table113 Tablel14andTable115 are summarized only the modifiéehtures of
1° block and the features of 2° bloclof the modified parts. IfTable 116 are
summarizedeatures of 4° block

Table54 reports the costharing for the assembly after the design update. Could
be noticed that the major costs are related to the welds and screw insertion.
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Table54 Cost analysigassembly 2 jib crane updated design)

List of operations

Material
cost

Operations

Total

Cost

Time [s]

Cost

Time [s]

Col umn welds (40

6,92

64,74

4893

71,66

4893

Arm welds (40 G/ h

2,12

18,6

1149

20,72

1149

Pivotwel ds (40 4/ h)

1,70

15,84

1357

17,54

1357

d|ed S

Hex head screw DIN 4162 M16 x 80
positioning, alignment and mounting
with Pivot and Wa

6,70

804

6,70

804

&

Column positioning and alignment
with Pivot (4004/ h

1,00

90

1,00

90

&

Hex headscrew ISO 7412 M30 x 140
positioning, alignment and mounting
with Pivot and Caog

1,10

132

1,10

132

Column positioning and alignment
with Arm (70 G/ h)

4,67

240

4,67

240

Hex head screw ISO 4012 M16 x 45
positioning, alignment anchounting
with Arm and Col u

0,20

24

0,20

24

Hex nut DIN ISO 4161 M16
positioning, alignment and screwing
with Hex head screw ISO 4012 M16 »
45 (x4) (30 a/ h)

2,20

264

2,20

264

Hex head screw DIN 6921 M12 x 40
positioning, alignment anchounting
with Arm and Col u

0,40

48

0,40

48

Hex nut DIN ISO 6923 M12
positioning, alignment and screwing
with Hex head screw DIN 6921 M12 »
40 (x8) (30 4/ h)

4,40

528

4,40

528

Stopper positioning, alignment and
mounting with Arm( x 2) (30

0,10

12

0,10

12

Hex head screw DIN 4162 M10 x 35
positioning, alignment and mounting
with Stopper and

0,20

24

0,20

24

Plain washer Xlarge 1ISO 7094 M10
positioning, alignment and mounting
with Hex head screw DIM162 M10 x
35 and Arm (x4) (

0,20

24

0,20

24

Hex nut ISO 4034 M10 positioning,
alignment and screwing with Hex hea|
screw DIN 4162 M10 x 35 (x4) (30
ual/ h)

2,20

264

2,20

264

Total

10,74

122,55

9853

133,29

9853
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6. Results

This chapter resumes the results of the methodology and th&@heothapter is
divided in two main section.

The first one §.1) discuss about the results related to the methodology,
highlighting the advantages and disadvantaige®lation with case studies.

The second sectio®.) is focused in software evaluation through thifferent
guestionnairesvhich were submitted to the users after extensive use (more than 6
months) of the tool.

6.1. Methodology results

The presented approach has been used to evaluate 6 different products, 4 parts
and 2 assembliesThe proposed methodology has been used for modelling the
manufacturing knowledge related to three process: (i) cldeedorging, (ii)
machining (milling and tning) and (iii) bolted assembly. However, the
methodologycan be extended to other formitmgditionalprocesses, such as casting,
sheet metal or assemblies process such as welding.

Focusing in cost estimation frameworktlé specific case stigk, the constructs
(cost breakdown, cost routing, cost model and workflow) have been evaluated based
on a set of requirements defined within the literature analysis and the findings of the
specific case stuels For each requiremeritable55 presents the results achieved
in thisthesisand relative comment3he outcomesdentified foreach cost itenare
two: (i) the requirement waaddressed, or (ii) the requirement needs to be addressed.

(i) Inthe first casehte requirement was addressed considering the existing state
of-the-art barriers then the proposed framework is complete and more
comprehensive than the one proposed in thealitire.

(i) In the second caséed requirement needs to be addressed considering the
existing stateof-the-art barriers: based on the requirements obtained from the

223



literature review and the analyses of the results, in future research,
improvements for thigem need to be made.

Table 55 reportsalso if theoutcomes resulting from the analysis of ttese
studiescan be extended to other processes as well as to a general manufacturing
process and indicates the additional actions that are requirguarticular for
emerging technologies (i.e. additive manufacturing) are required new study to adapt
the described dology on these technologies. Feature recognition for additive
manufacturing processes will be a challenging task due to the nature of this process.
Indeed, traditional manufacturing processes consist of multiple and different
operations (e.g., milling, diing), which are connected to relative manufacturing
features (e.g., hole, pocket, slot). A 3D printing process cannot be split down in
multiple manufacturing features.

The positive outcomes are highlighted in relation to the cost breakdown structure
andcost model, where the most important requirements were addressed. Some future
improvements are required for the cost routing and, in particular, for the management
of different objectives, variables and constraints of an optimization problem, as well
as br the management of rules to be used for sorting operations. Looking at the
workflow for componentsand assembligsa positive outcome is its possible
extension to other processsuch as casting, sheet metal or assemblies process such
as welding.

Table55 Outcomes of the methodology implementation

Requirement Context Outcome | Comment Additional action
The material, machine and
labour cost items are more
detailed in thighesisthan they
are in the literature. For
example, the differentiation

Detailed cost

breakdown Cost breakdown .
between contaminated and
structure to be (both .
. . Addressed| uncontaminated waste was no| None
used for an in manufacturing . .
observed in the literature.
depth cost and assembly .
. Equipment, consumab&nd
analysis

energy cost items have the
same structure as that shown
the literature(Ben-Arieh et al,
2003;Chen at al., 2011;
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Chouguleet al.,2006 Knight,
1992;0u-Yanget al., 1997)

General cost

The cost breakdown presenteq
in thisthesisis general and has
been tested farloseddie
forging and chip forming
(milling and turningcase
studies). Cost breakdowiean

be used also for other forming

breakdown .
structure to be Cost breakdown processes (e.g., Injection
. Addressed| moulding casting) None
used for (manufacturing)
manufacturing Many cost. brea_kdown schema|
processes are found in thd!terature,.k.Jut
all of these refer to specific
manufacturing processes:
machining(Ben-Arieh et al,
2003), brging (Knight, 1992)
and asting(Chouguleet al.,
2006.
The cost breakdown presente(
in this thesis is general and ha
been tested for bolted assemb)
procesqcase study). Cost
breakdown can be used also f
General cost other assembly processes (e.g
breakdown welding, gluing)
structure to be (C;(;sstetr)]:izl;down Addressed| Many cost breakdown schema None
used for assemblyf are found in thditerature, but
processes all of these refer to specific
manufacturing processes:
machining(Ben+Arieh et al,
2003), brging (Knight, 1992)
and asting(Chouguleet al.,
2006.
The workflow presented in thig|
thesismay be used for all the
traditional formingprocesses.
Workflow for All the workflows available in
defining the literature refer
manufacturing Workflow to specific mangfgcturing
processes from (manufacturing) Addressed| processesmachining(Ou- None
3D virtual Yang etal., 1997; Shehab et al
prototypes of 2002), asembly products
components (Streppel et al., 2003forging

(Kulon et al., 2006)njection
moulding(Streppel et al.,
2003)
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The workflow presented in this|
thesismaybe used for defining
the cost of assemblieall the

Workflow for workflows available in the
defining literature refer
manufacturing Workflow to specific mangfgcturlng
processes from (asembly) Addressed| processesmachining(Ou- None
3D virtual y Yang et al., 1997; Shehab et g
prototypes of 2002), asembly products
assemblies (Streppel et al., 2003), forging
(Kulon et al., 2006) njection
moulding(Streppel et al.,
2003)
\é\(/a(;irnl?‘rllow for The workflow presented in this|
g thesis cannot be used for Need to devise a
manufacturing o o
defining the cost of additive new feature
processes from Workflow . .
. . To be manufacturing processes concept applicable
3D virtual (additive " . .
. addressed | Feature recognition for additivg to these additive
prototypes of manufaturing) . ) .
. manufacturing processes will | manufacturing
additive - .
be a challenging task due to th technologies.
manufactured :
nature of this process.
components
The cost routing structure
presented in thighesiscan be
easily used for collecting the
knowledge required for
defining the manufacturing
process and the related cost o
General structure single components.
for collecting Various examples of cost
knowledgebased | Cost routing routing are available
- ; Addr . ; Non
rules for defining | (manufacturing) ddressed in the literature, but they one
a manufacturing generally refer to
process specific manufacturing
processeanachining (Feng et
al., 1996; Bouaziz et al., 2006;
Grabowik et al., 2003; Garcia
Crespo et al., 2011), casting
(Maciol, 2017) and forging
(Kulon et al., 2006).
The cost routing structure
General structure presented in thithesiscan be
for collecting easily used for collecting the
knowledgebgged Cost routing Addressed knqwledge required for None
rules for defining | (assembly defining theassemblyprocess
an assembly and the related cost of
process assemblyVarious examples of

cost routing are available
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in the literature, but they
generally refer to

specific manufacturing
processeamechining (Feng et
al., 1996; Bouaziz et al., 2006;
Grabowik et al., 2003; Garcia
Crespo et al., 2011), casting
(Maciol, 2017 and forging
(Kulon et al., 200B

General structure
for collecting

The cost routing structure
presented in this thesis cannof

A cost routing for

knowledgebased | Cost routing be used for collecting the i
- . To be - additive
rules for defining | (additive knowledge for 8D printing .
. . addressed . manufacturing
an additive manufacturing) processbecause itannot be .
. . . . should be defined.
manufacturing split down in multiple
process marufacturing features.
The cost optimization of a
manufacturingor an assembly | The cost routing
process shouldvaluate structurefor
. multiple and alternativ managin
L Cost routing utpeadgte ative gag g
Optimization solutions to find the best one. | objectives,
(both To be .
methods for cost . For example, the best variables and the
) manufacturing addressed . ;
routing and assembly) production strategy should be | constraints of an
y defined after the evaluation of | optimization
all the other valid strategies. In problem should be
this case, priority rules will be | improved.
neglected.
The cost routing structure doe
not provide a method for
managingpr ield. Each .
. a agl gprocess yield. Eac The cost routing
Cost routing operation should be
. structure must
. (both To be characterized by a success raf] )
Process yield . o manag the yield
manufacturing addressed | If an operation is not correctly .
for each operation
and assembly) performed, all the cost L
. . | within the process,
encountered until that operatio|
performs correctly should be
considered as ext@osts.
The cost routing structure doe
not prowde a T“e”“".’ fgr The cost routing
. sorting operations within a
Cost routing . structure for
) manufacturingprocess. Only .
Sorting of process| (both To be . - managing rules to
- . validity and priority rules are .
operations manufacturing addressed ) be used for sorting
managed. The operations ordg .
and assembly) | operations should
may depend on the process; be imoroved
thus, specific rules should be P '
defined.
General cost Cost model Cost models have been tested
Addressed None

model to be used

(manufacturing)

for closeddie forging and chip
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for manufacturing
processes

forming (milling and turning)
(case studies). New cost modg
for other forming processes
(e.g., injection moulithg) could
be adapted starting from
structure identified.

In the literature, there are man
cost models, but alif these
refer to specific manufacturing
processedorging (Knight,
1992), asting(Chougule et al.,
2006), ligh-pressure die castin
(Favi etal., 2017).

General cost

A cost modehasbeen tested
for bolted assembly process
(case study)New cost models
for otherassemblyprocesses
(e.g.,welding, gluing could be
adapted starting from structurg

model to be used | Cost model identified.
Addressed B None
for assembly (assembly) In the literature, there are man
processes cost models, but atif these
refer to specific manufacturing
processedorging (Knight,
1992), asting(Chougule et al.,
2006), high-pressure die castin
(Favi et al, 2017).
General cost A cost model for
model to be used | Cost model .
. . To be A cost model has not been additive
for additive (additive o .
manufacturin manufacturing) addressed | tested for 3D printing process.| manufacturing
9 g should bedefined.
processes
The calculation rules of a cost
model may be organized for
Cost model to computing the cost in
rovide cost accordance to the cost
P Cost model(both breakdown.
breakdown . .
. manufacturing Addressed| Sone authors organize cost None
according to the .
and assembly) model rules in accordance
structure ) o .
ronosed with their idealized cost
prop breakdown(Ben-Arieh et al.,
2003; Chougule et al., 2006,
Knight, 1992)
The cost model structure does| The cost model
Optimization Cost mode(both Tobe not provide a method for structure for
methods at cost | manufacturing optimizing the cost of each managing
addressed - . L
model and assembly) operation by changing objectives,

technological parameters (e.g.

variables and
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machine, equipment, constraints of an
consumables) and respecting | optimization
constraints. For exaple, the problem should be
best machine may not be the | improved.
cheapest one but the one that
guarantees the minimum
manufacturing cost.

Concerning the imgimentation of the proposed framework, a qualitative
evaluation procedure is presented. This evaluation facilitates the understanding of
the applicability of the presented framework for daily use and possible grey areas
requiring improvement. The evaluatioriteria have been derived from Marehal
(1995) and are presented together with their explanations and related s@atas in
56. Regarding the evaation method, according to the definition proposed by Prat
et al. (2014), the authors performed a qualitative evaluation by using sgthcee
scale (low, medium and high). Qualitative feedback on the identified criteria have
been derived from two grospof participants: (i) four university professors with
experience in the engineering design and cost engineering and (i) four
engineers/designer from the company involved in the implementation of the case
studes The framework was firgiresented to professors and cost engineers. Second,
cost engineers used the proposed framework for process analysis and knowledge
formalization. The evaluation results show a satisfactory assessment of the
framework as a whole. Considering the criteriecdesd in the evaluation table, the
hi ghest scores are registered for Acompl et e
a high score. Conversely, Aunder standabili
shows the lowest score (medium); however, the scos¥e ¥ar from the lower
bound.

Table56 Qualitative evaluation of the methodology

Available Result
scores
Completeness addresses whether the cost model § High

Completeness the data structure lack some items or whether its ug Medium High
requires customization Low

Criteria Explanation of criteria
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practice)

Understandability addresses whether the whole High
Understandability| structure of the cost model and the aiatia Medium Medium
arrangement (cost breakdown) are easy to underst{ Low
Ease of use addresses the capability of the user to| High
Ease of use the implemented framework without external Medium Medium
training/help Low
Fidelity with real Fidelity addresses whether the model reflects ngh. . .
world . ) . Medium Medium/High
relationships that occur in real world
phenomena Low
Efficacy addresses whether the workflow and cost | High
Efficacy model produce the desired effect (i.e., whether it Medium High
achieves its gda Low
Effectiveness and Generality addresses whether the overall framewor| ngh. . .
. . - . Medium Medium/High
generality can cover different applications and technologies Low
Impact addresses whether the use optioposed .
. : ) High
workflow including the cost routing affects the ; .
Impact to user ; ) .| Medium Medium
environment (organlzatlLOW

The case studiegnalysedn the previous chapter made it possible to draw up

DfM/DfA rules for closeddie forging process, chip removal atwblted/rivetted

assembly processes. Each guideline is classified in functitie @hportance of the
rules: (i) critical, (i) warning andii{) information. As previously described, the

criticality of each rule was defined on the basis of how much itscoompliance

affected the technological feasibilifgritical indicate a preclusion, warning generate

potential problems and information isaggestion)

Concerning the forging proceshe design process begins with the geometry of
the finished part. Consideration is given to the shape of the part, the material to be
forged, the type of forging, the equipment to be used, the number of @dots t
forged, the application of the part and the forging type (blocker, conventional and
precision). The design of forging takes in consideration 8 main items (ASM 14A,
2005): parting line, draftibs and bosses, corner and filletgpbs, cavities and holes,

flash and dimensions with tolerances.
For closeddie forging process DfM rules aredraw up. 170f whichare critical
rules, 160 are warning and 17 are information type rite&ppendix A.DfM/DfA

rules repositorigs(Table 64), are reported a set of rules dedicated toclbsed

forging process. It is worth noting that this is not a complete list of rules but only
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part of it.

In forging case studiesre identified design problems related to the second block of
geometric feature recognitiofihe main issues for bogmarts analysed regards the
minimum draft angleand fillet absenceln precision closedie forging of steel
cannot be lower than 3° and in these cases is lower or absent. The absence of draft,
or of sufficient draft, causes the forging to stick in the ,dimsking removal
impossible or difficult, requiring special forceful means for ejection from die
cavities. This issue can be classified as a critical since it affects the technological
feasibility of the feature.

Fillet radii provide a smooth, gradual rowection rather than an abrupt angular
junction. Minimum values for corner and fillet radii provide a series of advantages
including a lower concentration of stress but also a less die costs, time savings and
reduction of processing waste. Indeed, shagesdannot be obtained by forging

and is required a machining operation.

Solving the design issues allowed the production e$dparts and then the cost
estimation analysis. #act in original design the partould not be produced cause

the draft anlg and corner radius absence.

Regarding machining componentse tdesign ofthemincludes limitations about
drilling operation, hole diameters, achievable and recommended surface finish and
tolerances, achievable radii, ect.

For chip forming 100 rulesra achievedy0 for milling processes, 14 for turning
processes and 16 related to both processes. For milling préaggslicable rules

are critical, 52 are warning, while 9 are information. For turriimgle is critical, 11

are warning and 2 are infoation.Considering the rules applicable for both process

11 are warning and 5 are informatiénset of rules dedicated for machining (milling

and turning in particular) are reportedAppendix A.DfM/DfA rules repositories
Table65.

In milling case study design problem® related to second and third block of feature
recognition. In particular the most impacting design issue is related to the presence
of sharp internatorners in the componefthe use of sharp internal corners provides
high concentration stress and also more machine operations, more time and an
increasing of processing waste. At the same time, sharp internal edges cannot be
obtained by milling, and tlyerequire more complicated and expensive technologies
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such as Electrical Discharge Machining (EDM). Thanks to the elimination of sharp

corner could be achieved a cost reduction
In turning case study, the two desigmipems are related to the second block of

feature recognition and both are classified as warning. Their rescélitavs a few

reduction of manufacturing cost of the partfaest analyzing the breakdown of cost

can be notice a dtteanmrieaesd nilgatime croasdltsi md 0 ianpe
a vs. 173,76 U). The costs of the other ma
design.

In case of bolted/rivetted assemblies each component of assembly should be
designed to reduce the number of manufacturing assembly operations to a
minimum. In this way, reducing the number of parts allows the improvement of an
assembly, far overshadowing in impact any other changes in design that improve
manufacturability and further other important design objectives. rOthe
recommendations are the standardization of the parts and design, the use of modular
subassemblies, avoid flexible parts and the use of easily handled parts.

In particular for bolted/rivetted assembly processes 123 rules are achieved, 18 of
which are dtical, 82 are warnings, while 23 are information related ruleset of

rules dedicated for assembly (bolted and rivetted in particular) are reported in
Appendix A.DfM/DfA rules repositoriesTable66. It is worth noting that this is not

a complete list of rules but only partiof

In assembly case studies, as it happened inthe case of fargingt i cal i ssues do
allow the mounting of parts. In the first case sttitly main problem is caused by

the absence of a minimum diameter gap between screw and hole-threated

parts of bolted connection. This minimum gap is necessary to facilitate screw
insertion and avoid possible stuck in manual assembly operations. A minimum
diameter gap varies in function of screw dimensions, and it can be assessed by the
difference betweethe hole diameter and the external screw diameter. In the second
case study a first issue is related to the need to have flat surfaces for the insertion
holes for screws and rivetghich cause the instability of the assemhiile a

second is referred tihe absence of minimum distance between the axis of two or
more screw to avoid assembly problems.

For both assembly case studitee resolution of design issues alltive mounting

of the assembly, impossible in original designs.
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6.2. Tool evaluation andeaults

To evaluate method and software two different questionnaires are developed and
they were submitted to the users after extensive use (more than 6 months) of the tool.
This chapter defines and explains these questionnaires: the first one wants tg quanti
the usability of the software (Sectiér2.1) while the second one is focused on the
advantages and disadvantages in design process thanks to the software use (Section
6.2.2.

Section6.2.3shown the result of the submitted questionnaires to the users of two
different companies.

6.2.1.Software usability

Because of the heavy impact on the desigmcgss that may be due to the
implementation of the method and software, it is very important to consider its
usability and user friendliness.

Among the most popular rules in literature, the Nielsen Heuristic ¢(dietsen

et al.1990 have beenchosenase t r i ¢ f or software usability
heuristic rules aim at evaluating the usability of the software, considering ten
di fferent abstract features. They are call e

nature of rules of thumb than spiacusability guidelines. Heuristic evaluation is the
most rapid, cheap, and effective way for identifying usability problgneenberg
et al, 20M). Molich and Nielser{Nielsen et al. 199Mave proposed nine usability
heuristics. The heuristics are:

1. Simple and natural dialogue

2. Speak the userds |l anguage
3. Minimize the user memory load

4. Be consistent

5. Provide Feedback

6. Provide clearly marked exits
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7. Provide shortcuts
8. Good Error Message
9. Prevent Errors

These were originally developed for heuristic evaluation in collaboration with
Rolf Molich in 1990(Nielsenet al, 2000. Nielsen has refined the heuristics based
on a factor analysis of 249 usability problethgelsen J. 1994.A Enhanci ng t he
explanatoryp o we r of u s a b tolderiveya shteoll heuristicsi watls 0
maximum explanatory power, resulting in this revised set of heur{§lietsen J.,
1994.AHeuri stic eval uati on. ). Bwm #hé isdkd of y i nspec
comparison, these will belted traditional heuristics. These are shown as follows:

1. Visibility of system statusthe system should always keep users informed
about what is going on, through appropriate feedback within reasonable time.

2. Match between systemandtherealwatld:sst em s houl d speak the
language, with words, phrases and concepts familiar to the user, rather than
systemoriented terms. Follow reavorld conventions, making information
appear in a natural and logical order.

3. User control and freedonuisers ofterchoose system functions by mistake
and wil |l need a clearly marked fiemergenc
without having to go through an extended dialogue. Support undo and redo.

4. Consistency and standardssers should not have to wonder whether
different words, situations, or actions mean the same thing. Follow platform
conventions.

5. Error preventioneven better than good error messages is a careful design
which prevents a problem from occurring in the first place. Either eliminate
errorprone condibns or check for them and present users with a
confirmation option before they commit to the action.

6. Recognition ratherthanrecathi ni mi ze t he userés memory |
objects, actions, and options visible. The user should not have to remember
information from one part of the dialogue to another. Instructions for use of
the system should be visible or easily retrievable whenever appropriate.
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7. Flexibility and efficiency of useacceleratorgunseen by the novice ujer

may often speed up the interactifor the expert user such that the system

can cater to both inexperienced and experienced users. Allow users to tailor

frequent actions.

8. Aesthetic and minimalist desigdialogues should not contain information

which is irrelevant or rarely needed. Evearytra unit of information in a

dialogue competes with the relevant units of information and diminishes their

relative visibility.

9. Help users recognize, diagnose, & recover from ereoms: messages should
be expressed in plain language (no codes), migcisdicate the problem,
and constructively suggest a solution.

10. Help and documentatiomven though it is better if the system can be used
it may be necessary to provide help and
documentation. Any such information shoulddasy to search, focused on
concrete

without documentation,

t he

user 6s

t ask, [

st

steps to

Starting fromthese ten heuristics, Sivdfivaji et al.,2011) develop their ones.
They are summarized ifable57.

In this table are also indicated if the heuristic is used for the evaluation
re.

questionnai

Except

heuristics are used to evalu#tte system.

Al nf or mat

Table57 Heuristic used for software usability questionnaire

vV e

minimize the possibility of use
error, with inbuilt facilities for
detecting and handling; use
should be able to check the

Heuristics Description Used for the questionnaire
Compatibility The way the system looks ar] YES
works should be compatible wit
user conventions an
expectations
Consistency & Standards The way the system looks arl YES
works should be consistent at 4
times
Error Prevention & Correction The system should be designed| YES
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inputs and correct errors d
potential error situations befo
the input is processed.

Exgicitness

The way the system should wo
is structured and should be cle|
to the user

YES

Flexibility & Control

The interfface should b
sufficiently flexible in structure,
in the way information is
presented and in terms of what t
user can do, teuit the needs an
requirements of all users, and
allow them to feel in control of thq
system

YES

Functionality

The system should meet the neg
and requirements of users wh
carrying out tasks

YES

Informative Feedback

The system should alwaysep
user informed about what is goin
on through appropriate feedba
within reasonable time.

NO

Language & Content

The information conveyed shoul
be understandable to the target
users

YES

Navigation

The system navigation should &
structured in a way that allows
user to access support for

specific goal as quickly a
possible

YES

Privacy

The system should help the us
to protect personal or privaf
information belonging to the use
or their clients

YES

User Guidance &upport

Informative, easyto-use and
relevant guidance and suppd
should be provided to help us
understand and use the system

YES

Visual Clarity Description

Information displayed on th¢
screen should be clear, we
organized, unambiguous and eq
to read

YES

Those features require to be translated into quantifiable metrics in order to obtain
a quantitative mark for the usability of the platform. This mark is related to the level

of the acceptance from the user perspective. It is important to stathdba rules

aim to test
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method, in our case, users will be asked to give feedback after they have experienced
the real use of the system/tool.

Specific questionnaires have been developed for the evaluation of the software
usability according to the twelve rules identified and presented irethle58. These
guestions allow user to evaluate quantitatively some parameters of the tool under
usage. Two different typologies of questions have been derived:

1 General: if the question is applicable for all software

1 Specific: if the question is applicablonly for DfM/DfA and cost tool
software.

This approach has been chosen to obtain some general opinion and this allows
the software developers to understand if globally the tools satisfy the user
expectations or not.

Table58summarizethe anki ng criteria chosen for the
opinions
Table58 Ranking criteria value for DfM/DfA and cost tool software
Question Description Score
Yes The tool fully satisfies the requirements given in the statement. 9
Yes, but| The tool meets the requirements given in th@tement; however furthg 6
further improvements may be useful.
improvement
may be useful
No The tool does not meet the requirements given in the statement and modificatiq 3
improvements are required.
| f ANoO or ifYes, but f ur tdnesenthé upgrisov e ment

invited to write some feedbacks to explain the reason/reasons for the choice in the
ARecommended i mpratevexplamedt so col umn

Starting from the evaluation of single rules through single scores given by the
user, a method to calculate the oveuakbility rank for each tool has been defined.
In particular the approach used has been the weighted mean. The formula
implemented is the followin¢Eg. 9)
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Where: U eights weight of the ith metric

As a first attempt each metric has been associated with a specific weight varying
from a minimum of 1 to a maximum of 3.

Weights chosen to calculate our usabilitarinare presented ifiable 59. The
weights associated to the metrics allowing to evaluate the usability of the main tool
functionalities have been set up to a maximum weight of 3. The weights associated
to the metrics related to the interaction between the user and the tool wardcset u
an intermediate weight of 2. Finally, weights related to metrics dealing with language
and visual aspects were set up to a minimum of 1.

Table59 Weight

Function of metrics Weight

Compatibility

Consistency &tandards

Explicitness

Flexibility & Control

Functionality

Language & Content

Navigation

Privacy

User Guidance & Support

R R W N R W] NN WwN

Visual Clarity Description

Therefore, the average overall usability ranking varies from 3 to 9. As a
consequence, a value obtained between 3 and 6 will be considered as a mark of
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insufficient satisfaction for the user. A value scoring between 6 and 8 will be
considered as a mark obfrrect satisfaction for the user. A scoring value between 8
and 9 will be considered as showing an excellent satisfaction for therabézg0).

Table60 Interpretation of usability rank value

Between 3 and 6

Not sufficient

Identification of problematic aspec
and correction; tool improvements |
required

Between 6 and 8

Correct satisfaction

Recommendations can be ma
according to the main issue identifie
by the user

Between 8 and 9

Excellent satisfaction

The tool provides an excelle
satisfaction to the user. Son
recommendations should be made
attain a score of 9 if the obtained scq
is under

In order to facilitate the questionnaiexploitations,the questions have been

inserted in an Excel spreadsheet.

The excel spreadsheet is divided in 3 sheets:

1 User guide

1 Questionnaire

1 Usability definitions.

In the first sheet are summarized the contiitainstruction for the user, in which

are described the choices, the values of each evaluation, the weight and the method

used for

cal cul

represented the first sheet of excel.
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General question|

Evaluation

General common questions for all software

The tool fully satisfies the requirements given in the statement.
The tool meets the requirements given in the statement, however further improvements may be useful.

The tool does not meet the requirements given in the statement and modifications and improvements are regiired.

Function of metrics
Compatibility
Consistency & Standards
Explicitness

Flexibiity & Control
Functionality

Language & Content
Navigation

Privacy

User Guidance & Support
Visual Clarity Description

3 possible choices

Yes
Yes, but fu

er

3 possible values

Between 3 and 6

- B QO@RG®E | Q
Average overall usability rank ® 1Bl GO G T At e e oo

Not sufficient
Identification of problematic aspects and correction; tool improvements are required

Between 6 and 8

Correct satisfaction
Recommendations can be made according to the main issue identified by the user

Between 8 and 9

Excellent satisfaction
The tool provides an excellent satisfaction to the user. Some recommendations should be made to attain a
the obtained score is under

provement may be useful

The weights associated to the meti
2|allowing to evaluate the usabilty of
3|the main tool functionalities have be|
2|set up to a maximum weight of 3. T|
2|weights associated to the metrics
3jrelated to the interaction between t|
1juser and the tool were set up to ar|
2|intermediate weight of 2. Finally,
3|weights related to metrics dealing
1jlanguage and visual aspects were
1{up to a minimum of 1.

Figure 38 User guide sheet
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The sheet questionnaire lists the questions that the user will have to answer and
the formulas to calculate the evaluation.

The first raw of this sheet @mmposed by 7 columns:
1. Question: the column which contains all the questions of the questionnaire.
2. General question: indicate if the questiomjiplicable for all software.

3. Specific question: indicate if the question is applicable only for DfM/DfA
and cost tool software.

4. Evaluation: where the user indicates his evaluation of the tool.
5. Score:indicates the values of the previous evaluations.
6. Weight: the column which contains the weights of each question.

7. Recommended improvements: the columns where the user could indicate
improvements if necessary.

The col umns 0 gspecificiquedto nu e shitsi comriogdh t &n dar @
hidden to the user and will only be used to calculate the evaluation.

In the last sheet are listed the heuristic used for the questionnaire.

In Appendix C. Questionnaire for softwaaed methocevaluation Table 117,
are represented the fAsoftware usability?o

6.2.2.Impact on company traditional process

When an enterprise introduces a new software for the process design, it must
evaluate its degreef integration with the enterprise software solutions (de Moor
2007) and the impact on the internal business processes (Hausler et al. 2009).
Software assessment is a process that analyses the subjective and objective data to
evaluate a tool (Bandor 2006)

First, the test had the scope of evaluating the impact of the methodology and the
related software on the traditional design process of a company. Second, the test
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focused on evaluation of the interoperability between the new software and the
design tods.

A second questionnaire was developed for these evaluations. The Likert scale
(Likert 1932) is the method used in evaluation of the methodology and related system
and is common scale used in software evaluation (Mitchell 1992). The original
version of tlis scale has 5 possible answers: (i) Strongly agree, (i) Agree, (iii)
Neither agree nor disagree, (iv) Disagree and (v) Strongly disagree.

The scale is modified using only three answers possible for the users: (i)Yes, (ii)
Yes, but further improvement p&e useful and (iii) No.

The extreme values (6Strongly agreed and
avoid extremist views (certain people do not accept extreme choices when there are
al ways valid opposing views). Vwemertaxcdh ques
section was also available to allow users to give suggestions.

The following ranking criterialable61) have been chosen for the quantifioati
of the us.erb6s opinions

Table61 Ranking criteria value to evaluating DfM/DfA and cost tool and its
impact on company traditional process

Question Description Score

Yes The tool fully satisfies the requirements given in the statement. 9

Yes, but| The tool meets the requirements given in the statement; however f{ 6

further improvements may be useful.

improvement

may be useful

No The tool does not meet thequirements given in the statement and modifications| 3
improvements are required.

I f ANooO or AYes, but further i mprovement
invited to write some feedbacks to explain the reason/reasons for the choice in the
ARecommended i mp rafbevexpiamedt so c ol umn

Starting from the evaluation of single rules through single scores given by the
user, a method to calculate the overall usability rank for each tool has been defined.
The formula implemented is the followg:
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Where:

1 scores score of the-th question

1 n=number of questions

The questionnaire was divided in four sections:

1 Impact on the traditional design process: this section wants to highlight the
differences thaDfM/DfA and cost tooluse has made in terms of time,
process phases and competences required compared talitrentthdesign
process.

1 Data integration between traditional design &@f1/DfA and cost tool
connection between company CAD systemsfi/DfA and cost tool

1 Training activities: this section wants to discover if the training activities
have beemseful and adequate.

1 Personnel to involve: the section evaluates if the personnel inside the
company able to udefM/DfA and cost tooland to interpret its results.

As done previouslyin order to facilitate the questionnaiexploitations,the
questions ave been inserted in an Excel spreadshBee. excelspreadsheeis
divided in 3 sheets:

1 User guide
1 Questionnaire
1 References.

In the first sheet are summarized the compilation instruction for the user, in which
are described the choices, the values ohesvaluation, the weight and the method
used for calculating the fARgueldaayge overall
represented the first sheet of excel
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Evaluation

3 possible choices
The tool fully satisfies the requirements given in the statement. Yes
The tool meets the requirements given in the statement, however further improvements may be useful. Yes, but further improve me nt may be useful
The tool does not meet the requirements given in the statement and modifications and improvements are reljiired.

Between 3 and 6

Recommended |If you choose "No" or "Yes, but further improvement may be useful’, please explain the reason/reasons for
improvements choice in the "Recommended improvements" column.

i ot a e e o | QETQ
Average overall usability rank 60 Q1 & 001 64 adkt NAYREH —

Not sufficient
Identification of problematic aspects and correction; tool improvements are required

Between 6 and 8

Correct satisfaction
Recommendations can be made according to the main issue identified by the user

Between 8 and 9

Excellent satisfaction
The tool provides an excellent satisfaction to the user. Some recommendations should be made to attain a
the obtained score is under

Figure 39 User guide sheet
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The sheet questionnaire lists the questions that the user will have to answer and
the formulas to calculate the evaluation.

The first raw of this sheet @mposed byour columns:

1. Question: the column which contains all the questions of the questiannaire
2. Evaluation: where the user indicates his evaluation of the tool.

3. Score: indicates the values of the previous evaluations.

4. Recommended improvements: the columns where the user could indicate
improvements if necessary.

The column AScoreodo is hidden to the user
evaluation.

In the last sheet are listed the references used for the questionnaire.

In Appendix C. Questionnaire for softwaaed methodtvaluation Table 118
are representethe questionnaire related the impactof the toolon compam
traditional process.

6.2.3.Results obtained from the questionnaires

Questionnaires were submitted to the users after extensive use (more than 6
months) of the tool. The users involved in test are employed in two companies: Fabio
Perini S.p.A. and Loccioni SA..

Fabio Perini S.p.A. is an ltalian engineering company specialized in machine
design and manufacturing of industrial machinery for the paper making industry,
while Loccioni S.p.A. is another Italian company specialized in many field, as
measure & testig, industrial automation, ICT, robotics, software design, data
science, bionics, mechatronics, nanotechnologies, etc.
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6.2.3.1. Software usability evaluation

In software usability evaluation the results demonstrate the fully satisfaction of
the users, sindde total average score obtained by the tool in all the tests is between
8 and 9 for both the companies, but there are some difference in some question score.

Analyzing the result rp@vidadibye Rerini testerin s o f t war ¢
(Table119), could be noti c@ nphaati btiHd tfyior otht sae ntsi
results (score of 9) in 4 quest®of 5 (1a, 1b, 1d and 1e), while in 1¢ questidng(
the tool iconseasily associated with their specific functiongbtains a medium
score (6). In this last question the user recommended bigger icons in tool interface.

In the second section of the questionné@ensistency & Standarji2 questions (2a

and 2i) obtain anedium score of 6, while the other obtain the maximum results (2b,

2c, 2e, 2f, 2g and 2h). In this section the tester recommended improvements on

DFA/DFM rulesaccording to customer needs (question 2a)aamadditional report

easier to reafhuestion 2i)In third section Error Prevention & Correctigrihe tester
recommendee@rror messages easier to understand (quesdi@md3b). In sections

4 (Explicitnes$, 5 (Flexibility & Control) and 6 Functionality all questions obtain

the best rlamguapet&sContebt) ( skent fion 7) the tool o]
results in question3b, 7c, 7d, 7e, 7f, 7h, 7i and 7j while in question 2a user

recommended an easier way to understamtishowrDFA/DFM rules. At the same

time the testewould preferan improvement in graphical interface to shiova more

comprehensive wathe default stock selected by the t@mliestion 7g)In section 8

(Navigation) questions 8a and 8d obtain a score of 9, while Hezso(8b, 8c and

8e) obtain a medium score. No recommendations are suggested in this. section

Section 9 (Privacy) obtains the maximum score (9). In sectiobd4€r Guidance &

Suppor} 2 questions obtain a medium score (10a and 10b) and user would prefer a

manual easier to understarfdr exampleimproving video and animation the

| ast section all the guestions sudgéesmi n a med
any recommendations.

Summarizingthe results related to Fabio Perini S.pcAuld befound various
request and comments, but the worst results are related to questions whit a low
weight (e.g. Visual Clarity Description) helping to keep high the final score.
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The worst results are related to the Visual Clarity Description, cause the
informaton arenot always well organized. Other suggestions came from the User
Guidance & Support questions, in which are suggested a video or animations for a
better understand, from Compatibility and Navigation (bigger icon required), from
Language & Contentniwhich are suggested a better explanation of the rules and
stock displayed and from Consistency & Standards (report must be easier to
understand).

Analyzing the result rel atleocionitestesisof t war e
(Table 120 and Table 121), could be notice that the firs
obtains for the tester 1the best resultih 3 questions (1a, 1b and 1le), while he
recommendedurther improvement@ question 1cl¢on to change material is not
so easy to fingdand 1d It is not possible to change treatment after analysis has been
executedl Tester 2 signetbr all 5 questionghe maximum score (9oncerning
the second sectiorConsistency & Standarfigeferring b tester 1only question f
(Is the default stock selected by the software correct enpugi&@ns a medium
score whit a suggestion relatecthe needf further materials and raw georries.

Other questions obtain the maximum score. Referring to t8stke signed for
questionsof section 2the maximum scoreSections 3(Error Prevention &
Correctior), 4 (Explicitnes$, 5 (Flexibility & Contrd), 7 (Language & Conteit9
(Privacy), 10(User Guidance & Suppdrand 11(Visual ClarityDescriptior) obtains

for both testers the maximum score. Sectiofr@in€tionality obtains, referring to
tester 1, the maximum scarequestion 6b, 6¢, 6d and 6f, while in questions 6a and
6e obtains a medium score. Tester 1 suggests improvements in IBfkiBs (6a

and 6e) cause the tool is used mostly for costing. In section 6 tester 2 signed a
medium score at 6d question suggesting aemautomatization by the tqol
minimizing the choices made by the ugeidefault stock selectio®ther questions

in section 6 obtain the maximum score. In sectiol&v(gatior) tester 1 suggest
improvements in coating and treatment changing (8b), signing the maximum score
in the other questions. Tester 2 signed maximum score in all questions of this section.

Summarizirg the results related to Loccioni S.p.@an be notice that the scores
are higher than 8 in all questiof@erage of the results of the two testend)it only
few comments (e.g. more automations required by the tool and the difficult in
treatment change)
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In Table62 are summarized the results, divided by company.

Table62 Software usability results

Questions Weights | Fabio Perini S.p.A. Loccioni S.p.A.
Score | Notes Score | Notes
Q) 2 8,4 Bigger icon required. 8,4 Bigger icon required and th
Compatibility possibility to change the
treatment after the analys
execution.
2) 3 8,3 Needed theaddition of a| 8,8 Would be needed furthe
Consistency report easier to read an materials and raw geometry.
& Standards more rules to integrate i
database.
?3) Error | 3 7,5 Errors messages are n| 9 -
Prevention & always easy to understand.
Correction
4 2 9 - 9 -
Explicitness
(5) Flexibility | 2 9 - 9 -
& Control
(6) 3 9 - 83 More useful rules needed.
Functionality More automatization by thg
tool. It would be good thg
minimizations of the choice
made by the user such
profiles, milled blocks.
(7) Language| 1 8,3 Not all the DFA/DFM rules| 9 -
& Content are easy to understand cay
not all the information arg
easy to be found.
Could be improved the
graphical interface for ¢
better understanding of th
default selected stock.
(8) 2 7,2 Not all the sections and ico| 8,7 Difficult related to change th¢
Navigation are easily identifiable. treatment.
(9) Privacy 3 9 - 9 -
(20) User| 1 7 Manual would be easier t{ 9 -
Guidance & understand improving vide
Support and animations.
(1) Visual| 1 6 Not all the information arg 9 -
Clarity well organized and clear.
Description
Total - 83 - 8,8 -
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6.2.3.2. Impact on company traditional process evaluation

Analyzing the result related to Al mpact or
by Perini teste(Table122), could be notice thatl the sections obtain the best score
of 9, demonstrating the satisfaction of the tester. Same consideration could be
obtained by theesult provided by tester 1 of Loccigiiiable123), while the second
tester(Table124) recommended ore automation for a reduction of time dedicated
in design process question la). Both Loccioni tester
becaus¢ hey di dndét attend a training session

Summarizing the results obtainebly the toolshow a fully satisfaction of the
requirements given in the statementfdnt the total average score obtained by the
tool in all the tests is between 8 and 9 and this demonstrate the advantages of using
the software during the design develomme

In Table63 are summarized the results, divided by company.

Table63 Impact on company traditional process results

Questions Fabio Perini S.p.A. Loccioni S.p.A.
Score | Notes Score | Notes
(1) Impact on| 9 - 8,7 More automation would be needsg
the traditional for a reduction of time dedicated i
design process designprocess
2) Data | - N.A. 9 -
integration
between
traditional
design and
ADf M/ Df
cost to
3) Training | 9 - - N. A.: they didn
activities session
(4) Personnel to| 9 - 9 -
involve
Total 9 - 8,6

249



250



7. Conclusions andfuture outlook

The present research thesis investigates a -wdyrated Design for
Manufacturing and Assembly methodology and tool able to helps designers during
the 3D modelling activities and at the same time provide the cost of the part or
assembly argsed. At the same time the research is also focused in showing the
advantages in design process thanks to the use of the methodology and tool.

It is well known that, although the design activity costs approximafédgt the
10% of the total budget forrew project, typically 80% of manufacturing costs are
determined during the design stage (Ulrich et al. 2003).

During the product development process (PDP), cost plays a critical role and
drives most of the technical and technological solutions (Faal.€2018). Cost
estimation is a design task which allows to evaluate the production costs of products
before their manufacturing (Mauchand et al 2008). Cost estimation activity includes
a classification of cost items both for the materials and the mauatifacprocesses.

In addition, cost estimation requires a definition of a mathematical model which
integrates the cost items (Hoque et al. 2013). In literature can be found various
example of manufacturing cost estimation tool, developed from late 1970svil

and the most widespread are focused in machining process. Numerous commercial
cost estimation tools exist and many organizations have developed proprietary cost
estimation systems.

Process planning and engineering design for mechanical productdraraety
correlated processand they require a strictly collaboration among all parties and
departments to optimize the project outcomes such as cost, quality, performance, and
reliability.

On the competitive global markets of today, companies haveljeetive to
increase profits by reducing development costs and increasing quality. To guarantee
the business success, mu st be avoided
several company departments work separated from each other. On the contrary,
integrated product development process and concurrent engineering allow to create
teams that work in parallel during development in multidisciplinary way.

251

t

he



Product design is the first step in manufacturing and is where the critical decisions
are made that W affect the final form and cost of the product. Design for
Manufacturing and Design for Assembly play a critical role in product design, since
they are analytical processes that considers all aspects of the design, development,
manufacturability, costassembly time, and modularity. Design for manufacture
(DFM) methodology analyzes individual part geometry and process choices for
impact on material, manufacturing process, and tooling costs, whereas design for
assembly (DFA) is a structured methodology émalyzing product concepts or
existing products for simplification of design and assembly procesdes.
increasing competitiveness of the markets is pushing designers to develop more and
more competitive products. For this aim, designers must follovowigg number
of design tips and rules, but the problem concerns in finding the set of rules to apply
at the right time.

The engineering design defines the geometry, materials, and tolerances and the
compl ete specificati on sthroufgh dathiléd diaviings pr oduct
of the parts and general assembly drawings. The result of this phase is the complete
and precise physical description of all the

One of the most recurring disciplines in the engineering design contexts relates
to solid modelling and drawing is CAD (Comput&ided Design).

However, cost estimation together with DfM and DfA, are not really integrated
with 3D CAD systems. DfM, DfA and cost estimation principles are currently
applied at the end of the 3D CAD modelljmyy following the welknown DfM and
Df A guidelines avail abl e f rhowlfinterialdacit i t er at ur
knowledge). This knovhow suffers a strong dissemination among employees and
technical departments and represents a critical issue.

Results and corporate knowledge tend to stay within the group instead of being
documented in a way that promotes reuse. In doing so, development performance is
affected by staff turnover, which occurs when projects are finished, or by the often
time demandig search for the right document that contains the right information.
This issue increases when considering the extensiveness of information needed
during functional product development.
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The mentioned practice highlights a gap in the siéiart related tahe CAD
integrated DM and DfA methods and tools and the possibility to share
manufacturing and assembly knowledge in the product design (explicit knowledge).

7.1. Positive results from the research

Consequently, the approach described in this thesis ovescahese limits
throughthe resolution of two specific issues:

1. Making explicit the mixed manufacturing and assembly knowledge to
support product designers during the product development process.

2. Integrate knowledge into the product developmerdcess and make it
effective during the design process and the 3D solid modelling, estimating
the cost savings of the design changes.

The firstissueis solved through the use of methods which link DfM/DfA design
rules with 3D CAD features developed dgrithe engineering design process of
parts or assemblies. The method is composed by three main aspects:

1. 3D CAD Model feature recogniticand organization.

2. A KnowledgeBased (KB) Systerfor DfM/DfA rules classification and
deposition.

3. A Rules Validation $femto connect 3D Model feature to DfM/DfA rules
contained in the database.

At the same timefrom a cost estimation point of view two frameworks was
developed, which can be used by designers and engineers for the analytical cost
estimation of mechanicalroducts. One framework is dedicated for manufacturing a
single component, while the other one is for assembly of a group of parts.

The second issue is solved throwgimethodology and a software tool that helps
designers during the 3D modelling activitiand at the same time provide the cost
of the part or assembly analysed. The methodology, starting from the 3D CAD model

253



of the part or assembly, extracts necessary information with the aim to recognize
parts features needed for cost estimation and fdi/DfA design rules. After
retrieving the information, DfM/DfA and cost analyses can be made, and the
designer can then apply the changes suggested in the 3D model.

The proposed CABntegrated DfM/DfA and cost methodology was used to
perform DfM/DfA and cat analysis by using 3D CAD models of 4 parts components
(2 forged parts and 2 machined parts) and 2 product (assembly).

The case studies show how the proposed methods is able to discover the design
issuesavoiding manufacturing/assembly technological lpgeams and at the same
time allows the costs reductiom particular higher advantages are related to parts
and assemblies affected by critical issues. Solving these design problems guarantee
the production of the part and/or high cost reduction.

Methodobgy has been implemented in a specific software tool with a structure
composed by four main modules: @GUI, (i) Feature recognition(iii) Analysis
frameworkand (iv) Database

To evaluate the real advantages of using the methodology and tool in design
process, two questionnaires were submitted to the tool users after extensive use
(more than 6 monthsT.he first one wants to quantify the usability of the software
while the second one is focused on the advantages and disadvantages of the software
use indesign process.

The results related to software usability demonstrate the fully satisfaction of the
users, since the total average score obtained by the tool in all the tests is between 8
and 9 for both the companies involved in test. Also concerninigniect of the tool
on company traditional process, the results obtained show a fully satisfaction of the
requirements given in the statementfdnt the total average score obtained by the
tool in all the tests is between 8 and 9 and this demonstradelvhatages of using
the software during the design development.

Another important application of the methods and tool is the possibility to use the
proposed approach for teaching initiatives and to educate design students with a
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learningby-doing system. Indeed, the learning curve of this new generation of
engineers athdesigners can be boosted up by the adoption of this method.

7.2. Limitations of the research and future works

Few limitations could be observed in the proposed methodology and tool. The
first one is the effort needed to update the DfM/DfA rules and cost bBiBhw
requires the analysis of many documents to catch the tacit knowledge that can be
translated into explicit knowledge (the manufacturing and assembly cost models
(section 3.2.4 plus Knowledge acquisition phase (secti®3.1.), Knowledge
processing phase (secti@3.1.9 and Knowledge representation phase (section
3.3.1.3). Another aspect that deserves further investigation concerns the definitio
of geometric features. To date, researches were focused on manufacturing features
related to traditional (i.e., subtractive) manufacturing processes (e.g., hole, slot, pad,
pocket, etc.). Since the starting of large diffusion of new additive manufagturin
technologies, future research must be also focused on evaluating the impact of these
processes on manufacturing feature.

Another limitation is related to the cost estimation frameworkaat the cost model
structure does not provide a method for mjiting the cost of each operation by
changing technological parameters (e.g., machine, equipment, consumables) and
respecting constraints. For example, the best machine may not be the cheapest one
but the one that guarantees the minimum manufacturing cost.

Moreover, the cost routing structure does not provide a method for sorting operations
within a manufacturing process. Only validity and priority rules are managed. The
operations order may depend on the process; thus, specific rules should be defined.

Then future works could be summarizediie main points:

1. Cost routings and cost models should include rules for optimizing the
manufacturing cost of a single operation as well as of the whole process.

2. Cost routing should manage rules required for sortimgnufacturing
operations. Indeed, the operations instantiated by the proposed approach may
not follow the correct production order.

255



3. Costrouting should also include rules for managing process yield, which may
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strongly influence the production cost for very innovative processes.

Enlargement of DfM rules collection and cost estimation models definition
for new technologies with differéchallenges, asmerging technologies (i.e.
additive manufacturing) or auxiliary manufacturing processes (i.e. coating,
thermal treatments)

The first obstacle is the researclDdM rules and cost estimation models for
these technologies which will beerefore retrieved and classified based on
the described methodology. Furthermore, feature recognition for additive
manufacturing processes will be a challenging task due to the nature of this
process. In traditional manufacturing processes there areplaulind
different operations (e.g., forging, milling, drilling), which are connected to
relative manufacturing features (e.g., hole, pocket, slot). A 3D printing
process cannot be split down in multiple manufacturing features. This
situation implies the rezl to devise a new feature concept applicable to these
additive manufacturing technologies.

Extension of the methodology and tool in other design aspects, as
sustainability or disassembly. Using new analytical models could be calculate
other design requineents (e.g., environmental indicators;rdanufacturing

time) and then is possible to consider multiple design targets (e.qg., Design for
Environment, Design for Manufacturing Planning, Design for Disassembly).
Feature of the parts and their properties doelate to dedicated indices (i.e.,
environmental impact indices as CO2 emissions), calculated through
analytical models. Thus, new embedded CAD environments can be
developed (CABintegrated Design for X systems), providing a complete
overview of the pract requirements and life cycle performances.
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Appendix A. DfM/DfA rules repositories
A.1l. DfM repository for closedlie forging

Table64 Example of DM rules repository for closdee forging (precision type in particular)

Rul Manufacturing Technology Material CAD features and algorithms
ule

#

Rule type Guideline

CAD features to Dimensions and

Typei Typei .
recognize PMI to recognize rules to verify

Class Levell | Level 2

Class | Type

Shape:

-Type: Round (R),
Bar (B), Section open
(S), Tube (T), Flat
(F), Sperical (Sp);
-Spatial complexity:
Closed Uniform cross section
die N.A. Metals | N.A. (0), Change at end N.A.
forging (1), Change atentre
(2), Spatial curvature
(3); Closed one end
(4); Closed both end
(5) Transverse
element (6), Irregular
(complex) (7).

Avoid
component

;' S; | shape not

; Sp | compatible
with closeddie
forging

Metal
forming

1
Pl
@®

Shape
T1, 2, 4,

1 Critical

o
N
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Avoid

components
with a weight
. Metal | ClOsed . 0,01 kg < W < 100| less than 0,01
2 Warning . die N.A. Metals | N.A. Weight (W) N.A. ’ )
forming forging kg kg and hlghe_r
than 100 kg in
closeddie
forging
Avoid section
. Metal C_Iosed . _ thickness Ie_ss
3 Warning forming die N.A. Metals | N.A. Section thickness (t) | N.A. t>3 mm than 3 mmin
forging closeddie
forging process|
Avoid low
Closed . production
4 Information xmL die N.A. Metals | N.A. I(DF:;Jductlon volume N.A. P> 100 volume in
9 forging closeddie
forging
Avoid hole
_ Metal C_Iosed _ diameter Ies_s
5 Warning forming die N.A. Metals | N.A. Hole diameter (d) N.A. d>10 than 10 mm in
forging closeddie
forging process
Avoid, in case
) Metal C.IOSEG Parting line angle ~ of b_roke_n
6 Information forming die N.A. Metals | N.A. (Up) N.A. U 75° parting line, a
forging parting line

angle over 75°
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in closeddie
forging

Critical

Metal
forming

Closed
die
forging

Precision

Metals

Steel

Outside draft angle
(Udo)

N.A.

Guarantee an
outside draft
angle higher
than 3°in
precision
closeddie
forging of steel

Critical

Metal
forming

Closed
die
forging

Precision

Metals

Steel

Inside draft angle
(0di)

N.A.

Guarantee an
inside draft
angle higher
than 5°in
precision
closeddie
forging of steel

Warning

Metal
forming

Closed
die
forging

Precision

Metals

Steel

Outside draft angle
(Udo)

Outside draft angle
tolerance (tdo)

t Udo
+1/2°

9°; +

P

4

Respect the
outside draft
angle tolerance|
values (+2°:
0°; +1/2°)in
precision
closeddie
forging of steel

10

Warning

Metal
forming

Closed
die
forging

Precision

Metals

Steel

Inside draft angle
(udi)

Inside draft angle
tolerance (tdi)

A

Respect the
inside draft
angle tolerance|
values (+2°>
0° +1°)in
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precision
closeddie
forging of steel

Thickening the
web to avoid
the formation

11 Information :c\/leta_l dcileosed N.A. Metals | N.A. Central Rib between N.A. N.A. ofa tid in the
orming forging two webs web dlrectly
below in
closeddie
forging
Avoid metal
Closed pushthrough
12 | Information }V'et"’?' die N.A. Metals | N.A. | Rib N.A. N.A. at the base of
orming forging the rib in
closeddie
forging
Enlarge the
_ Metal Qlosed _ ‘ ‘ fillet at rib ‘
13 Information forming die N.A. Metals | N.A. Rib and fillet radius N.A. N.A. base to avoid
forging lap inclosed
die forging
Guarantee a
distance
Closed . . between
14 Warning ?gf::}lng die N.A. Metals | N.A. E:Ez gggar;]tc(ehrér) N.A. dr>hr parallel ribs
forging (dr) equal or
greater then
their heights
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(hr) in closed
die forging

Guarantee a

Metal Closed constant widht
15 Warning formi die N.A. Metals | N.A. Rib width (wr) N.A. Wr = constant (wr) for each
orming . o
forging rib in closed
die forging
Guarantee a
constant draft
Closed g
16 | Warning :c\/leta_l die N.A. Metals | N.A. Rib draft |NA Ur = co angle ) for
orming forging eachribin
closeddie
forging
Guarantee a
Closed constant corne
17 Warning :c\lleta_l die N.A. Metals | N.A. Rib corner radius (rcr) N.A. rcr = constant radlus_(r(_:r) for
orming forging eachribin
closeddie
forging
Guarantee a
Closed constant fillet
18 Warning :(\/Ietql die N.A. Metals | N.A. Rib fillet radius (rfr) N.A. rfr = constant rad|us‘(rf‘r) for
orming forging eachribin
closeddie
forging
Closed Avoid a rib
19 Warning Meta}l die N.A. Metals | N.A. R!b wu;ith (wr) N.A. wr/hr<6 h?'ght (hr)
forming forging Rib height (hr) higher 6 times
9 than the rib
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width (wr) in
closed die
forging

20

Information

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Rib width (wr)
Rib height (hr)

N.A.

wr/hr< 4

It's
recommended
a rib height
(hr) lower than
4 times rib
width (wr) in
closeddie
forging

21

Critical

Metal
forming

Closed
die
forging

N.A.

Metals

Steel

Corner radius (r)

N.A.

r>1,5mm

Guarantee a
minimum
corner radius
of 1,5 mm in
closeddie
forging of
steels

22

Critical

Metal
forming

Closed
die
forging

N.A.

Metals

Steel

Fillet radius (R)

N.A.

R>1,5mm

Guarantee a

minimumfillet
radius of 1,5

mm in closed
die forging of
steels

23

Critical

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Web thickness (tw)
Rib widht (wr)

N.A.

tw > wr

Avoid a web
thickness (tw)
lower than rib
widht (wr)
above it for
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closeddie
forging

24

Warning

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Punched hole distanc
(dp)

Web thickness (tw)
Hole height (hh)

N.A.

dp>2tw

Guarantee a
distance (dp)
betwea two
punched hole
greater or
equal than two
web thickness
(tw) in closed
die forging

25

Warning

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Punched slot fillet
radius (R)

N.A.

R >6,4mm

Guarantee a
fillet radius (R)
in punched slot
greater or
equal than
6,4mm for
closeddie
forging

26

Information

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Punched hole

N.A.

N.A.

It's
recommended
positioning a
punched hole
in the centre of
aweb in
closeddie
forging
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Avoid a huge

_ Metal C_Iosed number of
28 Information forming die N.A. Metals | N.A. Punched hole N.A. N.A. punched holes
forging closeddie
forging
Use a constant
‘ Metal C_Iosed U= constant ?r::féglrli;r:l:rry
29 Warning formi die N.A. Metals | N.A. Draft angl| NA trought parting .
orming forging line of the pgrt in
closeddie
forging
Avoid recesses
Closed perpenc_hculgr
30 Information ;\/Ieta_l die N.A. Metals | N.A. Recess N.A. N.A. to the direction
orming forging pf metal ﬂQW
in closeddie
forging
Guarantee the
recommended
Metal Closed Lenght () Finish allowance finish
31 Warning forming die N.A. Metals | N.A. Widht (w) (Gf) af = f (I allowance for
forging Height (h) machining {f)
in closeddie
forging
Avoid closer
Closed lenght
32 Warning ?c/l)‘rar:“ﬁlng die‘ N.A. Metals | N.A. b\iga?t(\f\g I(_elv:lglhtvflo)lerance al = f (|| tolerance)
forging than

recommended
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values in
closeddie
forging

33

Warning

Metal
forming

Closed
die
forging

N.A.

Metals

Carbon
and
low-
alloy
steels

Flash lenght (fl)
Plan area (Ap)

Flashextension
tol erance

Avoid closer
flash-extension
tolerance {fl)
than
recommended
values in
closeddie
forging of
carbon and
low-alloy
steels

34

Warning

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Lenght (I)
Widht (w)
Height (h)

Straightness
tol erance

s =
+0,003mm/mm

Avoid closer
straightness
tolerance {s)
than
+0,003mm/mm
in closeddie
forging

35

Warning

Metal
forming

Closed
die
forging

N.A.

Metals

N.A.

Lenght (1)
Widht (w)
Height (h)

Flatness tolerance

(af)

af =
+0,006mm/mm

Avoid closer
flatness
tolerance [ff)
than
+0,003mm/mm
in closeddie
forging
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A.2. DfM rules repository for machining

Table65 Example of DfM rules repository for machining (milling and turning in particular)

Manufacturing Technology Material CAD features and algorithms
Rule i ; S
# Rule type Typei Typei CAD features to PMI to Dimensions Guideline
Class Class Type ) . and rules to
Level 1 Level 2 recognize recognize .
verify
Keep limited the
ratio between the
Initial volume of \r/:\:\lljmgltgfrig}e(w)
. . - i S=Vi/Vf
1 Warning Machining | Milling | N.A. 'ror\ll.l':lterials N.A. tl:hiﬁ;;?/rct)lfj\:r?e of N.A. S>3 andthe volume
the part (Vf) of the finished
P part (Vf) in
machining
processes
Avoid tight
) . roughnesses (Ra
) - - - All Hole diameter Hole roughness | Ra O 0,0 0.8 &m
2 Warning Machining | Milling | Drilling . N.A. (D) p
materials Hole length (L) (Ra) L/ D O ¢ qeep holes (_L/_D
O & nachining
operations
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Radius of the

Avoid sharp

3 Critical Machining | Milling | N.A. )rbr;llelterials N.A. pocket/contours | N.A. r=0 :Et::mﬁ:;omers
edge (1) operations
Radius of the Avoid sharp
pocket/contours .
4 Warning Machining | Milling N.A. Al ) N.A. edge () N.A. r<=s/6 mtem_al corners
materials Pocket/contours in milling
thickness (s) operations
Radius of the .
Avoid sharp
pocket/contours .
5 Information | Machining | Milling | N.A. Al ) N.A. edge (r) N.A. r<=sl/4 !ntemgl corners
materials Pocket/contours in milling
- operations
thickness (s)
Avoid partial
holes which do
. not involve at
Al groelz al;lnder A2 least 80% othe
6 Warning Machining | Milling | Drilling . N.A. . N.A. " area of the
materials Hole radius (R) H*0,8 material to be
Hole height (H) processed in
drilling
operations
All Hole circular Al I A3 Avoid starting
7 Warning Machining | Milling Drilling . N.A. surface (A1) N.A. n hole from the
materials Hole circular R"2 nontflat surface
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surface (A2)
Hole radius (R)

in drilling
operations

Avoid pocket
widths less than 3

. - - All Pocket height (H) W O I mm and with
8 Warning Machining | Miling | N.A. materials N-A. Pocket width (W) N-A. H/ W 1 H/W ratio less
than 10 inmilling
operations
Hole edge (H)
Pocket edge (P) Avoid holes and
All Slot edge (S) . slot too close to
9 Warning Machining | Milling | Drilling ) N.A. Surrounding N.A. D O 1 the edge of the
materials
edges (E) component (less
Distances among than 3mm)
edges (D)
Guarantee that
| - N Hole hight () igher han
10 Warning Machining | Milling | Threading materials N.A. ;I':tr)ead height N.A. Ht 1, threaddegth in
blind threaded
holes
. Avoid holes with
11 Information | Machining | Milling | Drilling Al ) N.A. Hole diameter N.A. D O 1 a diameter less
materials (D)
than 3mm
. - . All Radius of pad _ Avoid sharp
12 Information | Machining | Milling N.A. materials N.A. edges (R) N.A. R=0 external cormners
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Part length (L)

Avoid a ratio
between part
length (L) and

13 Warning Machining | Turning | N.A. Al ) N.A. Part minimum N.A. L/d<8 part minimum
materials h :
diameter (d) diameter (d)
higher than 8 in
turning process
Avoid internal
. - . All . . fillet radius (r)
14 Warning Machining | Turning | N.A. materials N.A. Fillet radius (r) N.A. r<3mm lower than 3 mm
in turning process
Avoid grooves
. - . All Angle of sidewall - o with parallel or
15 Warning Machining | Turning | N.A. materials N.A. () N.A. Us>90 steep sidewalls in
turning process
Guarantee
. . standard hole
. . - - All Hole diameter DI standard : :
16 Warning Machining | Milling | Drilling materials N.A. D) N.A. dimensions glrﬁlri?]zter (D) in
operations
| SN IR I P Angle between : fa botom i
17 Warning Machining | Milling | Drilling . N.A. hole wall and N.A. Uwb > 90° .
materials - drilling
hole baselywb) ’
operations
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Hole height (h)

Avoid a ratio
between hole
height (h) and

18 Warning Machining | Milling | Drilling 'r?ﬁllclterials N.A. Hole diameter N.A. h/D >5 hole diameter (D)

(D) higher than 5 in
drilling
operations
Avoid angle

Angle between between pocket

. - - All pocket wall and - wall and pocket
19 Warning Machining | Milling | N.A. ) N.A. N.A. Uvb [ 9| base (wb)
materials pocket base :

(Uwb) different from
90° in milling
process
Avoid deep
pocket with a
ratio between

20 Warning Machining | Milling | N.A. Al ) N.A. Pocket area (A) N.A. A/h <0,8 mm | area (A) and
materials Pocket height (h) -
height (h) less
than 8 mmin
milling process
Avoid a ratio
between surface
Al Surface diameter length (1) and
21 Warning Machining | Turning | N.A. materials N.A. (d) N.A. Ilh>3 surface diameter

Surface length (1)

(d) higher than 3
in turning
operation for
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cantilever
mounted
components

Angle between

Avoid an angle
between hole axis

i . - - All hole axis and . and drilled
22 Warning Machining | Milling | Drilling ) N.A. . N.A. Ua | 9 0] surface ()
materials drilled surface different from
(LB) 90° in drilling
operations
Diameter of the
first hole (D) Avoid a short
Al Diameter of the L<12D+ distance between
23 Warning Machining | Milling | Threading materials N.A. second hole (d) | N.A. 1.2d ’ two holes in
Distance betweer ' threading
two threaded operations
holes (L)
Avoid a treaded
. section less than
24 Warning Machining | Milling | Threading 'ror;lgterials N.A. ;I'hrgeaded section N.A. ht < 3mm 3 mmin
threading
operations
Avoid treaded
25 Warning Machining | Milling | Threading | Plastics N.A. Threaded hole N.A. N.A: holes in plastic

components
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26

Warning

Machining

Milling

Drilling

All
materials

N.A.

Hole angleg( U)

N.A.

Ce

904

Avoid conical
holes in drilling
process

27

Warning

Machining

Milling

Drilling

Plastics

N.A.

Hole height (h)
Hole diameter

(®)

N.A.

h/D<2

Avoid a ratio
betweerhole
height (h) and
hole diameter (D)
higher than 2 in
plastic
components

28

Information

Machining

N.A.

N.A.

All
materials

N.A.

Hole length (Ih)
Part dimensions

(dp)

N.A.

I h, dp
standard
dimensions

Guarantee
standard
dimensions in
milling process

29

Warning

Machining

N.A.

N.A.

All
materials

N.A.

N.A.

Roughness (Ra)

Ra O 0,

Avoid tight
roughnes
0.8 &m)
machining
process

30

Warning

Machining

N.A.

N.A.

All
materials

N.A.

N.A.

Dimensional
tol er and

Avoid tight
dimensional
toleranc
IT6) in
machining
process
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Avoid chamfer

Al where not
31 Information | Machining | N.A. N.A. . N.A. Chamfer N.A. N.A. required in
materials S
machining
process
Guarantee
. Goumierters ol 0, b 1| sandar
32 Information | Machining [ N.A. N.A. ) N.A. N.A. standard dimensions of
materials Counterbore hole . .
. dimensions counterbore holes
height (h) A
in milling process
Cpuntersmk hole Guarantee
diameter (D) ;
All Countersink hole D, h, standard
33 Information | Machining [ N.A. N.A. . N.A. . N.A. standard dimensions of
materials height (h) : . .
. dimensions countersink holes
Countersink hole in milling process
angle (U 9p
Avoid dot wall
All Slot wall distance ﬁ:\‘j’::?fﬁaﬁd;)ot
34 Warning Machining | N.A. N.A. . N.A. (ds) N.A. ds>hs . y
materials Slot height (hs) height (hs)n
9 machining
process
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A.3. DfA repository for assembly

Table66 Example of DfA repository for assembly (bolted/rivetted in particular)

Assembly Technology Material CAD features and algorithms
Rul Rule . . Dimensions ideli
e # type Class Typei Typei Class Type CAD features to PMI to and rules to Guideline
Level 1 Level 2 recognize recognize .
verify
. No obstruction | Guarantee tool
g;:gizgid(z;ls along A entrance for
. direction (+ threaded elements
. Manual All Plane perpendicular and-

1 Critical assembly Bolted N.A. materials N.A. to the threaded axis N.A. ) . _(sc[]ews, boItT, nuts)
lean on the head of { No obstruction | In the manua
threaded element (P on P pl | assemblyprocess of

90°) bolted components
Hole axis Ah (Ah) Guarantee minimum
Sorew axis (As) betweon serew and
” Manual All Hole diameter (Dh) G >1(Ds)

2 Critical assembly Bolted N.A. materials N.A. Screw diameter (Ds), N.A. Ah = As hole qf nonthreaded
Diameter gap (G = parts in themanual
Dh- Ds) assembly process of

bolted components
. Manual . All Hole axis Ah (Ah) As=An=Ah | Keep aligned screw
3 Critical Bolted Screwin . N.A. ; N.A. S
" assembly "9 | materials Screw axis (As) =At nut and hole axig
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Nut axis (An)
Threaded hole axis
(AY)

the manual assembl
process of bolted
components

Threaded hole
The chamfer on the

Guarantee
chamfered/counters|
nk insertion holes

Warnin | Manual ) All Chamfer <1 x | and chamfered
4 g assembly Bolted Screwing materials N.A. m;?:gﬁgnz?elf N.A. 45° screw ends in the
manual assembly
Screw chamfer
process of bolted
components
Delete noruseful
5 holes and threaded
Ah 2z ot
. Hole area (Ah) ; holes in the
circularareas .
5 Warnin | Manual Bolted N.A. Al ) N.A. Threaded hole area | N.A. . assemblyin the
g assembly materials At Z ot
(At) reul manual assembly
circularareas | hrocess of bolted
components
Prefer the use of
Warmin | Manual All Screw combined fasteners
6 Bolted N.A. . N.A. Washer N.A. N.A. in the manual
g assembly materials
Nut assembly process of
bolted components
Guarantee flat
- Manual All Angle between hole - « | surfaces for the
7 Critical assembly Bolted N-A. materials N-A. axis and surface) N-A. U = 904 insertion holes for

screws in the manug
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assembly process of
bolted components

Diameter of first

Guarantee minimum

screw (Ds) distance between th
8 Critical Manual Bolted NA. All _ NA. Diameter of second NA. La>1,2Ds + axis of_two or more
assembly materials screw (ds) 1,2ds screw in the manual
Distance between assembly process of
thescrew axis (La) bolted components
Screw type (hex
head cylindrical Guarantee access o
the clamping tool in
head, etc.) h f threaded
Warnin | Manual Bolted NA All NA Diameter of screw NA v >f(D t Ie case 0 threa €
9 9 assembly olte A materials A. (Ds) A > f(Ds) elements in the
. manual assembly
Required space f bolted
volume for clamping process of bolte
tool (V) components
Guarante¢hat the
threaded length of
the lead screw is
greater than the
Manual All Lead screw length length of the screw
10 Critical assembly Bolted N.A. materials N.A. (L1 N.A. LI>Ls in order to ensure

Screw length (Ls)

complete tightening
of the screwn the
manual assembly
process of bolted
components
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Avoid an assembly

Informa éf” vpe All Assembly length (L) L<13,60m frsgt;;g?g fmits of
11 . . | N.A. N.A. . N.A. Assembly width (W) | N.A. W<240m . .
tion assemblie materials - articulated unit in
Assembly height (H) H<2,35m
S case of transport by
road
All type Avoid an assembly
Informa | of yp All Assembly length (L) L <12,00 m larger than limits of
12 tion assemblie N.A. N.A. materials N.A. Assembly width (W) | N.A. W<230m a standard containe
S Assembly height (H) H<2,30m (high cube) in case
of transport by ship
All type Avoid an assembly
Informa | of yp All Assembly length (L) L <6,05m larger than limits of
13 tion assemblie N.A. N.A. materials N.A. Assembly width (W) | N.A. W<244m a standard pallet uni
s Assembly height (H) H<2,20m in case of transport
by plane
Guarantee the
accessibility of the
ﬁﬁrtzws connections and
Bolts elements of an
Snap rings assembly (screws,
. : nuts, bolts, snap
14 Warnin | Manual Bolted N.A. Al . N.A. Dowel pIns N.A. N.A. rings, dowel pins,
g assembly materials Grease nipples iool i
Nails greasanipples, nalils,
Rivets rivets, tabs, keys etc|
Tabs for assembly and
Keys disassembly

operations in manua|
bolted assembly
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Manual/a

Guarantee an H7

Warnin utoma}ted All ) Pin hole < tolerance for pin
15 /robotize | Bolted N.A. . N.A. Pin hole tolerance a0 = H7 )
g d materials () holes in bolted
assembly
assembly
Manual/a Surface 1
utomated roughness Guarantee the same
16 Warnin Irobotize | Bolted NA. All _ NA. Surface 1 (el) el = g2 surface roughne_ss 0
g d materials Surface 2 Surface 2 contactsurfaces in
assembly Eot;ggn)ess in bolted assembly
Manual/a . Maintain the correct
Plate thickness (t) )
: utomated ) distance between a
17 Warnin /robotize | Rivetted | N.A. Al . N.A. Dlstanc.e between N.A. 1,5t<Lre <8t | rivet and aredge of
g d materials rivet axis and plate he plate b ;
edge (Lre) the plate between in
assembly rivetted assembly
Manual/a Rivet hole diameter Maintain thecorrect
. utomated (Dh) .
18 Warnin /robotize | Rivetted | N.A. Al . N.A. Rivet diameter (Dr) | N.A. 0,05 Dr radla_l clearan_ce for
g d materials Radial clearance 0,07 Dr the rivet hole in
assembly (OhiDr = ur rivetted assembly
Manual/a Solid rivet diameter .
. utomated (Dsr) Lr<2* Dsr Guarantee the
Warnin . . All f . 0,5 Dstr<Lr< ;
19 /robotize | Rivetted | N.A. ’ N.A. Semitubolar rivet N.A. ' correct rivet length
g materials ) 0,7 Dstr i
d diameter (Dstr) Lr < Dtr in rivetted assembly
assembly Tubolar rivet

307



diameter (Dtr)
Rivet length(Lr)

Distance between

Manual/a Avoid holes in a
Informa utomated All component if they
20 } /robotize | N.A. N.A. ! N.A. Hole N.A. N.A. are notused for
tion materials
d assembly and/or
assembly operation
Manual/a Avoid using a large
Informa utomated All Screw variety of different
21 ; /robotize | Bolted N.A. ) N.A. Bolt N.A. N.A. screws/bolts unless
tion materials :
d Nut necessary in manua
assembly bolted assembly
Avoid fragile and
Informa | Manual Bolted/Ri All Components Mc = fragile flexible parts in
22 ; N.A. . N.A. . N.A. : manual
tion assembly | vetted materials material (Mp) and/or flexible .
bolted/rivetted
assembly
Components length
(Lc) .
] Lc>5mm Avoid too small
93 | Informa | Manual |\ A NA. Al A | Gomponents width | 5 Wc>5mm | parts in manual
tion assembly materials (Wc)
. Hc>5mm assembly
Components height
(He)
2 I_nforma Manual NA. NA. All _ NA. Components weight NA. Wec >5 gr Av0|d too light part
tion assembly materials (Wec) in manual assembly
. . Diameter of screw Guarantee the
Warnin Manual/a | Bolted/ri All S .
25 9 utomated | vetted N.A. materials N.A. (Ds) N.A. Le >1,2Ds minimum distance

between screw hole
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/robotize the screw axis and and component edgg¢
d component edge in bolted/rivetted
assembly (Le) assembly
Guarantee the
26 | Informa | Manual | N.A. Al | NA. | spring housing N.A. N.A. housing for the
tion assembly materials springs in manual
assembly
Avoid the use of
threaded hole whit a
27 Informa Manual Bolted N.A. Al . N.A. T_hreaded hole N.A. Dt > M3 diameter less than
tion assembly materials diameter (Dt) .
M3 in manual bolted
assembly
Bearing
geometric
tolerance
shaft side
(tigs)
Bearing
mgnmuggg ?O‘ngﬁg'ec gs = f | Respectdimensiona
Informa ; All . ’ tgh = f | andgeometric
28 tion gobotlze N-A. NA. materials N-A. Bearing type (Tb) QOiUSCI‘nge ( itds = f | tolerances for
assembly Bearing ids = f | bearinginassembly
dimensiona
| tolerance
shaft side
(udds)
Bearing
dimensiona
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| tolerance

housing
side (
Manual/a
Informa utomated All Bearing Respect roughness
29 . /robotize | N.A. N.A. . N.A. Bearing type (Th) roughness | ¢ b = f (| ofbearingin
tion materials
d (eh) assembly
assembly
Manual/a
Informa utomated All Respect the correct
30 tion /robotize | N.A. N.A. materials N.A. Bearing type (Tb) N.A. N.A. mounting of
d bearings in assembl
assembly
Bushing
geometric
tolerance
shflft side i g siMb:
Manual/ (Ugs) | up Respect dimensi
Informa uti?nu;:ez All :3 uzh(lnMgb;natel’lal gggmggic lVJMP?) ne asjgi%mg;insmna
31 | tion Irobotize | N.A. NA. materials | A I%/Sshing housing | folerance | g = ¢ | lolerances for
d material type (Mh) housing Mh) bushings in
assembly side (ygds = ¢ |assembly
Bushing Mh)
dimensiona
| tolerance
shaft side
(uds)

310



Bushing

dimensiona
| tolerance
housing
side (
Manual/a Bushing material
Informa utomated All t e(Mgb) Bushing e b £ Respect roughness
32 : /robotize | N.A. N.A. } N.A. ype { ) roughness of bushings in
tion materials Bushinghousing Mh)
d . (eb) assembly
material type (Mh)
assembly
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Appendix B. Features of components
analysed in case studies

B.1. Forging

Table67 Features of 1° block (partil pin original design)

JdddIdI

Material: C40 Carbon Steel

Shape: Axysimmetrical

Volume: 265423,76 [mFh

Area: 29707,09 [mf&

Dimensions: 119*95,78*95,78 [mm]

Table68 Features of 2° block (partil pin original design)

gddad

g3dd

&

Material: C40 Carbon Steel

Type of featureFeature_1- TRUNCATED CONE_1
Coordinates of the feature in reference with origin: [00;00;00]
Properties of the feature:

b Largediameter: 95 [mm]

b Small diameter: 77,66 [mm]

b Height: 12,16 [mm]

b Draft angle: 35,51 [°]

Volume of the feature: 71417,49 [rfijm

Area of the feature: 15875,41 [Mm

Faces of the feature:

M Circular_face_01.01

M Circular_face_01.02

M Conical_face 01.01

PMI:

 Specificroughness: NO

M Specific tolerance: NO

H Coating: NO

g

o JdI3

Material: C40 Carbon Steel

Type of featureFeature_2- FILLET_1
Coordinates of the feature in reference with origin: [00;00;12,16]
Properties of the feature:

b Diameter: 77,66 [mm]

b Radius: 1,5 [mm]

Volume of the feature: [mm?

Area of the feature: 347,05 [nfm
Faces of the feature:

b Toroidal_face 02.01

PMI:
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M Specific roughness: NO
b Specific tolerance: NO
H Coating: NO

gddad

gddd

&

Material: C40 Carbon Steel

Type of featureFeature_3- TRUNCATED CONE_SLOT
Coordinates of the feature in reference with origin: [00;00;12,16]
Properties of the feature:

b Large diameter: 70,81 [mm]

M Small diameter: 57,17 [mm]

M Height: 4 [mm]

b Draft angle: 59,62 [°]

Volume of the feature: 12912,65 [rijm

Area of the feature8094,48 [mm)

Faces of the feature:

M Circular_face_03.01

M Circular_face_03.02

M Conical_face 03.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

Jddadd

g Jddd

Material: C40 Carbon Steel

Type of featureFeature_4- FILLET_2
Coordinates of the feature in reference with origin: [00;00;12,16]
Properties of the feature:

M Diameter: 70,81 [mm]

M Radius: 1,5 [mm]

Volume of the feature: [mm?]

Area of the feature: 177,02 [nfm
Faces of the feature:

b Toroidal_face 04.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

h Coating: NO

gddad

g JdII

Material: C40 Carbon Steel

Type of featureFeature_5- FILLET_3
Coordinates of the feature in reference with origin: [00;00;8,16]
Properties of the feature:

b Diameter: 57,17 [mm]

M Radius: 1,5 [mm]

Volume of the feature: [mm?]

Area of the feature: 142,74 [mim
Faces of the feature:
 Toroidal_face 05.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

H Coating: NO
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gddad

gdda

&

Material: C40 Carbon Steel

Type of featureFeature_6- TRUNCATED CONE_2
Coordinates of the feature in reference with origin: [008)82]
Properties of the feature:

b Large diameter: 95,87 [mm]

M Small diameter: 95 [mm]

M Height: 8,32 [mm]

b Draft angle: 3 []

Volume of the feature: 59515,70 [rijm

Area of the featuret6804,75 [mrf

Faces of the feature:

M Circular_face_06.01

M Circular_face_06.02

M Conical_face 06.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

g

g Jddd

Material: C40 Carbon Steel

Type of featureFeature_7- FILLET_4
Coordinates of the feature in reference with origin: [00882]
Properties of the feature:

M Diameter: 95,87 [mm]

M Radius: 1,5 [mm]

Volume of the feature: [mm?]

Area of the feature: 490,79 [nfm
Faces of the feature:

b Toroidal_face 07.01

PMI:

b Specific reaighness: NO

b Specific tolerance: NO

h Coating: NO

gddad

g3

Material: C40 Carbon Steel

Type of featureFeature_8- TRUNCATED CONE_2
Coordinates of the feature in reference with origin: [008)82]
Properties of the feature:

b Large diameter: 95,87 [mm]

M Small diameter: 66,79 [mm]

M Height: 8,53 [mm]

b Draft angle: 59,62 [°]

Volume of the feature: 44786,06 [Mm

Area of the featuret5029,39 [mrfi

Faces of the feature:

M Circular_face_08.01

M Circular_face_08.02

M Conical_face 08.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

b Coating: NO
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gddad

g Jdad

Material: C40 Carbon Steel

Type of featureFeature_9- FILLET_5
Coordinates of the feature in reference with origin: [00XH)85]
Properties of the feature:

b Diameter: 66,79 [mm]
 Radius: 1,5 [mm]

Volume of the feature: [mm?]

Area of the feature: 166,77 [nfm
Faces of the feature:

b Toroidal_face 09.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

Jddad JdIId

d

Material: C40 Carbon Steel

Type of featureFeature_10- CYLINDER
Coordinates of the feature in reference with origin: [00XH85]
Properties of the feature:

M Diameter: 38 [mm]

M Height: 90 [mm]

Volume of the feature: 102070,34 [rfim
Area of the feature: 13012,48 [Mm
Faces of the feature:

M Circular_face_10.01

b Circular_face_10.02

b Cylindrical_face_10.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

H Coating: NO

gddad

g JdII

Material: C40 Carbon Steel

Type of featureFeature_11- FILLET_6
Coordinates of the feature in reference with origin: [008)85]
Properties of the feature:

b Diameter: 38 [mm]

 Radius: 5 [mm]

Volume of the feature: [mm?]

Area of the feature: 1027,27 [Mm
Faces of the feature:
 Toroidal_face 11.01

PMI:

 Specific roughess: NO

M Specific tolerance: NO

H Coating: NO
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Table69 Physical and material features of the model (Features of 1° block) (part 1
T pin updated design) (prior to machining)

Material: C40 Carbon Steel

Shape: Axysimmetrical

Volume: 265423,76 [mfh

Area: 29707,09 [mA)

Dimensions: 119*95,78*95,78 [mm]

gdaddad

Table70 Manufacturing and material features of the updated model (isolated)
(Features of 2° block) (part il pin updated design) (prior to machining)

M Material: C40 Carbon Steel
M Type of featureFeature_12i TRUNCATED_CONE_NEW
M Coadinates of the feature in reference with origin: [00:08,85]
b Properties of the feature:

M Large diameter: 51,43 [mm]

M Small diameter: 42 [mm]

b Height: 90 [mm]

b Draft angle 3 []

Volume of the feature: 154780,89 [rfim
Area of the feature: 16689,32 [Mm

Faces of the feature:

b Circular_face_12.01

b Circular_face_12.02

b Conical_face_12.01

PMI:

b Specific roughness: NO

M Specific tolerance: NO

H Coating: NO

Material: C40 Carbon Steel

Type of featureFeature_13- FILLET_NEW
Coordinates of the feature in reference with origin: [00;00;119]
Properties of the feature:

 Diameter: 42 [mm]

M Radius: 1,5 [mm]

Volume of the feature: 55,981m7
Area of the feature: 293,56 [nim

Faces of the feature:

M Toroidal_face 13.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

b Coating: NO

gdad

&

gddadd

g JdII
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Table71 Features of 1° block (part2planet carrier original design)

JdddIdI

Material: C40 Carbon Steel

Shape: Axysimmetrical
Volume:2237280,61 [mrj

Area: 181899,32 [mfh

Dimensions: 256,5*236,85*134,5 [mm]

Table72 Features of 2° block (part 2 planet carrier original design)

s}
s}
s}
™

g3

&

Material: C40 Carbon Steel

Type of featureFeature_1- TRUNCATED CONE_1
Coordinates of the feature in reference with origin: [00;00;42]
Properties of the feature:

b Large diameter: 140 [mm]

M Small diameter: 137,07 [mm]

M Height: 42 [mm]

o Draft angle: 2 []

Volume of the feature: 633103,01 [rfim

Area of the feature: 48440,39 [Mm

Faces of the feature:

M Circular_face_01.01

M Circular_face_01.02

b Conical_face_01.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

h Coating: NO

gddad

g JdII

Material: C40 Carbon Steel

Type of featureFeature_2- FILLET 1
Coordinates of the feature in reference with origin: [00;00;00]
Properties of the feature:

b Diameter: 137,07 [mm]
 Radius: 3 [mm]

Volume of the feature: 759,40 [im
Area of the feature: 1954,80 [Mm
Faces of the feature:
 Toroidal_face _02.01

PMI:

b Specific roughness: NO
 Specific tolerance: NO

H Coating: NO
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gddad

gdda

d

Material: C40 Carbon Steel

Type of featureFeature_3- TRUNCATED CONE_OCTAGON
Coordinates of the feature in reference with origin: [00;00;72]
Properties of the feature:

b Large diameter: 256,5 [mm]

M Small diameter: 247,00 [mm]

M Height: 30 [mm]

b Draft angle: 9 []

Volume of the feature: 1413036,39 [rfim
Area of the featuret17955,75 [mrf{
Faces of the feature:
Octagonal_face_03.01

Octagonal _face_03.02
Rectangular_face_03.01
Rectangular_face_03.02
Rectangular_face_03.03
Rectangular_face_03.04
Conical_face_03.01
Conical_face_03.02
Conical_face_03.03
Conical_face_03.04

gdddddadddad

PMI:

b Specific roughness: NO
b Specific tolerance: NO
H Coating: NO

gddad

g JdII

Material: C40 Carbon Steel

Type of featureFeature_4- FILLET_2
Coordinates of the feature in reference with origin: [00;00;42]
Properties of the feature:

b Diameter: 140 [mm]

b Radius: 20 [mm]

Volume of the feature: 36847,67 [rfjm
Area of the feature: 14812,50 [Mm
Faces of the feature:
 Toroidal_face 04.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

h Coating: NO

g

gadd

Material: C40 Carbon Steel

Type of featureFeature_5- FILLET_3
Coordinates of the feature in reference with origin: [00;00;42]
Properties of the feature:

M Diameter: 247 [mm]

M Radius: 3 [mm]

Volume of the feature: 962,98 [nim
Area of the feature: 3175,92 [Mm
Faces of the feature:
Toroidal_face_05.01
Toroidal_face_0®2
Toroidal_face_05.03
Toroidal_face_05.04
Toroidal_face_05.05
Toroidal_face_05.06

Toroidal face 05.07

o dodIdIT
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 Toroidal_face_05.08
PMI:

b Specific roughness: NO
b Specific tolerance: NO
H Coating: NO

gdadad

gddd

Material: C40 Carbon Steel

Type of featureFeature_6- FILLET_4

Coordinates of the feature in reference with origin: [00;00;72]

Properties of the feature:

b Diameter: 256,5 [mm]

M Radius: 3 [mm]

Volume of the feature: 2152,13 [nim

Area of the feature: 3978,44 [Mm

Faces of the feature:
Toroidal_face_06.01
Toroidal_face_06.02
Toroidal_face_06.03
Toroidal_face_06.04
Toroidal_face_06.05
Toroidal_face_06.06
Toroidal_face_06.07
Toroidal_face_06.08

I:

M Specific roughness: NO

b Specific tolerance: NO

H Coating: NO

233333333

gad

g3

Material: C40 Carboisteel
Type of featureFeature_7- FILLET_OCTAGONAL_PATTERN
Coordinates of the feature in reference with origin:
b For first fillet: [118,55;48,93;72]; [115,02;44,98;42]
b For large octagonal base: [00;00;72]
b For small octagonal base: [00;00;42]
Properties ofhe feature:
b Forfillet:
b Radius: 3 [mm]
b For octagonal pattern:
b Large octagonal base diameter: 256,5 [mm]
M Small octagonal base diameter: 247 [mm]
Volume of the feature: 0,86*8 [min
Area of the feature: 36,81*8 [nfin
Faces of the feature:
Toroidal_face_07.01
Toroidal_face_07.02
Toroidal_face_07.03
Toroidal_face_07.04
Toroidal_face_07.05
Toroidal_face_07.06
Toroidal_face_07.07
Toroidal_face_07.08

gddadddddd

PMI:

b Specific roughness: NO
b Specific tolerance: NO
b Coating: NO
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Material: C40 Carboisteel

Type of featureFeature_8- TRUNCATED CONE_2
Coordinates of the feature in reference with origin: [00;00;00]
Properties of the feature:

b Large diameter: 104 [mm]

M Small diameter: 88 [mm]

M Height: 29,86 [mm]

b Draft angle: 15 [°]

Volume of thefeature: 216633,84 [mih

Area of the feature: 23900,16 [Mm

Faces of the feature:

 Circular_face_08.01

M Circular_face_08.02

M Conical_face _08.03

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

g

g Jddd

Material: C40 Carbon Steel

Type of featureFeature_9- FILLET_5
Coordinates of the feature in reference with origin: [00;00;00]
Properties of the feature:

M Diameter: 104 [mm]

M Radius: 3 [mm]

Volume of the feature: 334,12 [im
Area of the feature: 1297,93 [Mm
Faces of théeature:

b Toroidal_face 09.01

PMI:

b Specific roughness: NO

b Specific tolerance: NO

h Coating: NO

gddad

g3

Material: C40 Carbon Steel

Type of featureFeature_10- CYLINDER
Coordinates of the feature in reference with origin: [00;00;29,86]
Properties of the feature:

b Diameter: 88 [mm]

M Height: 32,81 [mm]

Volume of the feature: 199554,47[rfim
Area of the feature: 15152,78 [Mm
Faces of the feature:

M Circular_face_10.01

M Circular_face_10.02

M Cylindrical_face_10.01

PMI:

M  Specific roughness: NO

b Specific tolerance: NO

b Coating: NO

320




gddad

g Jdad

Material: C40 Carbon Steel

Type of featureFeature_11- FILLET_6
Coordinates of the feature in reference with origin: [00;00;29,86]
Properties of the feature:

b Diameter: 88 [mm]

M Radius: 3 [mm]

Volume of the feature: 238,26 [nim
Area of the feature: 923,65 [nfm
Faces of the feature:

b Toroidal_face 11.01

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

g3

Jdda &

Material: C40 Carbon Steel

Type of featureFeature_12i SLOTS

Coordinates of the feature in reference with origin:

M For first slot large basg106,53;31,72;42]; [31,72;106,53;42
[64,83;31,72;42]; [31,72;64,83;42]

b For first slot small base: [93,04;43,72;54]; [43,72;93,04;5
[58,74;43,72;54]; [43,72;58,74;54]

Properties of the feature:

b Height: 12 [mm]

Volume of the feature: 19075,12*4 [nim

Area of the feature: 5977,05*4 [Mn

Faces of the feature (for one slot):

Trapezoidal_face_12.01

Trapezoidal_face_12.02

Trapezoidal_face_12.03

Trapezoidal_face_12.04

Trapezoidal_face_12.05

Conical_face_12.01

%3335&5

M Specific roughness: NO
 Specifictolerance: NO
H Coating: NO

g3

gdda I

g

Material: C40 Carbon Steel

Type of featureFeature_13- FILLET_SLOT_INTERNAL
Coordinates of the feature in reference with origin:

M For first fillet of first slot: [93,04;43,72;54]; [106,53;31,72;42];
M For second fillet ofirst slot: [43,72;93,04;54]; [31,72;106,53;41
M For third fillet of first slot: [58,74;43,72;54]; [64,83;31,72;42]
b For fourth fillet of first slot: [43,72;58,74;54]; [31,72;64,83;42]
Properties of the feature:

b Radius: 10 [mm]

Volume of the feature2764,06*4 [mnd]

Area of the feature: 1264,73*4 [nim

Faces of the feature (for one slot):

b Toroidal_face 13.01

b Toroidal_face 13.02

b Toroidal_face 13.03

b Toroidal_face 13.04

PMI:

b Specific roughness: NO

b Specific tolerance: NO
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h Coating: NO

g3dd
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Material: C40Carbon Steel

Type of featureFeature_14- SLOT_SMALL BASE

Coordinates of the feature in reference with origin:

b For first fillet of first slot: [93,04;43,72;54]; [43,72;93,04;54]
b For second fillet of first slot: [43,72;93,04;54]; [58,74;43,72;5
b For thirdfillet of first slot: [58,74;43,72;54]; [43,72;58,74;54]
b For fourth fillet of first slot: [43,72;58,74;54]; [93,04;43,72;54]
Properties of the feature:

 Radius: 3 [mm]

Volume of the feature: 159,27*4 [n¥n

Area of the feature: 563,36*4 [nfin

Faces othe feature (for one slot):

b Toroidal_face 14.01

M Toroidal_face 14.02

M Toroidal_face_14.03

 Toroidal_face 14.04

PMI:

M Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

Jdda & g3

&

Material: C40 Carbon Steel

Type of featureFeature_15- SLOT_LARGE BASE

Coordinates of the feature in reference with origin:

b For first fillet of first slot: [106,53;31,72;42]; [31,72;106,53;42
I For second fillet of first slot: [31,72;106,53;42]; [64,83;31,72;4
I For third fillet of first slot: [64,83;31,72;42]; [31,72;64,83]42
b For fourth fillet of first slot: [31,72;64,83;42]; [106,53;31,72;42
Properties of the feature:
 Radius: 3 [mm]

Volume of the feature: 248,56*4 [n¥n
Area of the feature: 856,68*4 [nfin
Faces of the feature (for one slot):
b Toroidal_face 15.01

b Toroidal_face 15.02

b Toroidal_face 15.03

b Toroidal_face 15.04

PMI:

M Specific roughness: NO

M Specific tolerance: NO

H Coating: NO

g
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Material: C40 Carbon Steel

Type of featureFeature_16- TRUNCATED CONE_3
Coordinates of the feature in reference with origin: [00;00;72]
Properties of the feature:

 Large diameter: 93 [mm]

M Small diameter: 88 [mm]

M Height: 9,33 [mm]

b Draft angle: 15 [°]

Volume of the feature: 60031,49 [rim

Area of the feature: 15621,26 [Mm

Faces of the feature:

b Circular_face_16.01

b Circular_face_16.02

b Conical face 16.01
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PMI:

b Specific roughness: NO
b Specific tolerance: NO
H Coating: NO

gdadad

g JdId

Material: C40 Carbon Steel

Type of featureFeature_17- FILLET_7
Coordinates of the feature in reference with origin: [00;00;72]
Properties of the feature:

b Diameter: 93 [mm]

 Radius: 3 [mm]

Volume of the feature: 299,03 [im
Area of the feature: 1162,23 [Mm
Faces of the feature:

b Toroidal_face 17.01

PMI:

 Specific roughness: NO

M Specific tolerance: NO

'h Coating: NO

Material: C40 Carbon Steel
Type of feature: Feature_18 i CYLINDER_CIRCULAR
PATTERN
Coordinates of the feature in reference with origin:
b For circular pattern: [00;00;72]
b For firsteylinder: [89;00;72]
Properties of the feature:
 For circular pattern:

M Diameter: 178 [mm]
 For cylinders:

M Diameter:65 [mm]

M Height: 13,5 [mm]
Volume of the feature: 44797,15*4 [nim
Area of the feature: 6075,05*4 [nfn
Faces of the feature (for firsylinder):
M Circular_face_18.01
b Circular_face_18.02
b Cylindrical_face_18.03
PMI:
b Specific roughness: NO
b Specific tolerance: NO
h Coating: NO

gddd

Material: C40 Carbon Steel
Type of featureFeature_19i FILLET_CIRCULAR PATTERN_1
Coordinates of the feature iiaference with origin:
b For circular pattern: [00;00;72]
b For first fillet: [89;00;72]
Properties of the feature:
b For circular pattern:
M Diameter: 178 [mm]
M For fillets:
M Diameter:65 [mm]
M Radius: 6 [mm]
Volume of the feature: 1642,66*4 [nin
Area of thefeature: 2053,68*4 [m#Ah
Faces of the feature (for first cylinder):
H Toroidal face 19.01
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M PMI:
b Specific roughness: NO
b Specific tolerance: NO
H Coating: NO
b Material: C40 Carbon Steel
M Type of featureFeature_20i TRUNCATED CONE_CIRCULAR
PATTERN
M Coordinates of the feature in reference with origin:
I For circular pattern: [00;00;85,5]
I For first truncated cone: [89;00;85,5]
b Properties of the feature:
 For circular pattern:
b Diameter: 178 [mm]
b For truncated cones:
b Large diameter:61 [mm]
b Smalldiameter:55,86 [mm]
b Height: 49 [mm]
b Draft angle: 3[°]
I Volume of the feature: 131473,34*4 [ndm
I Area of the feature: 14380,14*4 [Mm
b Faces of the feature (for first cylinder):

b Circular_face_20.01
M Circular_face_20.02
M Conical_face _20.03
PMI:

M Specific roughess: NO
M Specific tolerance: NO
'h Coating: NO

g JddI

Material: C40 Carbon Steel
Type of featureFeature_21i FILLET_CIRCULAR PATTERN_2
Coordinates of the feature in reference with origin:
 For circular pattern: [00;00;85,5]
b For first fillet: [89;00;85,5]
Properties of the feature:
b For circular pattern:
b Diameter: 178 [mm]
b For fillets:
b Diameter:61 [mm]
b Radius: 6 [mm]
Volume of the feature: 514,52*4 [n¥n
Area of the feature: 984,65*4 [nfin
Faces of the feature (for first cylinder):
b Toroidal_face 21.01
PMI:
M Specific roughness: NO
M Specific tolerance: NO
h Coating: NO
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Material: C40 Carbon Steel
Type of featureFeature_22i FILLET_CIRCULAR PATTERN_3
Coordinates of the feature in reference with origin:
b For circular patternf00;00;134,5]
b For first fillet: [89;00;134,5]
Properties of the feature:
b For circular pattern:
b Diameter: 178 [mm]
b For fillets:
b Diameter:55,86 [mm]
b Radius: 3 [mm]
Volume of the feature: 293,29*4 [nfin
Area of the feature: 771,57*4 [nfin
Faces of théeature (for first cylinder):
M Toroidal_face 22.01
PMI:
M Specific roughness: NO
M Specific tolerance: NO
h Coating: NO

Jddad I JdId
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Material: C40 Carbon Steel

Type of featureFeature_23i SLOT
Coordinates of the feature in reference with oridBi123,24;42];
[8;110;42]; [8;110;42]; [8;123,24;42]
Properties of the feature:

M Height: 7 [mm]

Volume of the feature: 1564,43 [Mm
Area of the feature: 881,87 [nim
Faces of the feature:
Rectangular_face_23.01
Rectangular_face_23.02
Rectangular_face_23.03
Rectangular_face_23.04
Rectangular_face_23.05
Rectangular_face_23.06

gddadad

PMI:

b Specific roughness: NO
b Specific tolerance: NO
h Coating: NO

Jddad I I I3

Material: C40 Carbon Steel

Type of feature: Feature_24 -
FILLET_SLOT_EXTERNAL_CONTOUR

Coordinates of the feature in reference with origin: [8;123,24;
[8;110;42]; F8;110;42]; [8;123,24;42]; {8;124,35;49]; [8;124,35;49]
Properties of the feature:

M Radius: 3 [mm]

Volume of the feature: 140,13 [nim

Area of tre feature: 357,47 [mfh

Faces of the feature:

Toroidal_face_24.01

Toroidal_face_24.02

Toroidal_face_24.03

Toroidal_face_24.04

Toroidal_face_24.05

Toroidal_face_24.06

2333333
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