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Abstract

The design process of industrial products has always been subjectattitmousevolution.Over

the years, increased competitiveness and limited profit margins have forced the development of
advanced techniques for product design optimization, to improve product quality while reducing
time-to-market and production costs. Concurrent Engineering pescéire central in this context and
their application is growing, especially majorsectorssuchasthe automotiveindustry,

Since automobiles are compose#@ largenumber of components with different functions, materials,
and manufacturing processése cost management is very complex and compab@hases othe
product life cycle, starting from product design. In this context, the control of geometrical and
dimensional variations is essential to comply with product and process requirements: gabmetric
product specification and tolerance analysis practices, kasl@imensional Management (DM), are
increasingly common, supported by the use of international stargiaridas ISOGPS and ASME
GD&T. As a result, tolerance effesadin products can be early considered dutiregpesign process,

with the support of Computéided Tolerancing (CAT) tools, enaby the secalled Design for
Tolerancing (DfT)approachHowever,a methodological approach to systematically support DT is
still missing.Indeed, tlerance design is a complextivity, and many factorfinderthe ogimal
application inthe industrial field with the difficult implementation of standards and tools on real
products. MoreoverCAT tools address the effects of tolerances on product functionality and
assembly requirements but do not yet provideettamomic assessment of tolerance costaddition

to theprocess capabilitgnalysis, the estimation of manufacturing coststbe properly considered

for tolerance desigroptimization On the costestimation side, the design approach for cost
optimizaton, known as Design to Cost (DtG3$ supported by specific tools for manufacturing cost
estimation However, their industrial application is commonly limited to the fgtagesof product
development, to optimize manufacturing processes rather thamcpaesign.

Motivated bythese issugshe tolerancing activitilasevolved consistently in the last decades: several
methodologies and design strategies have been proposed to achiepenthktolerance design. In
particular, toleranceost optimizatio is becoming the key practice to provide an effective application
of DfT and DtC approachdsy enablinga connection between product tolerasyaad associated
manufacturing costddowever, @spite the growing interest this topic, a profitable application in
theindustryof these techniques hampered btheircomplexity: the high number of interdisciplinary
elements, the difficult modellingf the relationshig between influencing factors, and the lack of
detailed infemation about processes are the main obstacles. This results in three critical areas,

namely, data and parameters sharing, flexibility to application complexity, and integration of
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simulation tools. Amonghese the definition of a systematic framewodgpable of enhancinghe
concurrent use of engineering software, is the key elemennhpooving design optimization,
enhancing the potential of Compu#®ided tools and ModeBased Definition (MBD) practices.
Therefore, an integrated design methodologyd&sign optimization isequiredto better exploit the

new capabilities of integrated and advanced simulations.

The present doctorate research aims to define and develop an appropriate design methodology for
product/process design integration, involvingapelication of the DM approach combined with cost
management practices. The methodoligydeveloped through the implementation of predictive
models and optimization methodologtesntegrate DfT and DtC approach&se nmainfocus is the
designoptimization of automotive components, considering the effects of the dimensional and
geometric variations on functional and economic requirements, starting from the earliest stages of
development.

Aiming to providea solution for the aforementioned issuése research activity has been divided
into two steps. Fir$y, a methodological and systematic approach is defimeDfT: starting from

the definition of a Computehided tolerance specification approach, the modelling procedure for
CAT simulation isdeveloped as central element of thentiredesign methodology. Several case
studies have been consideriedt the asseswent ofthe methodologyto identify the impactof
tolerance on functional and assembly requiremeatsdto provide corrective actia Seconly, the
evaluation of manufacturing costs related to tolerances is provided, following a-lbaseéel and
ComputerAided approach, to be integrated with dimensional variation simulations. This integration
leads to the definition of a Computaided Integrated framework for tolerano®st optimization:

each phaseof the methodology has been developedom the setting of multi-disciplinary
optimization (MDO) to the integration of GD&T semantic annotationglving several case studies.
The final aplication of the integrated framework on a higérformance V12 engine assembly
returnsthe expected results of tolerance design optimization, achieving the targets of assambly
functionality, as well asostreduction.

From a scientific point of view, the proposed methodology provides an improvement for the
tolerancecost optimization of industrial components. The integratibtheoretical approaches and
ComputerAided tools allowgo analy® the influence of tolerances twoth product performance and
manufacturing cost3 he case studies considetea/eprovedthe suitability of the methodology for

its application in the industrial field, as welltagidentification of further area®r improvement and

refinement.



St atetbe art

As for many industrial fields, the automotive sector has grown consistaetithe last decades. The
evolution of the automotivesecta is leading to an important revolution, widespraadmany
industrial sectors: from material extraction &xycling, from market analysis to prodioct plant
definition. Since automobiles have a strong influence on modern culture pkashkof vehicle
engineeringnustbe carefully considered, beitige subjecbf many research activities. The overall
complexiyy of vehicles and thdarge number and heterogeneity of components lead to many
challenges related to this type of product: homologation requirements, economic evaluation, and
gualitative expectations constrain vehicle dediga never before. Moreover, recent trersishas

electric mobility and autonomous driving force engineers to address new complexity to vehicles. This
resultsin a constant search for a perfect balance betweeachievement gfroduct performance
andthe economic feasibility ofheproducts.

The main driver d any industrial product is the economic feasibility, through whiglreachthe
expected level of profit. Cost Managememist consider all product components and production
phasesfrom market analysis to the end tbe product life cycle. Therefore, thichallenging and
complex task requires economic evaluatitmeughoutproduct developmenhearingin mind the
multidisciplinary effects of product quality and performance on costs, both in terms of production
cost and impact ofong-term economic succesFor the automotive sector, this means optimizing
product design t@chievethe economic targets for the whole system, acting\a@ry individual
component.

A vehicle can be considered as a mldtiel hierarchical system, in which different groups and sub
groups, madeip of different components with different materials, are joined together according to
assembly and manufacturing processes. As a result, daattiaesthetic, manufacturing, and
economic requirements must be properly considered during the design of complex products:
Concurrent Engineering (CE) approaches @guiredto considerthe mutual interrelationtsips
betweenthe different areas of produdevelopment. Aiming to involve all the product lidgcle
constraintgrom the earliest phases of the design process, CE requires a systematic integration during
product design, breaking down tkempetenceéarriers between product and production process
development.

Since the quality of a product starts in the early stagds\alopmentthrough the definition of the
fundamental requirements from a functional, performance and technological point of view, the
application of ComputeAided tools and metidologies isnecessaryo reduce the time to market

and the production cost¥hanks to the widespread diffusion of ComptA@ted software and the
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increasing applicatiolf modetbased practices, most of the product development phases can be
anticipated ad, therefore, product design can be further optimized. This has led, over the years, to
the diffusion of specific techniques for design optimization: DesgnX (DfX) practicesallow
engineers to address specific requirements fronednkest stagesof product desigmusingspecific

tools.

Furthermore one of the main issues related to a system compufseeterogeneous groups is the
compliance with the assembly and packaging requirements: the accumulation of variations provided
by a group of omponents could significantly influence the whole product, first in terms of
functionality. Therefore, engineers are interesteduitkly identifying the sources of variation so

that quality products can be produced in the shortest possible time. Sengedmetric and
dimensional variations have a direct effect on both quality and costs, the prediction and control of
product toleranceareessential to comply with the expected targets. As a rekalinethodologies

for the management of dimensional ageometric variations of industrial products, known as
Dimensional Management (DMhave quickly becoma standard reference ahdveassumed a
central role during product development. The systematic approach provided by DM allows the control
and optimizatbn ofadmissiblevariations to be more robust and effective in its practical applications.
This chaptepresentsan overview of the current design process adojptdge industry, concerning

Dimensional ManagemeandCost Managemer{CM) approaches

10



1.1 Engineering design systematic approach

To fully understand the importance of the techniques and methododtaged toDimensional
Management and Cost Management in the context of product design, it is important to underline the
main phases of the systematic approtxkengineering design (Pahl and Beitz, 2013; Ulrich and
Eppinger, 2011). This design approach, commonpieémented in industry, is based on a hierarchical
order of steps, composeddifferent process levels, and arranged with iterative loops.

- Product planning and task clarificationThis initial phase aims at defining the design goal of the
product, throgh the formal description of the product requirements and constraints. Among the main
requirements, the functional requirements are the key targetsdifibed, since they have a direct
connection with the selection of the technical solutions and thataef of technical specifications
i.e.,theproduct tolerances (Krogstie and Martinsen, 2012).

- Conceptual design It consists ofdentifying the optimal solutions to achieve the requirements and
constraints previously set, providiaglirect translation int¢éhe firstdesign concepts.

- Embodiment desigih After selecthg the optimal solutions, the overall layout of the product has to
be definel. The preliminary configuratiomust provide the geometrpf the componenistheir
materials and manufacturing processes. During this maturity sy critical element and weak
pointmustbe considerednalysedand solved: the design optimizati@sults in an improvemeirt
performance anoh theachievement of requirements.

- Detail designi The modelsresultingfrom the previous phase are completely defined, through
detailed modelling and numerical simulations, in their final design for each elemebt; defining

its shapes, dimensions, properties, and couplifigs.aitput of this phase is the final desighthe
product, followed by therocessingf manufacturing documents, bills of materialsdthe technical
drawings of each component and their assembly.

The sibsequent phases consist ofitegphysical prototypes to improve the prodbgtsetting and
optimizing its performanceFor the automotive sector, prototypes aweededfor functional and
customercompliance testg, and for reliability and performance information to identify required
changes in the final product. After th#te start of prodution is consideredrom amanufacturing
system perspective, optimizing the process and satfirgeries production. Asa final test to be
performed on the final product, the efficiency of #atire process is verified and, acting &
retrofitting way, tirthermodificationsanddesignimprovements are considered for bttk product

and production procedss this way, thee 0 mp akmonwdav can grow to facilitatthe development

of new producs.

11



Therefore during the design phaseost product requirements are translated into specific features
and properties on the components. This requires transforming a theoretical project into a concrete
object, establishing requirements on materials, shamekdimensions, both in terms of namal

values and tolerances: the Technical Drawing is the moment in which the Quality performance of the
productis formalized by providing a standard language this way, the Mechanical Technical
Drawing is an essential part of thproduct development ga: it becomes both the means of
transferring information to the various departments involved (quality, laboratories, technologies,
production) and the contractual element through which the product is completely defined.

In the past, design processes weeatredaroundtwo-dimensional (2D) drawings, i.e., the master
records of the product definition. With advances in technology and continuous business challenges
to shortenproduct development cycles, 2D drawings have reached their limits. The exponential
growth of convenient thredimensional (3D) technologies, i.e., ComptAgded technologies
(CAX), has led tahe widespread use and popularity of 3D visualization. As a result, 2D drawings
have becom@adequate for several reasons:

- 2D drawings are generated from 3D modsisrecreatingthe drawings istime-consumingand
wasteful of energy.

- 2D drawings are morgroneto interpretation errorg/hich can lead to norwompliart projecs and

data inacuracies.

- 2D drawings are not suitable for widespread collaboration to overcome geographical barriers.

In addition, interpretation errors, duplication errors or revision inconsistencies can contribute to costly
mistakes that quickly translate into lowgality and productivityConsequentlyeven if 2D product
documentation is no longer the most effective, it still has a dominant comriraote and
unchallenged legal value (Ricci and al., 2014): 2D drawings still contain instructions for
manufacturig a part, but theactual manufacturing process requires both the 3D form and 2D
information to produce a correct part. Furthermore, a simple change in the product definition not only
requiresup to date3D digital data but also necessitates numerous eagnechanges to all 2D
documentation associated with the product. Takestime to updatéhedocumentation and recreate
CAD modelsthroughoutthe product development cycl&s a result errors and information loss

(due tothereading, interpretation, and transmission of drawing information) can occur during this
process, reducintpeintegration betweethedesign, manufacturing, and verification phases.

In this scenario, the diffusion of Comput&ided technologies and Mod8ased Definition (MBD)
practices has led wignificant benefitgluring product development (Pippenger, 2013; Goher et al.,

2019). Not onlydoes thigeduce the need to generate 2D drawings, moving drawings from paper to

12



digital format, but it also allows downstream applications to directly access this informaton
automatdasks. As a result, product teams have enterpride access to the right data at the right
time with the right amount of detail, reducing errors and development times becausg iioemeed

to reenter data from a drawing.

ComputerAided Technology

As already described, the engineering deggocessrequires asystematicapproach based on
simulations, tests, and iterative optimizataycles Since the design of industrial products deals with

the complexity of requirements, solutions and processes, the support provided by software tools to
technicians and engineers ise#sal. Overthe decades, the evolution of computer technology and
computationalcapabilites has grown exponentially and these tools, now called Compuderd
technology (CAX), are the reference for industrial product engineering (Hirz et al., 2018hdbep

on the specific task they deliver, modern Ctools aim at enabling design optimizaticand
supporting product development through advanced analysis and simula@iomguterAided

Design (CAD),ComputerAided Engineering (CAE)ComputerAided Manufacturing (CAM), etc.
Thanks to the possibilitgf anticipaing tests and simulations, the widespread use of CAx leads to a
reductionin development timeand costsjmproving thequality, profitability, and innovatiorof
researchThe result is that todaye choice of the CAx platformas anmpacton the entire design

cycle, fromthe concept definition to the detailed and complete product definition. Therefore, the
operations that must be performed to obtain a working product directly depémeltoolsadopted.

In addition,the CAXx toolsallow the diffusion of Product Lifecycle Management (PLM) approaches,
based on Product Data Management (PBbfjwaresystems (Ricci and al., 2014).

The design process starts with the use of CAD software, through which the product geesmetry
definedas 3D model. The modelling procedure can be performed following different approaches and
modelling techniques, depending on the product to be designedctuding geometry information,
topology representation, product structure and additional data. Thanks to the integration of geometric
data, the 3D models obtained are the starting elements for the subsegwérsof virtual product

and process delgpment, commonlyprovided by CAE tools. Although these tools are usually
adopted as a final check duritite detail design, to validate the final layout and specification of the
product, the advent of the early design approach has progressively arditifatese of geometric
modelling and, therefore, the application of CAE during the embodiment design. This approach aims
to provide many results already in the early design phases, enhancing the integrated product/process

design. This is becoming possibd¥en if the information available in thearly stagess not
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completely defined, thanks to the development of integrated platforms and advanced optimization
tools, classified as MuHDisciplinary Optimization (MDO)platforms These platforms enable the
integration ofsimulation tools to improve multobjective design optimization of systems and,
althoughthey are relatively new and their application is still limited, they are becoming more common
and attractiveao different applications along the designogess. Most of the application of MDO
platforms focuses on CAE simulationthrough whichto perform simulations starting from
preliminary models, with rough information and overall boundary conditions (i.e., geometrical data,
objectives, and constraints), obtaining optimized component designs. The most common MDO
platforms currently availablere Altair HyperStudy® by Altair Engineering Inc., ModeFRONTIER®

by Esteco©, ModelCenter® by Phoenix Integration Irand Simulia Isight® by Dassault
Systemes®. Thanks to the development of new optimization techniques and strategies, an effective
applicdion of MDO platforms combined with several CAx tools can be foreseen, supported by the

growingdiffusion of ModelBased practices.

Model-Based Definition

The development of 3D visualization technologies and tools to support engineers during the design
process is the direct consequence of the need of reducing time, costs and risks related to product
development andystens distribution.As the complexity of these systems is growing exponentially
over the years, a systematic approaaiequiredor integraingandmanagng information associated

with products. Therefore, the ModBhsed Definition (MBD) is the engineering approach to address
this purpose (Hedberg et al., 201BD creates complete technical data packages (TDPs), including
the 3D model andssociated data items to offer a complete defindifaihe productthey constitute

a single data source useful to queagalyse build, and inspect the product. TDPs can be shared
across the product development environment, communicatedffantivelyusedby all downstream
customers, without the need for 2D drawings. Instead, MBD is part of the 8adetl Enterprise
(MBE), a collaborative and fully integrated environment that shares validated and authorized data of
MBD throughout the compgy, allowing the creation of products frahe concept taheend of life

all parties involved in the organization can access a complete defwfitioedigital productot only

when necessary, but alaocording to theequiredspecifications.

The keycomponent of an MBD is the integrationgybductrelatedengineering informatiomto the

3D modelby means of Product and Manufacturing Information (PMI) (Quintana et al., 2010). PMI
consists of 3D annotations associated with CAD features, includingh&eo Dimensions and

Tolerances (GD&T), material specifications, component lists, process specifications, and inspection

14



requirements (Hedberg et al., 2016). Since this information, previeastyedin 2D drawings, is
specifieddirectlyin the 3D envirament, PMI allows tespeed ughe development process, reducing
errors, development timeand costs. The information is directly linked to the affeqiad of the

model shape or 3D geometry and grouped into multiple saved views to aid visual consumption. Since
the mainbenefitof MBD is theimprovementof interoperability between software and simulation
environments,several common file standards have beertroduced toenable compatibility
(International Organization for Standardization, 2014): derivative models, such as STEP (1ISO 10303
2427 known informally as the Standard for Exchange of Product model data or AP242), JT and 3D
PDF files, are required fohé consumers who do not have direct access to the CAD system in which
the native MBD model is defined. The 3D annotation providad®MI is commonly classified in

two different representations (Feeney et al., 2015): the Representation PMI, also knemaratcs

PMI, and the Presentation PMI, addressed as graphical PMI. RepresentatiantPdinachine
readable PMI: in this casthe information is semanticalgorrelated to the 3D geometric features of

the parts, and this allowsr automatic readabilitypy different CAx tools.In this way, software
developershave stressed this ability to automate various design, manufacturing, and inspection
functions. On the other hand, the graphical PMI is applidésfdayinformation, as for a 2D drawing.

In this @seit is only the transposition of comments and annotations in a 3D environment: it isshuman
interpretable since it represents symbols commonly adopted by technical product documentation
standards (i.e., ASME and ISO, covered in the next sectih)le not suitable for automated
machinereadingand interpretation, this type of PMI is very usdtirl visualizng design intent and,

for this reason, is thenost appliedit can be organized into saved views, provided with annotations
that support croskighlighting of affected geometry. As reported by Hedberg et al. (2016), this results
in three different ways of representing the PMI for a geometric feature, as shbigaorna 1
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<?xml version ="1.0" encoding="UTF-8"2>
<ModelTree3D Version = "1.0">

<Node Name="DIM">
<Property Name="cadEntityId" Value="1339"/>
<Property Name="dimensionText" Value="{0: n }{1:@D}{2: # 0.13)}"/>
<Property Name="dimensionType" Value="DIMTYPE DIAMETER"/>
<Property Name="displayedValue" Value="19.000"/>
<Property Name="gtl gtolType" Value="GTOLTYPE_ POSITION"/>
<Property Name="gtl isComposite" Value="false"/>
<Property Name="gtl isOverallTolerance" Value="true"/>
<Property Name="gtl isPerUnitTolerance" Value="false"/>
<Property Name="gtl materialCondition" Value="GTOLMATCOND_ MMC"/>

<Property Name="gt1:overallToleranceValue" Value="0.250000"/>
<Property Name="gtl primaryBasicDatumName" Value="C"/>
<Property Name="gtl secondaryBasicDatumName" Value="B"/>
<Property Name="gtl showAllAroundSymbol" Value="false"/>

<Property Name="gtl showDiameterSymbol" Value="true"/>

(€)

Figurel. Examples of representation gomésentation PMI in a drawing and model (Hedberg et al., 2016)

Given a hole on the component lateral face, it is possible to display the information in the 2D drawing
(@), or in the 3D environment through MBD: as graphical PMI (b) or as representatio(fcPMI
commonly addressed using XML data format. The first two annotations are easily interpretable for
human consumption, while the latter is suitable for computer applications.

As a direct consequence, PMI structure is the critical element of MBD. MBDeidtlg related to

PMI and the efficiency of its representation models is still an important challenge: computer
interpretability and data associativigflow MBD (and, therefore, MBE) to workAlthough the
classification of PMI is welkstablished, manyesearchers identify the lack of representation
standards of PMI within CAD tools as a critical issue: PMI implementation strategies fon€&D

to be standardized and systematically developed to enable effective verification and validation in the
MBE. Marny comparative reviews and research wdnkseaddressed the importance of MB@r

digital evolution. In particular, Hedberg et al. (2016) highlight the benefitasing the MBD

approach talemonstratehat modelbased processes outperform drawiiaged pocessesResults
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showed thathe modetbased processes provided a 74.8% reduction in tiyodewith respect to the
drawingbased processes, Figie
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Figure2. Comparison of drawinfased and moddlased process¢dedberg et al., 2016)

In particular, ithas beemointed out that MBLZan significantlydecrease cycliéme whenapplied as
legal documentation for product delivering. Moreoviemedues the risk of error from data +e
entering enabling the transitionotdigital manufacturing through the development of advanced

methodologies for design optimization.

Design for X

The widespread diffusion of CAx technology has provided the ability to deepen each amggteelat
product and process developmdntthis way, geometricnodellingcan be supportealready from

the initial stages, involving all the product lifgycle constraints, to define a balance betwten
different needs (i.e., product performance and product)cosssa direct consequence of CAx
technologies, Desigfor-X (DfX) techniques have been established and developed in recent years,

supporting engineers during the prodpiicessievelopmenphasgHolt and Barnes, 2010).
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These techniques allow to consider every aspect of the produgt thlerentire life cycle of the
product itself, providing specific support in all design and decisiaking activities. These methods

are distinguished in DFXvirtue and DFXlifephase: the former fesos a product characteristic

(cost, quality, usabilityetc.) while the latter on a phase of the life cycle (manufacturability, assembly,
disposal, etc.). HoweveasDfX techniques are specific to the area they refethey aresometimes
unableto identify all effects and relatiohgpsrelated to the overall systewhenapplied separately.

Due to the variety of issues to be considered, multidisciplinary working groups have been defined to
face the product development process in an integratedfalbopwing the CE approachny working
simultaneously, a significant reduction in titeemarket can be potentially obtained, as well as a
more efficient approach to design optimization.

Among these techniques, Design for Manufacturing (DfM) and Desighdsembly (DfA) are well

known and widely applied ithe industry(Boothroyd et al., 2010)n recent years, the evolution of
these techniques has led to a first atteatpitegration to improve design optimization, through the
so-calledDesign for Mantacture and Assembly (DfMA). DfMA consists of a systematic procedure
for product design optimization from the point of viewpsbductionand assembly. It allowkor
simpler, more reliable, and less expensive productsattufacturend assemble, includirDfM and

DfA techniques. The goal of DfM and DfA, i.e., reducing the costs of a product, has always been the
same, but with different modes of action: DfM focuses on the manufacturability of the components
while DfA considers the overall structure of tagsembly. Following DfM, cost reduction must be
pursued by simplifyingand optimizingthe geometries according to the manufacturing processes
necessary to obtain them. On the other hand, DfA implies trying to simplify the structure of the
product to makehe assemblyproces easierminimizing the number of components of a product
(even at the cost of increasing its complexigijhoughsometimes the information provided by DfM

and DfA can be conflicting, as also reported by Holt and Barnes (2010), the need for a competitive
approach has led designers and process engineers to collaborate from the earliest stages of
development to anticipate problems even before they occur. As resMIA B&s combinedthe
approaches with the unchanggahl of evaluaing and redumg product costs, botmanufacturing

and assembly, from the earliest stages of the development process, andndeetfynically feasible

or economically disadvantageous g as soon as possikdining sominimizesdelays,ensuring

a reduced tim¢o-market which translates into a potential strategic advantage on the market. The
complexity of some products requires the identification of the most critical subsystems torfocus
following the Pareto rule, 20% of the causes determine 80% of the effects. DfMA involves an initial

analysis according to DfA, applying the criterion of the minimum number of components to simplify
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the product structure. Subsequently, materials amckgses are defined and DfM is applied to obtain
an initial cost estimate and choose the best concept. Once the dertdpted, a detailed analysis
is carried outo identify potential cost reductionhe complete proceduraccording to Boothroyd

etal. (2010),s reported in Figure 3.
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Figure3. DfMA application (Boothroyd et al., 2010)

As with DfMA and the other DfX techniques, both the tolerancing and the cost estimation @socess
are part of the CE approath design optimization. This leads to the definition of specific design
techniques: Tolerance Design or Design for Tolerancing (DfT), andj&siCost (DtC).
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1.2 Dimensional Management

Dimensional Managemer{DM) is the widespread engineering practice to improve quality and
reduce costdy controlling geometric and dimensional variations of industrial products. This
engineering methodology, usually combined with CompAtded simulation tools, is based on the
systematic approach for the assignment of the nominal parameter values and tolerances (Kacker
1989; Taguchi et al., 2005). Since this procsgerns théunctional design, but algdbeproduction
andinspectiorphases, the selection of component specifications has been theorized and standardized
over the years.

Foll owi ng T a gtopamdies design and guealdyhengineering, knowthasobust

design method (Tsui, 1992; Eifler et al., 2013), the padsidentification and translation of
functional requirements acomponengeometry consists of three subsequent phaseeported by

Goetzet al. (2018)system design, parameter design and tolerance desighown in Figure.4

Pahl/ Beitz

Task Conceptual Preliminary/ Detail
Clarification De5|gn Embodiment Design Design

d i
. Parameter Tolerance
Systems / Concept Design

Taguchi

Figure4. Product design process according to Pahl and Beitz and Taguchi (Goetz et al., 2018)

This approach follows the engineering design process: the first phase of system design defines the
overall layout of the product, evaluating the conceptual solutions to identify the optimal one in terms
of overall robustness. The second embodies the praiciazigh the definition of the nominal shape

and dimensions, i.e., the design parameters. The last phase of tolerance design provides the product
tolerances required to guarantee the expected quality, limiting the variations from the nominal.
Although subsequentto the previous steps, tolerance design is the essential phase foriraghiev
product requirements, providing the link between product and process design.

Beforeintroducingthe theory, the methodologies, and the toelated totolerance desigra brief
description of thgogrocesof parameter desigis neededo introduce some general concepts.
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Parameter design

Parameter design specifies the nominal geometry of a product: the shape, the size, the position, and
the orientation of the component fieges. Sinceeachelement defining the component must be
dimensionedthe dimensionsnustbe provided following a standardized representation.

The dimensioning and tolerancing processes are governed by current standards and regulations,
which they must be consistent. Two international organizations provide indications and
representations of dimensions and tolerances in the technical produgheatdation: ASME
(American Society of Mechanical Engineers) and ISO (International Organization for
Standardization)pperatingrespectively irtheUnited Statesand in Europe. In the industrial practice,

the application of these standamgulatesthe pocess oftransferringinformation to the various
departments involved (quality, laboratories, technologies, production). For this reason, during
product development dimensions, annotations, and tolerances must completely define the component
and clarify ts properties. Since the technical drawing must ensure that the product properly works,
the dimensions can be classified as functional, manufacturing and inspeciwonding tothe
different approaches used, due to diffeqgmtposesor different requirerants in technical drawing
(Henzold, 2006; Tornincasa et al, 2020).

- Functional dimensions Thegoalis to express product functionality, including the assembly and
the single component involve@ihe unctional dimensions describe the usability condgjore., the
assembly conditions, the mechanism functioasd the geometric properties. The process of
functional dimensioning is regulated by the UNI ISO -128andardInternational Organization for
Standardization, 20)8Togethemwith the definitions of the UNI EN ISO 102691995, it provides

the correct principles for understanditigg feature®f each component and its function within the
assembly (Manfe et al., 2001). Every mechanical component should be completely defieed in
functional dimensions te@nsurethe correct functionality, addressing the principtdsproduct
interchangeability and repeatability of the manufacturing protretss way it is possible to consider
each functional feature as a new case, referinghé standard principles but without a given
determined scheme.

- Manufacturing dimensioris This dimensioning approach aims to identify the dimensions involved

in the productionprocess. Due to the specific manufacturing process, differgmctsmust e
considered: machines and tools selection, material, precision, etc. Consedboentnufacturing

(or technological) dimensioning recessaryto reflect the manufacturing process, in particular to
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underline the reference system from whigltorrectlyposition the workpiece to be machined and to
ensurerepeatabilityof themachining

- Inspection dimensioning Product inspection and conformityassessmentequire specific
information related to the design intent. Therefdiee inspection dimensioning provides the
dimensions and tolerancescessaryto establish a clear and measurable scheme for a certain and
unambiguous evaluation (Manfe et al., 2001).

Although the classification is not always applicable due to the complexity of real components, the
design intent behind each type of dimensioning must be clear. In fact, the dimensioning strategy
adopted during the production of the technical product docuwatienmthas an effective impact on
component tolerancelf two parts are related by different featuresythey are specified influences

the number of tolerances contributing to the allowed variations. As a general best practice, functional
dimensions musbe arranged andorrelatedto minimizetolerance accumulation between related
features (Henzold, 2006).

1.2.1 Tolerancing

According to Fischer (20113 tolerance is the specified amount a feature is allowed to vary from
nominal. This may include the form, singientation,or location of the feature as applicablin
conjunction with parameter design, tolerancing acts in the technical representatiechanical
components. Their applicatioto mechanical drawings isundamentgl as manufacturing and
measurement imperfections make it impossible to produce components without deviation from the
nominal shape (Srinivasan, 2007). Dimensional and geonletacations are unavoidable, with
deviationsin size, form,orientation,and locationFigure5). The goal is to minimize paviariations

to meet product quality requirements: excessive deviationald heavily compromise product
functionality. For this @ason, each componentustbe completely specified with tolerances: all its
features and propées must be defined in terms of allowed variation from the nominal. The
tolerancing process is the key activity to ensure both product functionality and economic feasibility,
asit providesinformation to minimize this variation only whereaessary avoidingmanufacturing
companiedrom beinguncompetitivein the marketlin this way; it is possible to produce parts as
precise as necessary and econainés possible. In addition, the adoption of a common design
language, regulated by 1ISO and ASME standarahjces the possibility of defectsgamagesand

reworking pieces due to incomplete or ambiguous drawings.
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Figure5. Real vs ideal part (Fischer, 2011)

As a result, tolerances are the nmeainquantifying the amount of variatioallowed considering the

errors along the production process. To exptt@ssntent tolerances are classifiedatwo groups:
dimensional and geometrical variations, as reported in F&yure

Dimensional toleranceelate todimensional or size deviation, i.e., the difference between actual size
and nominal size, and are classified in deviation from the nominal linear size (ISO 80128450

and ISO 14 66@) or from the nominal angular size (ISO 8015, ISO )94¢&cording to the
standards, these tolerances are expressed in the same unit of the nominal dimension, with the
variability range expressed using the upper and lower limits (International Organization for
Standardization, 20)8

On the other hand, geometric variations @dassifiedinto two categories, namely, micgeometric

and macregeometric errors.
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Figure6. Part errors

Micro-geometric errors include waviness and roughness, whose combined effect (superposition)
gives the irregular surfac@/aviness identifies the periodic irregularities of a surface, caused by form
deviations of manufacturing tools or vibration during the manufacturing process (Henzold, 2006).
Roughnessonsists operiodic or norperiodic irregularities of a surface with small spacings due to

the manufacturing process, generally due to the direct effect of the cutting edges and cutting process.
Macrogeometric errorare dassifiedinto three main types of deviatidTornincasa et al, 2020)

- Form deviationi This deviation occurs when a geometric feature devfaben its nominal form.

In general, these deviations referthe entire featureynlessotherwise specified. Different factors

affect form deviations: eor in the fixtures of the workpiece, deflections of the machine tool or the
workpiece, looseness or errortive bearings of the machine tool, hardness deflection or wear, etc.

- Orientation deviatiori This deviation consists of deviation in form anceatation of a component
feature with respect to one or more reference elements, i.eDathen feature. Therefore, it also
includes the form deviation. Thiype of error could be caused by an erroneous fixture of the
workpiece after remounting on theachine tool.

- Location deviationi This deviation is related to the deviation of a component feature from its
nominal position, with respett one or mordatumfeatures. This deviation includes both form and
orientation deviationsgsit concerns varigons of surfaces, axis, or median faces. As for size, form
and orientational deviations, location is generally caused by errors during manufacturing processes
and machine tooling (Henzold, 2006).
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Geometric Tolerances

GEOMETRIC TOLERANCE AND SYMBOL
S— STRAIGHTNESS
FORM /7 FLATNESS
TOLERANCES O CIRCULARITY (ROUNDNESS)
A cYuNDRICITY
- ANGULARITY
ORIENTATION
ORIENTATION PERPENDICULARITY
// PARALLELISM
Fesy POSITION
LOCATION
TOLERANCES @ CONCENTRICITY
— SYMMETRY
CROEILE N PROFILE OF A LINE
TOLERANCES £ PROFILE OF A SURFACE
CUNOUT P CIRCULAR RUNOUT
TOLERANCES A7 TOTAL RUNOUT

Figure7. GD&T symbols for geomtrical tolerances according to ASME Y14/nerican Society of
Mechanical Engineers, 2018)

As a result, the main types of geometric tolerances can be briefly summiarZeaire 7 Please
refer to technical books atide ASME and ISO standards fanin-depthdescription of each of them.

- Form tolerance$ Theseolerances control straightness, flatness, circularity, and cylindricity. They
provide the maximunallowedvalue of the form deviation within a tolerance zoriepaints of the
feature must be contained in this specific limited region in which the controlled feature may have any
form, unless otherwise specified.

- Orientation tolerancel Thesetolerances control parallel, perpendicular, and all other angular
relationships, limiting the deviations of a feature from its ideal orientation with respect to the
Datun(s). The tolerance zone is in tidealgeometric orientation with respect to thatun(s) whose
width is definedby the tolerance value.

- Location toleramesi They control position, concentricity, and symmetry, limiting the deviations
of a feature from its idegeometridocation (orientation and distance) with respect toaQhaims).

The location tolerance zone is in the idgabmetricorientation and location with respect to the

25



Datuns) and the tolerance value defines the width of this Zdmeoretical exact dimensio(EEDS)
are commonly adopted locate the true position

- Profile tolerancesi These tolerances are used to definéolerance zone to control form or
combinations of size, form, orientation, and locatioorté or mordeatures relative to a true profile.
Dependingnthe design requirements, profile tolerance zones may or may not be rel@sdns.
The toleranceane is the distance between two boundaries equally or unequally digptisezspect
to the true profile or entirely disposed on one side of the true profile.

- Runrout tolerances These toleranceare applied to control the functional relationship o€ am
more features to Ratumaxis. They are partly orientation tolerances (axial circulaiouirtolerance,
axial total runout tolerance) and partly location tolerances (radial cirquiaout tolerance, radial

total rurrout tolerance).

GD&T - Geometic Dimensioning and Tolerancing

The dimensioning and tolerancing scherpkey a huge role in determining the accepted variability

of components and, therefore, in achieving product quality targets. To precisely define the technical
product specificationni an objective and systematic way, the Geomeimensioning and
Tolerancing(GD&T) symbolic language has been defined. GD&T is a global approach in which
products and processes are considered in an integrated way, addressing specdithtimisnal

design, production, and inspection requirements, through principles concernépgesentation,
indication methods and working principles. GD&T allows to precisely define part geometry,
identifying and representing the alled variation in size, form,orientation, and location of
component features. In particular, the tolerance zaddsessed by the GD&T are specified with
respect to theibatumReference Frame (DRF), i.e., the reference features used to establish the origin
of themeasurements. According to GD&T, the geometric tolerances can be specified through feature
control frames with a characteristic symbol associated to each geometric tolesmaetégure7.

The strength othe GD&T approach is related to a more robust control of product design, ensuring
functionality, manufacturability,and repeatability.Using a standardied design language also
improves interoperability, through enhanced intercorrelation between design areas. Even if ASME
and ISO standards share most of the principles and symbols ad@g@adling geometric
specificatiors, there are still somdifferencesplease refer to technical books or Standards for further
information.

As for the principles of GD&T, it is worttsummarizingthe main topics (American Society of
Mechanical Engineers, 2009):
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- Datumfeaturei It is the real feature of a part refertecas aDatum i.e., as a reference element.
- DatumReference Frame (DRF) This is the reference to which all requirements are connected.
Theoretically, itconsists ofthree mutually perpendicular intersectiBgtum planes, creating the

origin for dimensions for manufacture and inspectibigyre 8). DRF is composeof the actual

feaures of the part, i.e., tHeatumfeatures.

Degrees of Freedom Z,
- =W _—— Axis of the
Translational Freedom — datum reference
x = Along X Axls Datum Polnt: 0,0,0 — - 90° ‘i:--‘"—-—-...‘\_ frame
y = Along Y Axis N T - I
z = Along Z Axis \J:'-rﬂ X
Rotational Freedom -~ R B §
u = About X Axls 90° Axls of the
v = AboutY Axis 90° ~ \}‘ /  datum reference
w = About Z Axis y [ frame
\(\ /
.~ /'\,V
u [T Y
N \
{,..--\.---"'T 4
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datum reference y 21
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3.3.30

Figure8. DatumReference Frame (DRF) (American Society of Mechanical Engineers, 2018)

- Choice of theDatum featuresi Datum features are selected due to their role in the product
requirements and their functional relationship with the other functional features of the component. In
general, these featurgsistbe accessible on the part and with sufficient size to be easily used

- Datumorder of precedenceé Datumfeatures are specified a specific order, according to the
importance of eacbatumfor the specification of component features. For a part with all planar
Datuns Rule 3-2-1 applies: the primary, secondary, and &ytiDatuns control the orientation,
position and locking of the part, respectively. Changiveprder of precedenasf the Datumsfor a
given part, coulda avedirect impact on the measurements of the other features.

- Qualification of theDatumfeatures The qualification process considtscollecing Datumfeatures

by applying appropriate geometric tolerances or indirectly by dimensions, following speleiic r

- Multiple Datumfeature (CeDatum) i Co-Datuns are used when more than one surfadeatum
feature is selected to define a single reference elemenD@eimfeature simulator) for the other
functional features.

Therefore the selection of thproper set of DRFs ixitical to avoid errors or personal interpretation
of theproduct specification. In particular, the systematic application of GD&T is the key priactice

a concurrent approadb product developmenisinga unique language for designanufacturing,
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and inspectionkigure 9 collects aseful summary of the most commbatumfeatures with relative
drawing indication, associatdgatum simulators and constrained degrees of freedom (DOFs) from
the ASME Y14.5American Society of Mechanical Engineers, 2018)
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Figure9. Summary of Constrained Degrees of Freedom for different pribaym featuregAmerican
Sociey of Mechanical Engineers, 2018)

1.2.2 Design for Tolerancing (DfT)

The activity behind the tolerancing processstdeal with product requirements, but also numerous
manufacturing issues, to ensure interchangeability of parts and enable a profitablion of
guality products. The tolerance design phase must specify the allowed variations of the mantiict,

by a sequence of different machining operations. Therefiogejariation of a finished produds
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affectedby many factors, includingariatiors in the component, assembly process and inspection
process.

Tolerancedesign deals with product optimization, aimignminimizing the accumulation oérrors

due to the most common sources of variation. For this reason, today the tolerancadesigns
leading to a proper process of Design for Tolerancing (DfT), through wibicptimize these
variations to affect the functionality of the product as early as possible in the design phase. This
approachs basedn the main strategies appliddring the tolerance design phases, in particular:
robust design methodology, GD&T based modelling, statistical process control, and the use of
ComputerAided tools to support optimization through advanced simulations.

The choice of the proper dimensiogiand tolerancing scheme, starting from the definition of the
reference points (i.eDatum), plays acritical role in determining the impact of each dimension and
tolerance on a specific requirement (i.e., tolerance stpgk

Traditionally, the process of tolerance design is divideaithreephaseginternational Organization

for Standardization, 20})2

- tolerance specificatioin definition of the tolerancing scheme, i.e., DRFs and tolerance types for all
component features

- tolerance allocatiori assignment of a numerical value to eaomponentolerance

- tolerance analysi$ analysis of the deviation induced by the toleranaggying the achievement

of the product targets.

These three main phases cover the comnepssif the tolerancing activity (Hong and Chang, 2002;
Singh et al., 2009a). However, further phases are considemeeetithe requirements and optimize
product design. In particular, thelerance synthesighase is addressed as the iterative process of
tolerance updatg to match product requirements and functional objectives (Singh et al., 2009b).
Starting from these objectives, it aims to identify the suitable values and types of tolerarces, as
result of the iteration of the three main phases (Sdnket al., 2017).

Motivated by the advantages of CE approaches, the tolerancing activity has evolved consistently in
the last decades, aimingitoprove thantegration between product and process design into tolerance
design. As a result of this trenijerance optimizatiorpracticehasbemme very popular as key
research topidor achiewng optimal design. Through the application of advanced optimization
techniques, the identification of the optimal set of tolerance values for a prestibehce
specificationschemecan be further enhanced (Hong and Chang, 200®).raturalconsequence of

the tolerance optimization approach is the developmetul@fancecost optimizatiortechniques.

These techniques, covered in detail in the follovaagtions, arbecoming increasingly importaint
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the field of DM, allowing to identify a more effective and direct link between product tolerance and
associated manufacturing cost$herefore, the development of tolerasgmest optimization
techniques hasnhanced the interest DfT and multiobjective optimization strategie$he next
sections will provide a brief analysis of the most important research works and methodologies for the

main phases of tolerance design, briefly presemésed

Tolerance specification

The tolerance specification phase consists of the process of identification and translation of functional
requirements on the product geometry. The tolerancing schemsisprovide an unambiguous
definition of the functional featuseof the componentscapable of representingthe functional
requirementsn compliance witlthetolerancing standards (ASME and I1SO). According to Colosimo
and Senin (2010), the tolerance specification process inveheeglentification of functional
requirements the selection of functional features (i.e., the features that need tolerances), and the
definition of the GD&T scheme.

The correctidentification ofthe productfunctional featuredias a significanimpact on the result of

the design activity: the functional features, also known as Key Characteristics (KC), play a
fundamentatole in achieing the product requirements. According to Thornton (1999) &€the
features whose variation from nomirditectly affectsthe final cost, performance (including the
customer 6s perception of qual i ty)sskouldbseappled y o
to suchKCs if the cost of variation justifies the cadtthe control. Consequentlyit is important to

assign dimensional and geometric toleranfr each functional, assembly and manufacturing
feature, avoiding unnecessary tolerances onfanctional elements and, therefore, an increase
product costs. The definition of the proper GD&T schestartingfrom the selection of the reference
elements as DRFs, is requirectteeckthe variability of the selected features with respe&dtuns

or their nominal geometry.

This decisioamaking process requires a lot of knowledge and experience to address conflicting
requirements anithfluencing factors(Haghighi et al., 2015)r'he main difficulty is the translation of

rules and standards on the specific case, consideringidinalcand manufacturing issudésdeed, n

most cases this process is based orexiperience of the desigamgineer and empirical data handed
down from previous projects, as well as from handbooks for designers: this results in possible
ambiguities andnterpretation errors during the specification of geometrically complex products
(Wang and Thamma, 2012; Hallmann et al., 2020a).
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However, over the years researcheagestressed the topic to address robustness during this design
phase.Several authorshave proposed different approaches for functmrented tolerancing:
empirical methods (Sun and Gao, 2020), automated process models (Colosimo and Senin, 2010;
Haghighi et al., 2015andalgorithms to support GD&T implementation and tolerance specification
(Wu and Gu, 2016). Iparticular, Armillotta (2013)ntroducedan automated featuteased method

for tolerance specificatiqrior more extensive tolerancimg component and assembly features.

A different approach proposed in the literatureéderance specification is based on the graph theory
In this way, the product structure is represented by the use of graphs to identify the refstions
betweenthe components and thefieatures Anselmetti, 2006): each feature or componéent
associateavith a node, whose edges identify their linkaigéolerance graphs. Several grampsed
models have been introducedith a higherlevel of detai] butin general these methoéiscus on

fully designed partswithout consideing the design stages where gyaetry has not yet been fully
defined.On the other hand, some research works aimed to provide suppkhe fiansition from a
concept to a fully defined patty means ofjyraphs for data managemébiantan et al., 2003and
diagrammaticsketchedor product structure graph generati@oetz et al., 200)80Other interesting
works address the use of decisioaking algorithmssuchas the work of Zhao et al. (2020), where
this approach is applied for automatic evaluatimisstatic and dynamic factors related to
manufacturing and quality requirementghile very attractivethese methodologies are relatively
complicated. In addition, most of the time these approaches are not suppaheCoynputeAided

tools commonly dopted by manufacturing companies. As a reslt, effectiveimplementatiorof

these methodss theindustry isstill difficult.

Tolerance allocation

The tolerance allocation phagevidesa numerical value to each specified tolerance. The process of
assignment and distribution a@he allowed variability among the components of an assembly
generally referso two different approaches.

The first one is based on the assignment of toleraaloes for functionality, without considering the
associatednanufacturing costs (Ostwald and Huang, 1977). This approach, commonly based on
designes kBnow-how and empirical data, produces tighter values of tolerances to achieve functional
requirements. Hoever, it avoids any possibility of cost reduction and design optimization
(Speckhart, 1972). The result is the development of producthigitktquality levels but with higher
manufacturing costs. In general, this approach requires many iteratmgwith the following
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tolerance analysis to improve tolerance values. Most dfrtle the reallocation is based aatime-
consuming trialand-error approach: if the starting values of tolerances are not acceptable, they are
tightened until the functional igetis verified(lannuzzi and Sandgren, 1996).

The second approach is aimadindinga balance between product quality and manufacturing costs
(Etienne et al., 2008): tolerance valuesstbe identifiedby minimizing a cost function subject to
manufactiring constraints. Therefore, the second method requires a more complex strategy compared
to the previouone Referring to the second approach, the literature proposes many methodologies
for tolerances allocation, and three main strategies can be idéntifi

- Indirect cost reduction Generallyreferred toas analytical methods, these methoely on the
definition of different weighting factors to identify the correlation between costs and tolerances
(Chase et al., 1990). These factors act to allocaipge@priatdolerance values according to simple
rules, providing only qualitative informati@m manufacturing costs (Kumat al., 2009). As a result,
these tolerance allocation strategiessaeerelylimited by the lack of quantitative information and

it is usually not possible to identify the optimal tolerance set. However, they are commonly applied
during the preliminary Ipases of tolerance definition during early design, thanks to their simple
implementation (Ji et al., 2000). Examples of indirect cost reduction strategieslocation by
proportional sizing, allocation by proportional scaling, allocation by constatispn factors,
allocation by difficulty factors, allocation by process variability and allocation by process capability
(Islam, 2008).

- Direct cost reductiori In this casethe tolerance values are assigned through a direct model
correlation withthemanufacturing costdn this way, it is possible to optimize tolerances to minimize
processrelated costby definingtolerancecost relationsipsand empirical toleraneeost data (Dong

and Hu, 1991; Sankzobera et al., 2016). Traditionally, tolerarcestmodels can be classifiedtn

two categories: continuum model, based on an algebraic relationship, and discretemvaicieh
tolerance values cannot vary in a continuum manner (Chase et al., 1990). The advantages provided
by this approach are very attive for modern product development, compared to the first one.
However,asthis strategy requires manufacturing costamsput, it is limited to the finastageof

detail design, when this information is available.

- Quality loss and/or productiwtloss reductioni Comparedo direct cost reduction, this tolerance
allocation strategy introduces an additional contribution to tolereosemodels, the concept of
quality loss. This concept, developed by Taguchi, addresses the effects of a pro@dicindesm

the target value on the customer perception of quality (Soderberg, 1993; Hallmann et al., 2020a). As

with the second strategy, both methods require manufacturing costs and, in addition, maintenance
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costs (i.e., replacing and repairing cosis)input dataTherefore, applying these methodologies
during the early design stages has always been difficult.

In addtion to the methodologies briefly presented, several other strategies for tolerance allocation
have been developed and presented over the years. Each of them, starting from similar input data, is
based on different solution techniques, such as expegnsyfiizzy logic, neural network, genetic
algorithm, and experimental design (Islam, 2008). In general, these methods argevesfingto

achieve an effective selection of tolerance valuesthaiack of available manufacturing data and

the difficult identification of parameters and cost function medesindustrial implementation very
complex and always limited to the end of the development process (Goetz and SchleichT2020).
overcome the main issues and limitations during tolerance allocatast,ahthese strategies have
foundasolution through the development of optimization techniques: only with a robust optimization
strategy the tolerance allocation problem can be addressed and formulated. For this reason, a more
in-depthanalysis of theimathematical formulation is provided in the section dedicatealdoance

cost optimization.

Tolerance analysis

Tolerance analysis is commonly considered the crifibakeof tolerance desigasit directly affects

the standardization of thgroductionprocessand the functionality of the product (Corrado et al.,
2016). Tolerance analysis ainwspredict the effects otihe product requirements of the dimensional

and geometric tolerances assigned to the components of an assembly (Marzialengr2P1; Qin

et al., 2018)This termincludestwo main activities: the process of identifying the most relevant
tolerances, and the process of determining the allowed cumulative variation (Peng and Peng, 2020).
The first activity involves the defindin of specific methodologies to identify the meaning and the
importance of each tolerance.

The second activity deals with the generation of the tolerance-gpa@sa combination of
dimensions and tolerances, according to the assembly sequence (EBtheiheterms tolerance
analysis and tolerance stagg are used to describe the analysis of variatibhough some sources

of variation do not derivdirectly from tolerances. To solve the staafi, the overall variation of a
product function (i.erequirement) is determindgy combining the nominal values and the tolerance
ranges of each component (Colosimo and Senin, 2010): these dimensions are added to form a chain
of dimensions and tolerances, from whtotpredict the global effeqfFigure 10) The selection of

dimensions and tolerances to include in a stgtks determined by many factors, in particular:
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components and assembly geometry, sequence of assembly operations, GD&T schemes of the
components, and the direction of the tolerance stigalcischer, 2011). Staelp results determine
whetherany dimensions or tolerances mustdengedo meetthe expected targets. In some cases,
even theGD&T schemes (i.e., the dimensioning and tolerancing stratdggassembly operations

andthe manufacturing process can im@dified sometimes with even more beneficial effects.

l= lo+ll+12+l3
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Figure10. Tolerance stackp and specificationfahe single parts (Schleich and Wartzack, 2016)

To provide a mathematical formulation of a tolerance stggkthe relationship between product
requirements and components dimensions must be formaliiedfunctional requirements are
translated into a set of product functional dimensiopdd be limted with tolerances. Considering
a general assemhlyhese dimensions are directiyfluencedby the individual dimensions and
tolerances of each component, whose values depend on the manufacturing process. Since the
component dimensions are independent variables, the mathematical relationship, known as Assembly
Response Function, is determined as:

® "MQohedEw (1)
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The tolerance staelp resolutionrequirestwo methodological tools, respectively to provite
mathematicatlescription of the problem and to define the solution strategy. The former, known as
modelling method, describes the assembly response formulaiipfo(malizing therelationship
between the components involved in the stagkThe latter, called solution method, describes how

to consider the contribution of each toleratthe result. Depending on the specific case, different
resolution methods can be used forshee modelling method.

Correspondingly, as reporteby Schleich and Wartzack2016), the main issues concerning
tolerancing analysis are related to: mathematical representation of geometric deviations, geometric
speciycations, and geomet r i cthegeemetric dewgatioason the st
assembly and the d9gsn behaviour; solution techniques for these models (such ascasestor

statistical evaluations).

Modelling methods

Over the years, large number of methodologies for the tolerance stagkmodelling have been
proposed, and their classification coisisf two main categories: deviation accumulation methods,
based on geometric component deviation; tolerance accumulation methods, based on
multidimensional spaces to define therance zoneP@ntan andQureshj 2009).Foreachcategoy

several modelsan be foundn the literatureas reported by Corrado and Polini (202@&xctor loops,
variational, matrix model, Jacobian modgsrametric tolerance analysis, simple tolerance stacks,
solid offsets, direct linearization method, Small Displaceniensor, Tolerancé&laps®, deviation
domains, polytoped\ll these methods have the common leibnof not suppoihg thepoint cloud
representation of variant parts: this means ithabt possible to managgeometrical form errors.
However, new modelsf tolerance analysis have been presented and, among them, the skin model
(Schleich et al., 2014) seems very promisitigs model, based on the real representation of the
workpieces (i.e., not ideal), allows the management of point clouds and geonmetsc er

Some of these modelling methods are of particular interest for industrial application, in particular as
regardghe methodologies currently used by Compiteled Tolerancing (CAT) tools. Therefore, a
more detailed descriptiorof the models implemeetl by CAT tools the VectorLoop and the
Variational modelsjs providedhereto identify their main characteristics apdovide a general
overview of the topic.

- Vector Loop Model This model bases its representation of variational effects by means of a series
of vectorsarranged in a loom the same wagsthe real dimensions in the assembly (Colosimo and

Senin, 2010). These vectoepresent the dimensions involved in the stagkor a given assembly:

35



eachonecorresponds to a component dimension or an assembly functional dimérsiea types

of variations are addressed: dimensional variafidasrepresent the dimensional tolerances as
variation of vector lengthgeometric vaations, representing geometrical tolerances by means of
displacement vectors and rotation matrices; kinematic variations, modelled as kinematic joints to
represent the displacement of components and assembly adjustments. A specific modelling procedure
hasto befollowedthrough the definition of an assembly graph to schematically represent the product,
the identification of the DRF scheme, and the selection of kinematic joints and reference paths (Gao
et al., 1998).

- Variational Modeli This model manages the variability of an assembly, considering both tolerances
and coupling conditionsysing a parametric mathematical modebeveral varians have been
proposed over the yeansth respect to the first mathematical formulati@oyer and Swart, 199),
transforming this model to a family of models. This model bases its structure on a strong
relatiorshipwith the 3D models provided by Computéided tools asthe assembly is read directly
fromthe CAD models, in which the nominal geometry of components has alveadyefined. Here,

each feature involved in the tolerance stapkis identified allowingor dimensional and geometric
tolerancesto be seta local reference system is assignedndividual features, while a global
reference system is given to each component. The represemtatienvariations provided by the

use ofdifferenttransformation matricee which represent the location and the displacements of the
local referenceystans, and the shiftsnduced by the coupling conditions. Thanks to these matrices

it is possible to simulatiae variation of each feature with respect to the global reference system: this
allows to express the functional requirements in terms of equatianthe softwareansolve. The
Variational model can handle &ipesof stackup, as well as the Vector Loop model, but wmable

to represent geometric form variations because the shape of the features is dssheidéal
(Colosimo and Senin, 2010

According totheliterature(Salomons et al., 1996; Polini, 2Q18one of theaforementionednodels
providesa complete representation of the tolerance analysis phenokemaportedthe Vector

Loop and Variational mode&ppeato be the most complete models, eifeahey do nofully comply

with ISO and ASMEstandardsThey alsado not allow to manage the interactions between tolerance
zonesThe Vector Loop allows to consider geonetorm errors, whilehe Variational modedllows

to consider the order of precedence ofa¢uns and to apply the material modifiers.

Solution methods
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Concerning the calculation of the tolerance stagkmany approaches have bderneloped over the

years. For all of them, the key element is the mma@anreproduce the effects diie sources of
variations, considering that both the dimensions anghlagesbtained during the manufacturing
processcanvary randomly. The analysis tiie tolerances defines a procedure for estimgate
resulting variations of an assembly size. The literature describes different approaches for tolerance

analysis, which can be grouped into three categories: determisiatistical,and sampled.

Detaministic approach WorstCase Analysis

WorstCase tolerance Analysis (WCA) determines the absolute maximum possitaiton for a

selected distance or gap. This method assumes that each dimension involved in the tolerance stack
up may have the same probability to occur within its tolerance range. Therefore, with an extremely
pessimistic approach,ébnsiderghat all the chaidlimensions are simultaneously in their warase
conditions:addingall the maximum and minimum values, thextremes of/ariationof the assembly

are achieved=rom an analytical perspective, the method can be described by the equation:
Y 0 ¢

where”Y is the total assembly variation, while thas the’G o tolerance in the chaifhe WCA
guarantees 100% assemblability: it predicts the maximum and minimum variations, but at the same
time it may lead t@verdesign. Indeed, for long tolerance clsim order to respect the functional
variation, each tolerance should be very tight to respect the acceptance waiithosvconsequent
increase in manufacturing costdoreover, the probabilitpf finding these conditions is very low.

For this reason, this approach can be used in the design of safety and critical assembly systems or at

least with short tolerance chains.

Statistical approach

As already highlighted, since quality and profitability directly correlated, quality must be defined

in terms of production yield and reliability through the use of specific indices. These indices provide
the number of oubf specificationparts and thereforethe probability of defects on the entire
production batch. When engineers perform tolerance analysis, during the design phase, they
essentially convert the design intent into a statistical or probabdsgd design model.

Statistical tolerance analysis determines the maxirpuobablevariation possible for a selected
functional dimension. Compared to therstcase, this method is more realisigit assumes that it

is highly unlikely that all dimensions involved in the chare simultaneouslhat their worstcase
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limit. A certain dstribution is assignetb each dimension: in some cases, the normal distribution
functionis a goodapproximaipn of the real variation of the processes, since it is quite confaron
most of the dimensions &pproacttheir nominal valueConsequentlythestatistical approach shows

less variation than the worstse analysis for the same tolerance stgxkallowing to increase
tolerancesy choosing moreosteffectivemanufacturing processes or to get higlality parts and
assemblieshroughtighter clearances (Fischer, 2011).

As reported in the literature, some general rules guide the choice adrtieetapproach. First, the
number of dimensions involved in the stagk the greatethis numbeythebetter theperformance

of the statistical approach. Other important parameters are the number of parts to be produced, the
manufacturing process controls, the supplier quality, etc. In general, a statistical tolerange analys
should have a controlled manufacturing process amtherednormal Gaussian distribution for each
tolerance Furthermoreevery tolerance in the stacp must be independeot the others.

Many calculation methods have been proposed over the (&aase and Parkinson, 1991; Fischer,
2011) Root Sum Square, S&igma, Method of MomentandNumerical Integration, just to citew

of them Among them, the mostommon ardRoot Sum Square and Six Signdascribed below.

- Root Sum Square (RSS)This method is based ahe normal Gaussian distribution for each
dimension of the loop, whicils centred orthe nominal values and independehteach other. The
variation of each tolerance is assumed betweskn i.e., six times the standard deviatian) (of the

process. The funional assembly deviatiotY is calculated through the equation

where 0 are theindividual tolerances. Since real distributions can be quite diffdrem normal
Gaussiaristributions this methodometimegpredictsfewerdefectshan ina realassembly process
(Henzold, 2006) To solve this problem, alternative methdds/e beerdevelopedoverthe years:
some of them are based on correction factor¥Xvhich simply shift the midpoint of the distribution,

to approach the real distribution.

-Six Sigma Thi s met hod, devel ope d-quality produaionpdoBeBsges, t o
appliesa variation range ot6,, corresponding to 0.002 defects per million (Placek, 1989
Therefore, even if the real distribution is different or shifted, there will stéldsen before reaching

a poor value of process capability. This model introduces two statistical parameters to measure
process quality, commonly used in the production warldindd . These process capability indices
represent the process spread pratessentring respectivelyFigure 1).
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The 0 "Y{Lower Specification Limit) andY"Y (Upper Specification Limit) represent the functional
limits requred by thedesign engineers and, consequently, the statistical tolerance limits. The new

deviation, and process capability are introduced to get a more realistic distribution:
y
. Y'YO 0 YO
0 —

where,, is the manufacturing process standard deviationgansd the mean displacement factor

which consides the shifting of the processver time. Figurel2 represents a typical statistical
production process trend (based on#3¢), in which the deviatiorovertime, from the nominal

value, occurs on the total manufacturing time.
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Figurel2. Shifting phenomenon during tipeoduction process (Henzold, 2006)
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Sampled approachMonte Carlo method

Sampling methods are very common for the estimation of phenomena related to exedtsiThe

use of numerical simulation providesitomatically generatesequences of randomumbers to
quickly collectseries of datand provide estimation usirggatistical methodé€Chase and Parkinson,
1991) Among them, the Monte Carlo method is a tolerance analysis method batbedtio@ory of
random numbers: different assembly combinatiane simulated by creating a set of component
dimensions that change randomly to simulate the process variations. For each set of random
component dimensions, the resulting assembly dimensions are calctiiatagnber of rejects and

out of specificationis addressed, and this procedure is repeated until the process capability target is
reached. This method consists of four sequential steps:

- Assembly response function definitioff he functionaldimensions of components and assembly
areidentified,and their correlation providehe assembly response function.

- Probability density definitioni The statistical distribution is specified for each component
dimensionby the tolerance limits due tthe manufacturing proces3he shape of theurve and
tolerance values asdsodefined.

- Random sampling and simulati®nA set of random values for the dimensions is obtaineah
random samplingThe assembly response functiontlien calculatedby providing the resulting
assembly functional diemsions, compareid the design limits.

- Yield estimatiofi The previous step is repeaiegtativelyto simulate the assembly operations. The
yield of the assembly process is obtaifredn the calculated distribution curves.

Moreover, this methottasseveraladvantages due to its flexibilityt allows nonlinear tolerance
analysis, tolerance allocaticamdany component distribution as input. In addition, it allows both the
sensitivity analysis, to understand how each source of variation affeacisetadl behaviour of the
model the computation of the distribution cupand the number of rejects for a given process, with
respect to the specification limits. On the other hand, Monte Carlo simulation is computationally
expensive, not allowing a rapaksign iteration. Today the Monte Carlo method is used for many
purposes ands commonlyadoptedfor tolerance stackip calculationdue to its simplicity and

flexibility. Therefore, it is widely adopted kseveralCAT tools.

Tolerance-cost optimization

As described in the specific subsection, the process of tolerance allocation dewenydingand

often concerns determinirthe manufacturing costs related to tolerances. In particular, the optimal
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allocation of tolerances is relatemthe minimummanufacturing cost (Armillotta, 2020a). However,
establishinghis connection is not always easy: without the proper tools and strategies is not possible
to provide an accuratstimae of tolerance related costs, especially during the stalyef product
development (Gust et al., 2019his is due to dack of quantitative cost information and, in
particular, of a systematic approathcost estimation (Hallmann et al., 20208jate of the art
developedmany optimization techniques address the ias, with the aimof identifying the trade

o] bet ween machine workability, production t
(Mahshid et al., 2018).

Consequently, toleranemst optimization practices become ttwenerstonef design optimization
assuming a central role the DfT approach.

As evidence of théigh interest and potentiaf these techniques large number of researchess
working to improvehetolerancecostoptimization Tolerancecost optimization can be addressed to
robust design techniqueprimarily r e pr esent ed by Tnapgung the quaity,t h e o1
reliability, and cost of an industrial system (Tsui, 1992).

As reported by manuscripts and weditablished ngews, the structure of a tolerancest
optimization can be divided o main areas: toleranamst model, optimization model, technical
system model and tolerance analysis model (Hallmann et al., 2020a):

- Tolerancecost model It deals with the defiion of the toleranceost relatioship for different
manufacturing processes. It employs the selection and definition of the tolecmtciinction,
including the quality loss contribution, and the identification of the main cost elements (i.e., cost
drivers).

- Optimization model It consistsin setting the optimization problem, including the definitmn
designvariables, objective functions, constraining conditions, and the selection of the optimization
algorithms.

- Technical system modellt concens the representation of the specific system, i.e., the industrial
product and its components. This means the mathematical representation of the functional feature
(KCs) of each component, in terms of size, shape, deviations, and the modellingastdinebly
structure and behaviour.

- Tolerance analysis modelThis modelanalyseshe variation of the technical systesmrifying the
functional requirements identified by the KCs. The most common tolerance analysis methods
(described in the dedicated sen) are adopted depending on the specific case. If optimization is
supported by the use of CAT tools, variational models and statistical approaches are generally

selected. However, due to their benefits, sampling techniquesisarapplied in some tolance
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analysis softwareill of these aregslay an essential role in the optimization and many contributions
can be found on each field. Amotigese the researchers focusethinly on the definition of the
tolerancecost function, i.e., the key element tltives all optimization, and on the optimization
strategies themselves.

Summarizing the general approach behind toleraosé optimization, the goal i® tminimize
manufacturing costisy reachinghe minimum requirementsr quality and functionality. Thisust

be achievedthrough the identification of the optimal set of tolerance values. Additional constraints
can be added to limit the allowed variation of both tolerance values and optimization objégtives.
this way, the geeral structure can be mathematically translatéd ansingle or multiobjective
optimization, depending on the choice of togrectapproach, i.e., leasost optimization or best
quality optimization (Hallmann et al., 2020a). Once the mathematicalepnois defined the
optimizationalgorithm and the tolerance analysis model act to iteratively generate populations of

tolerance set and evaluate the response to identify the best configuration.

Tolerance-cost model

The tolerancecost model aims to rement the relatiocship between product tolerances)(and the
manufacturing cost®)(). Since the total cost of a product, considering its life cycle, consists of several
contributions, also called cost drivers, the model must include all the mostampcontributions:
manufacturing and machining operations, assembly process, tooling, inspection, rejects,
maintenance, social costs, dtdentifying andrepresenng all these contributionss a challenging

task due to many factorprimarily the lack ofaccurateand quantitative data availakgarly inthe

design process: most of the time these values are approximations from previous products or from
databases and tables. Even if empirdzth are difficult to collect and depend on the specific case,
the toleranceost model can stibeidentified.

Different formulations of the tolerana®mst function have been provided over the years to solve the
allocation problem, both in tesrof mathenatical formulation and parameters: all identify the
relationshipd O for each contribution (i.e., each KC for all the components of the assembly)
(Armillotta, 2020a). However, for all types of function, both product geometry and machining
operatins must be addressed, balancing accuracy of data and ease of use (i.e., simpler formulations).
As for the analytical formulation, the toleran@®st function can be generally expresssdthe
equation

0 6Q 0VLO 0]
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where the termé "@nd0 UQire the fixed and variable costs (i.e., described in the Cost Management
section), espectively (Armillotta, 2020a). The former represents the constant costs independent of
toleranceo (e.g., material, labour) the latter represents the variaionanufacturing cost due to
toleranced (e.g., machining, rework, scrap, inspection etc.). The objective function, therefore, is
givenas the sum of each toleranoest relatioshipfor each dimension of the staak. Starting from
this basic formulation, the most commtypesof tolerancecostfunction can be summarized, as
reported in many reviews and comparative studies (Mahshid et al., 2018; Hallmann et a):, 2020a
two-parameter functions (linear, reciprocal, reciprocal squared), -plamreneter functions
(reciprocal power, exponentials)pne than thregparameter functions (combined or hybrid, Michael
Siddall, polynomial, discrete). In addition, considering the difficult selection of the proper type of
function and coefficient values, advanced strategies have been prepebed full facorial, gray
relational, fractional factorial, Artiycial N
(GA).
Beyond these classificatiortbeliterature identifies the generalized tolerawost function as one of
the most applied (Diplaris an8fantsikopoulos, 2000; Sahobera et al. 2016). According to
Andolfatto et al. (2014), it can be expressed as:

0D M0 ®0Q o X
where the terms a and b represent, respectitel@i@do 0, @hile the coefficientét and Qprovide
the type of function (i.e., linear, ndmear, number of parameters etdr).most caseghis function
only addresses dimensional tolerances: geometrical toleyaaee generally not considered
(Saravanan et al., 2014). Hallmann et al. (2020a) report that some contributions consider statistical
process control parameters (i.e., capability indices, process variance and procession) as an alternative
to components tolancesFurthermorethe formulationncreases complexity if alternative process
can be considered, as well as if mgliage processes are involvedthis case differenttolerance
cost curves have to be addressed.
In general each formulation othe tolerancecost functionstrongly dependson the quality of the
availabledata most of the time they provide a simplified description of the real relationship between
the tolerance specification and manufacturing costs. This simplification may leadatotesfrom
the costsactuallyincurred. Nevertheless, it is still a good way to estimate the manufacturing costs
caused by tolerance®idditionally, these functions can be used to determine-apttnized

tolerances using familiar mathematical optimiaatmethods.

Quality loss function
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As already mentioned, theoncept ofquality loss, introduced by Taguchi, aims to identify the
economic impact of tolerances, in terms of deviations from the target output value. Quality loss
belongs to one of thmain approaches for the quality measoeat design for quality, based on
quality loss, and design for reliability, focusing on remmforming rate (Armillotta, 2020bAs for
the first approach, it directly applies to tolerammost optimization, thanksotthe important
contribution provided by quality loss. This results in idemtij the formulation of a quality loss
function, to mathematically express this factor and combine it with the contributiotise
manufacturing costst is generally express€@reveling, 1997) as:

b Q& a W
where L represents the monetary loss, Y is the response of the system with respect to the target value
&, andQs the quality loss coefficient. Since this coefficient regulates the dependency of the quali
loss with respect to the system, its definition is critical.tRisreason, many analytical formulations
of quality loss function have been proposed (Hallmann et al., 202(ff8rent probability
distributions, as well as different weightr correcing factors, have been proposedaiatain a
realistic representation.
As reported by the recent literature, the contribution of quality loss increases the complexity of the
tolerancecost model and optimization strategies, since the optimal result nalsvite anoptimal
balance between product functionality, manufacturing costs, and quality loss. Indeedpieative

optimization algorithms are required to manage these conflicting factors.

Cost Data and parameter selection

Regardng the identification of the manufacturing cost, this topic is deapiglysedin the Cost
Management section, where the most common techniques for cost estimation are described. Focusing
on the definition of cost data for toleraroest optimization, the nia criticism is the difficulty of
obtainingdataduring the earlydesignphases. Most of the time, quantitative relationships between
cost and tolerance can be identified only with respect to textbodbasedon general knowledge
aboutmanufacturing pragsses, providing only a rough approximation of the actual costs (Armillotta,
2020a). In general, the manufacturing process has to be identified for each tolerance, considering the
properties of the component (i.e., material, shape, dimensions, prodatéieia.). Once identified,

the process must be decomposgd activities to estimate the machining time nel corresponding

cost can be calculatediventhe hourly rate of the machin€his approach belongs to thecalled

Activity -BasedCosting metbd (i.e., described in the dedicated section). Other approaches proposed

in the literature introduce toleranamst graphs adatasetsfrom which each KQan be linkedo
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specific processes. Most of the time, the datasets proposkd literature differ both in terms of
structure and type of application: they could be difficult to compare due to the impubffewrences
betweerthem. Therefore, their applicationtimeindustry is very challenging.

This overall complexity alsaffectsparameter selection, another critical aspect of the tolerzwste
model, since an incorrect or inconsistent selection directly impactsptimizationresults. The
selection should addss all design variables influencing quality and manufacturing costs. Indeed, the
heterogeneity of strategiésrefleced inthe techniques for the optimal selection: linear regression
approaches, polynomial functions, neural netwakslfuzzy logic.In general statistical approaches

and sensitivity analysegppeapromising for the estimation of quality costs, addressing costs due to

deviations on assembly, scrapping or reworking (Armillotta, 2020a).

Optimization model

Even if the core of the approackfers to tolerance allocation, tloeerall aim of tolerancecost
optimization is to provide aomprehensivéramework to support the process of tolerance design
optimization. Thereforegomparedto the traditional strategies for tolerance allocation, the recent
evolution leads to a proper optimization problem. In general, this problem can be considered as the
search for the best set of design variables, in this case the product tolerancésulapaiven the

design variablesd and the objective functioi2® to be optimized (minimized or maximized), the
problem is completed with the optimization constraints: a set of conditions to limit the possible
variations of the design space. Accordingrao (2019), once defined the constraint{aé& and

a @, the optimization problem consists of:

find © whohB ) which minimizes™ Q¢ ,
subject to

Qe mh I Q pB p T

a & Th I Q pB PP

In addition, limitations on design variables can be included, restrainthe variation range to
technically feasible tolerance values. As highlighted, the correct definition of the optimization
problem is one of the most criticasksof the entire processsit must collectevery factor and
contribution and let the optimian find the optimal solution.

Focusing on all the elements of the optimization problem, it is worth summarizing the main strategies
of each:

- Design variables Product tolerances of each product KC must be addressed to the problem, if

possible, withtheir variation limits. Tolerances are generally considépdaecontinuous variables,
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more realistic but also compléxandiscrete variables. Most of the time, tolerances are independent
from each other (uncorrelated), but in some cases correlatidnecatdressed.

- Optimization objectives Even if function of the design variables, the progentificationof the
objectives significantly influences the modetimarily the choice of the optimization algorithm. It
reflects the design intent (Karmakar and Maiti, 2012): most of the time the objective is the total
manufacturing cost of the product, given by the sum of each part contribution. However, some models
focuson praluct quality parameters rather than overall cost: process capability and manufacturing
yield are the most common. In general, as already mentialiféetent types of functions can be
considered: moving from linear to mutibjective problems, the accuraiogreases as well as model
complexity.

- Optimization constraintd The constrained problem introduces some equality or inequality
conditions, and several approaches have been proposed to address these constraints into the
optimization model. Direct appaches consider these factors as thresholds: if the condition is not
respected the solution is discarded. Alternatively, metsadsas Lagrange Multiplienvhich uses
optimality conditions orthe Penalty methodwhich adds penalty factors if constrasnére not

satisfied, are commonly considered (Hallmann et al., 2020a).

Optimization Algorithms

The choice of the optimization algorithm is diredtifluencedby the specific design parameters, the
objectives to be reached and the constraints to bgect=sd (Khodaygan, 2019). In general,
optimization algorithms are classifiedo two categories: deterministic and stochastic. Both methods
require a feasible sample to start the optimization and termination (or stopping) criterion, to properly
set up theptimization process.

According to Cavazzuti (2013), deterministic algorithms rely on linear algebra and are commonly
based on the computation of the gradient of the response variabldeylodijectives andonstraints.
Deterministic algorithms are widely applied thanks to their advantagasly the faster convergence

to a solutiorcomparedo stochastic algorithms, meaning that the solution can be reachefeéwath
evaluations of the response variable. Aigahelargenumber of deterministic algorithms, the most
commonly applied for toleranemst optimization are linear programming, nonlingergramming,

and integer programming: they are suitable for simple allocation problems, but they reach their limits
when complexity increases (Hallmann et al., 202Biast of all these algorithms are suited simgle
objectiveoptimization. Moreover, thre is arisk that the optimal solution found by the algorithray
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be a local optimunrather thara global optimunsince they only look for stationary points in the
response variable (Cavazzuti, 2013).

Forthis reason, when the optimization complexity increadesvativefree algorithms are preferred,

in particular stochastic algorithms (i.e., the most advancedoagipes for optimization). These
algorithmsincluderandomness in the search procedure and, even if their convergence towards the
optimum solution is slower compared to deterministic algorithms, they are the most dpplied
tolerancecost optimization. Mst of them are populatigoased algorithms, also called Swarm
Intelligence (SI) algorithms. Within these algorithms, a starting set of samples evolves up to
convergence, reproducing the behaviour of-egjfanized natural systems: thanks to randomness,
they are able to overcome local minima and explore the whole design space, reaching the global
optimum (i.e., a sort otrial-anderror strategy is performed)in this way, after the proper
customization of the control parameters, the algorithm is-suéléd for both single and multi
objective problems. Several groups of stochastic algorithms have been classified, the most common
are: Evolutionary Algorithms (EA), Genetic Algorithms (GA), Particle Swarm Optimization (PSO),
Game Theonpbased optimizatio(GT), Simulated Annealing (SA). Amortigese the most important
categories are EAs and GAs. In addition to these algorithms, other minor algorithms have been
applied for toleranceost optimization, but the most interesting evolutcmmcernsthe so-called

Hybrid algorithms, a combination of deterministic and stochastic algorithms (Hallmann et al., 2020a).
To conclude, severalptimization approachdsave been developed over the years altdpugh the

most powerful and suitable have already been idedtift is worthpointing outthat the optimization
resultsstronglydependnthe specific parameter settingfsthe algorithmandonthe environment in

which the algorithm is applied.

1.2.3Computer-Aided Tolerancing (CAT)

As previously highlighted, thprocess of tolerance design is rather complext isinfluenced by
multidisciplinary and conflictual requirements. In addition, it is compadesgveral phases, all of
which require adequatenethodologies and strategies to address each aspect: inlpartite phase

of tolerance analysis mainly impacts the quality of the final product. Since tolerance analysis is part
of the Concurrent Engineering (CE) approach, in recent decades the evolution of Cakgmder
technology has provided specific tooleetComputeAided Tolerancing (CAT), nowadays the

reference for the Dimensional Variation Analysis (DVA).
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CAT softwarearedirectly based on the modelling strategies described in the previous section. Thanks
to their link with the most common methodologies, these tools provide both the representation models
of tolerance chains and the computational approach to tolerancesianéhis results in anore
realistic model of variatiothansimpler linear toolsespeciallyfor complex industrial productuch
asautomobilesCAT tools allow to systematically select the manufacturing processes to achieve the
functional design targst thanks to the complete analysis of the assembly and functional performance
of products, and through tlhiseof sensitivity analysis and capability simulations (Corrado and Polini,
2020). Asa natural consequence, today different CAT softveatists with specific advantages and
disadvantages, showing the same limitations of the modelling and solution methods they adopt.
The most common CAT software are: CeTol® (Sigmetrix), 3DCS® (Dimensional Control
System) and VSA® (Siemens/Tecnomatix) which useametric approachepreviousversions of

CeTol 6 ® used vector loops), MECAMaster®ased on the SDT (Small Displacement Torsor), and
PolitoCAT®, which employs polytopes. Some other CAD systems have an integrated module for
tolerance analysis (Shah dt, 2007). Several research works and comparative revoewbese
commercial softwarean be found irthe literature, identifying the state of the art for these tools.
Among these Corradoand Polini (2020) present a useful comparative tapiehe three main
softwarementioned above Cet o | 60, 3DCS arradalyde®ycomparingethes o f t
strategies through which they support engineerproductdesign and developmerftigure 13

reports this comparative, in particular the ability of the software to interpret the differerg gtage
tolerancing (i.e., representation, specification, analysis, and synthesis) and their compatibility with
the most common CAD softwar@ne of the mairadvantages of CAT tools the possibility to
manage complex 3D, ndimear, statistical tolerance staaks calculations (someone uses the Monte
Carlo approach)instead of usingnanual calculations. In addition, these software enable Model
Based Definibn practicesas3D semantic annotations, i.e., the Product Manufacturing Information
(PMI), can be directly imported from the CAD modelscarassembly constraint$his improves
interoperability between tools, enhancing information sharing and, @ssaguence, more accurate
tolerance analysis performed in much less time. Following the Ab@deld parametric approach, the
tolerance model consists of representimg functionabssembly dimension as an algebraic function

(an equation or a set of equmats) directly related to the variation contributors expressed as geometric
parameters. Both dimensional and geometric tolerances can be included in the analysis: to consider
these tolerances, transformations are applied to the perfect features (formcesleaee neglected)

and the tolerance zones are simulated by putting limits on rotation and translation parts of the

transformation matrix based on feature dimensions and tolerance vBjupsoviding combined
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models of translational and rotatiopabbabilisticeffects andillowingthe selection of different types
of distributions (e.g., statistical, normal, skewed, uniform), the softasat@maticallymanipulates
the same model to reflect a combination of gewio effects. Then, the algebraic function is
linearized or solvedlirectly through a nofinear Monte Carlo simulation. In the pgstocessg
phase, commonly results are availatitee list of contributors the sensitivities,and the variance
contributons (%, bothin both worstcase and statisticanalysesCAT systems differ irthe way
they interface with CAD software amd theanalysis they can provide (Shah et al., 2007).

Tolerancing scheme

Dimensional tolerances

Geometric product specification
(GPS)

Automatic utilization of CAD
model, once defined GPS data

Tolerance analysis

Worst-case approach

Statistical approach

Sensitivity analysis

Uncertainty qualification methods

Monte Carlo No (SOTA)
Simplifying assumptions

Rigid body

Limit on variation size

Further considerations
PTC Creo,

g”l;C Sf;% Creo, Catia | CatiaV5-6,
Compatible CAD tools S "11.ldaw '-k’ V3-0, SolidWorks,
0 ‘NX"‘ * | SolidWorks, | NX, STEP,
NX IGES
Distributed/parallel computing No No No
Iutegrz’fnon with external CAE No No No
modelling tools
Accommodation of assembly loads No No Limited

Figure13. CAT tools comparatiofCorrado and Polini, 2020)

- CeTol ® (Sigmetrix)i ThisCAT software is fully integratenhto several CAD applications (i.e.,
CREO®, Solidworks®, CatiaV5®). Awith most of the CAT tools, the representation of tolerances
is done by parameterizing asgavherethe tolerances are represented by small variatioribe
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parameters used to define the nominal geometry. The modelling procedaigts ofwo main steps.

The first is the modelling of the tolerance scheme on the nominal 3D model of the roakchani
assembly, previously preparedth anexternal CAD tool. During this phase, tolerance specification

and allocation arearried out applyingDatum kinematic joints,and dimensional and geometric
tolerances. There is the possibilitp automatically inport tolerances specified via external
applicationssuchas 3D semantic annotations (e.g., Catia.FT&A®). Otherwise, tolerances have to be
manually insertedasthe softwarecannotautomatically perform the specification of tolerancesaAs
second step, functional requirements are modelled as measurements between functional features, to
create tolerance stackapdelledby the Variational model and solved by simulation witle Monte

Carlo method. The resolution of stacks tolerance, i.eerdante analysis, can beneusing three
different strategies: Worsiase, RSS and sbigma. Even if a@rue automatic procedure for the
tolerance synthesis is not available, several tools support the analysis: statistic and capability values
(.e,,, 0,0 , rejects), but also contributors list and sensitivity analysis to evaluate how each
tolerance part affects the given measuremi¢ns.alsopossible to assign weights to toleranaas:

this way the software automaticaligturnsthe value of thesame, identified by an optimization
algorithm.

- VSA® & 3DCS® These two software are developed by different softwareses but they share
similarities both fromafunctional ancanapplicatve point of view. VSA® (Siemen$ecnomatiy is
integratednto severalCAD systens suchas CREO®, CatiaV5®, NX®, and Solidworks®. 3DCS®
(Dimensional Control System) has different versions: a stk versionwherethe CAD neutral

file format can be directly imported, a fully integrated versioi€atiaV5® and V6 environments
(appears as a Workbench System), and an integrated version in Solidworks, NX and CREO®, able
to act directly on proprietary files without conversion. Both software represent tolerances using 3D
points: a statistical distrition is associatedith each point to simulate the variation of the feature,
described by a series of points. These points can be associated with different types of statistical
distributions (e.g., normal, uniform, triangular, Pearson, Weibull, etcyithsCeTol , these tools

require manual specification of tolerances, or they must be specified as PMI directly within CAD
models and importedutomatically Furthermorethese software are basedtbe Variational model

as modelling method arah theMonte Carlo method as solution method. Both software can derive

a set of statistics values (mean, variance, etc.), data relateddiontilatedassembly process (,

0 , rejects, etc.), witlthe representation of the distribution functithrough a histogram, and

sensitivity analysisResultscan be exportetb various formats of data management (e.g., Excel,
HTML, etc.).
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As highlighted, commercial CAT softwaodfer several advantagesser traditional methodologies
(i.e., manual, experienadriven and trialanderror). However, despite their wide capabilities, some
important limiationsremain. First of all, the fact that not all the tolerances are supported (form,

composite | ocat iingwit)SO/ASMEstandards (Coradua aridligi, 2020).
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1.3 Cost Management

Manufacturing companigsoseeconomic feasibility as the mean driver for tevelopment of any
industrial product. Commercial productsist delivethe expected financial profits to be competitive

in the global marketplace: therefoedpngwith product performance, quality, and innovation with
respect to competitors, production cgsisy a key role in achieving product success. Tasled,

over he years, to a growing importance of Cost Managerf@i) practices, spreathroughthe
industrial sector and more involved in all phases of product development. In fachigvethe
expected cost targets a detailed analysis of cost is negdeth,requiresknowledge otthe costs of

all theproduct components, includinige manufacturing process and all the phasekegbroduct life

cycle. The process of manufacturing cost estimation iskmeNvn for its complexity: the factotbat
contribute to product costsmust beidentified and, when possible, quantified. However, this
demandingactivity must deal with factors usually belangto different product development areas
and differently located duringhe product life cycle as well (Agyaporigodua et & 2012).
Furthermorethe multidisciplinary effects of product quality and performance on costsito be
addressed amarly as possible during product development, to systematiaatip reduceproduct

cost: otherwise, if manufacturing costs exceed targets, expected profits will not be achieved, requiring
careful corrective actions. Since product costchrgelyrelated to product design, beipgrticularly
influenced by early conceyml decisbns, implemernihg costcutting measures later is only possible
with significantlymoreeffort. On the other hand, an early evaluation of costs is generally diffiscult
mostcostrelateddata and factors are nggtdefined or known byhe engineers.

As aresult, severalattemps have been proposemer the yearso improve the cost analysis and
estimation leading to different strategies for addressing, planning, and controlling costs during
product development. In this context, the magtrestingway o integrateCM techniques into the
design process ihroughthe Design to Cost (DtC) approach, as the central approach to optimize
product design with respect to economic requirements frigirt the very beginning of the product

developmenstage

1.3.1 Design to Cost

Traditionally, costing is an activity that takes place at the end of the development process: cost
represents a property directly derived from the product development process. The selling price of a
product is subsequently determinbg the cost of productiomplus the expected profit margins.

However, considering costs only as a consequence of the product development process can be
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extremely dangerous: the developed product, once launched on the market, may not have the initially
expeced success and, therefore, must be offered at a lower price than the established one to be more
competitive. Several studies have shown thast of thecostsare committed when the principal
solution has been selected and its embodihastbeertompletedDuverlie and Castelain, 1999):

at the time of the release of a project about 15% of the total cost has already been incurred while 85%

has already been committesb visible in Figure4d

cost committed

; cost incurred

conceptual
design

\

duct and
progess design

/ manuf\uring

ability to reduce cost
—l

time (nonlinear)

Figure14. Product development costs

Therefore, the identification of cost factors already in the early stages is essentiagnges
introduced in the advanced development stagesganerally limited and their cost increases
exponentially as the product life cyg@eogressesany error in evaluation at this stage largafgcts

costs, and, at the time of launch, the investment made has yet to be fully repaid. From an economic
point of view there is a strong interest in seeking the optimization of a product already irsitpe de
phaseasthe potential savings are very high compared to the cost to be incurred to generate it.

To achieve cost optimization, manufacturing companies must address cost evaluationanot as
consequence of the development process, but rathan inputequal to performance, quality,
reliability, etc. Product design primarily defines manufactyigosts but it also heavily influences

the total costs and the entire ldgcle costs. Thereforgvhen designing thproduct,it is necessary

to have a multdisciplinary and integrated knowledge of the whole product and itsclitde
perspective.

In this context,severalengineering design strategies for cost optimization have been developed.
Amongthese the most important is the Design to Cost (DtC) apgroahbich considers the amount

of money the customer is willing to pay for the product as a design limit. The objective of the DtC is
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therefore the definition of the target production cost, suitebigiarantee the desired profit margin

for the product, vthout sacrificing quality, performance, etc. This means that, if not initially satisfied,
engineers must iteratively redesign the product until the overall cost meets the given budget.
Compliance with the Target Cost ensures that the product is compatitheetime of market launch

or that in the event of a bankruptcy the economic impact is significantly |&wkreving this goal

is a challenging engineering problasthe definition of this target limit iquitecomplex. Moreover,

it is very difficult to reach this limit through iterative processes in an efficient and robust manner,
without uncertainties or errors. For this reason, the Design for Costing (DfC) approach has been
developed as an evolution of DtC, mainly oriertteglardsminimizing productlife cycle costs, while
satisfying customer standards. The engineering protesgforeaimsto consider the product cost

as an optimization objective rather than a target value, to ensure a better compromise between overall
costs and product requirements, udiiféerentestimation methodologies and optimization tools.
Beforeanalysinghe most cotmon models used for cost analysis and estimation, it is worth providing

the general classification of manufacturing costs, as proposte lerature.

Manufacturing costs calculation

The process of identification of the main cost factors can be catifrom different points of view,
depending on the company divisionwhich costk are assessethe level of detail required, and the
phases of product design in which the analystsirsed out

Traditionally, in the literature the cost for the realiian of a product consists of two items, as
presented by Pahl and Beitz, (2013):

- Direct costs- Costs that can be directly attrilableto the single product unit, such as the cost of
raw materials.

- Indirect costsr overheads Costsnot attributableto the single unit, such as thperatingcostof

the production plant.

The limitatiors of this approach arise when a detailed cost estimation is reglimregithe entire
product life cycle: materials anldbour are easily attributable to th&ngle product, unlike the
company overheadghich are attributed to a specific activity or department.

Another classification frequently used in literature considers the cost as a function of the production
volume:

- Fixed costs Costs that remain corstt as the production volume varies over a given period of time
(rent of the premises, wages of employees, etc.).

- Variable costs Costs that depend on the production volume (raw material, tools, etc.).
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This definition of costs is commonly applied duriggcisionmaking activities. The cost of
production or manufacturing cos the total costs for material and construction: it includes the
additional costs for tooling and development costs such as design, prototyping and testing as long as
these are aggned to a specific produdlthough theproduction cosincludeshoth fixed and variable
costs, only variable costs, both direct and indirect, are considered for the dewdiimig activities.
This is due to the fact that variable costs are directly@nited by the choices of the designers, for
example through the choice of material, production times, the size of the lots, etc. On tharudher
fixed costs aresupposed to be incurred regardless.
Therefore, variable manufacturing cosisi{ "Qdaredefined as the sum of direct materiél {§ 0)0
and labour costs for manufacturing and assembliy o

w0 Q60066 0O6pcC
The direct costs related to the material can then be evaluated according to themaidgie volume
w multiplied by the relative specific unit cost:

D066 WO W ® wpo
The direct production costs are calculated as the sum of the tilawtesi t® the individual production
processes (primary time, secondary timé and setup timeo ) multiplied by the labor cost factor
:

0086 @ 6 0 o prT
The difficulty in this case consists in being ablat¢ourately allocate the indirect costs to the unit of
product considered. One of the most used methods is to consider these costs as an increase in direc
costs through appropriate multiplying factors. Typical valodke literature aréeom 1.05 to 13 for
indirect material costs aricbm 1.5 to 10, or higher, fdabour when the multiplying factors are very
high it may be useful, where possible, to try to reduce costadafying the production process.
These factors can vary greatly from compangdmpany. Although rather rough, this assessment is
useful for obtaining a quick cost estimate and then conducting a detailed analysis.
Another classification of production costs is provided by Son (19819,classifiexosts ito well-
structured and Hbtructured. The former involvésbour, material, and machine costs, while the latter
involves costs such as those associated with build failure, machine setup, and inVargaategory
is well-suited to consider the concept of lean manufacturing,eniersources of costs (in particular
with regards to waste costs) are classified into seven categories:
- Overproductiori These costs occur when more is produced than currently required by customers
- Transportationi Transportation costsiustbe addessed for each type of production. Even if the

product is not affected by these costs, they are a source of risk to the product
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- Rework/Defects Rejecteddefects result in wasted resources, or extra tostsrrect the defect

- Over-processing These costs occur when more work is done than necessary

- Motioni Depending on the organization and manufacturing process, unnecessargentanay

be involved resulting in unnecessary expenditure of time and resources

- Inventoryi This source of cost is similar to overproduction, resulting in the need for additional
handling, space, people, and paperwork to manage extra product

- Waiting’ Depending on th&ean development and organizational decisions, resources are wasted

when workers and equipment are waiting for material and parts.

Manufacturing costs estimation

The process of Cost analysis and estimation has become a strategic activity for mangifacturin
companies, covering many functions (Niazi et al., 2088tuation of design alternativesontrol of
production costssupportfor longterm financial planningsupport in makeor-buy evaluations

control of supplier quotes.

To generate a comprehensive cost analysis for a project, designers need tools to accurately assess
wide range of potential cost drivers. A short list of factors that needdonstderedncludes:

- Material specifications In addition to direct costshe use of additional material indirectly affects
process costs, ecological costs, and each of the other factors listed below. Everything from tolerance
to processing requirements needs tahalysed

- Packaging, Shipping and LogistiesNeight, volune, fragility, and storage requirements are all
instrumentato the evaluation aherealcost of a project.

- Feasibility- From cooling times to plant availability to equipment costs, manufacturing is important

to every aspect of the design.

- Labour- Adding a part that requires manual assembly, for example, can have an impact far out of
proportion to the direct cost of materials.

None of these factors can &ealysedn isolation since each design choice has consequences for the
cost and functionalt of the rest of the project. While these relationships may be clear (e.g., added
weight requiring greater component tolerances), they can also exhigit level of complexity and
interactivity (articularlywhen plant and supply chain costs are inall)déccounting for complex

and interconnected variables of this magnitude requires a serious organizational commitment to make
cost management part of the product engineering culture, together with an investment in innovative

tools for estimating productiocosts.
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Since the process of cost estimation can be carried out during different stages of the process of product
development, several methods for estimating costs have been proposed over the years (Niazi et al.,
2006).They alladdress the main factor§escting product costs (i.e., material, manufacturing process,
laboue ) . Depending on the cost model strategy, t
- Knowledgebasedor Intuitive methods based on the experience of thosakingthe estimation

- Analogical methodsthey exploitthesimilarities with similar products for which the cost is known.

- Analytical methods the production process is broken down into elementary activities whose cost

is known.

- Parametricor rule-based methodsthey exploit the definition of parameters to characterize the
product and its cost, even withdutly describing it.

The main characteristics of the four methods are summarized by Favi et al., (2Bigryai5:

Accuracy (how the method 15 Robustness (how the method can Subjectivity (how the method 15
accurate and consistent with the real  easily adapt to the product with independent by the end-user)
final cost) different features, dimensions, etc.)
Knowledge-based methods  Low (depends on product geometry) Low High
Analogical methods Low (depends on product geometry) Low Medium
Analytical methods High High Low
Parametric methods Medium High Low

Figurel5. Method for cost estimation (Favi et al., 2017)

Intuitive and analogical methods are classified as qualitative methoutt) hdve the advantage of
quickly obtaining cost estimates. However, the estimate strongly depends on the experience of those
whodoit. For this reason, as highlighted by Maciol, (2017), quantitative models are preferable where
there is mass production|awing the definition of a statistical or analytical model for the evaluation

of cost s. For compl etely new products Relich
preferable, as it is not possible to make analogies with existing products. Piaramdglsseemhe

most attractive for industrial applications since they are based on geometric features recegmpition (
hole, rib, slot, etc.) of the product and tooling as the basis for cost estimation. Thdtefsee,
methodscanaddress the complexity due to component geometry, staviihghe solid modebf the
part(Farineau et al., 2001).

Considering parametric methods, theiow the definition of a product development project and
company resources as a set of variablescamstraintsThis makest possible to evaluate complex
relationships between data and impose constraints to identify possible solutions. Parametric methods
are usually based on different techniques: regression analysis (Liu et al., 2009), artifi@al neu
net works (Kumar et al ., 2020) or fuzzy |l ogic ¢
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(2020) propose a parametric approach based on Constraint Programming Techniques (CPTs) to
appropriately specify constraints and variables: thankseio flexibility, the use of CPTs allows to
develop efficient methods specific to the considered domain rather than general methods. This
approachallows to identify all possible project performance scenarios that meet the imposed
constraints: budget, humaasources, machines, etc. Therefore, it is extremely useful in all those
cases where limited resources are available to allocate to a project, where additional atiesttion
bepaidto the management of new product development processes. However, thespiteantages

of this method, it does not provide indication for corrective solutionsale all a large amount

of historical data and parameters is required.

As highlighted, cost estimation techniques differtferestimation strategy and, depemglion their

needfor specific data or input parameters (i.e., product geometaghineand tooling properties,

etc.), there are momitablefor specificstagesf product developmenin general the models for

cost estimation are accurate enough toganedifferentmanufacturing processes or design solutions,

but commonly lack detailed manufacturing information (Hallmann et al., 2020a). This is mainly due
to thedifficulty of identifying detailed data, especially in the eastagesf product developent,

with consequent sevelieitations, even for the parametric models. The result is that some of these
methodologies araot ableto offer the degree of detakquiredfor the analytical optimization of
product geometry based on the specific process characteristics (Favi et al., 2017). In this context, the
mostinterestingcost estimation techniques considered for Cost Management are the Ag#igdyl

Costing and Targetosting methods (Geiger and Dilts, 1996).

Activity-Based Costing (ABMethod

The ABC is an analytical method for evaluating the cost based on the identification of the activities
involved in the process and the related cost factors. This method tiltrask costdy considering

all the resources consumed by each activity to complete the entire product development process. The
product costs derivdirectly from these activities through cost drivettse attributes of the product

in terms of resourceassed to complete these activities, such as the number of units produced, hours
worked, hours of equipment use, or the number of orders received. Thuasigtivers, the transfer

of costs between resources, activities and products can be more easityechkzac and quantified
(Hallmann et al., 2020b; Gu et al., 2019).

Comparedo traditional cost estimation methotlse ABC system differs in two ways: first, the cost
pools are defined as activities rather than productioncergts and, second, the sbdrivers used

to assign activity costs are structurally different. In fact, this method models the use of the
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organization's resourcéssed on thactivities carried ouandthen links the cost of these activities

to outputs, such as productsistomersand services. On the contrary, in traditional cost systems
direct materials anthbourare the only costs directly attributable to the product. Fordaisonthe

ABC is often used as part of total cost management (Etienne et al. 2009).

Several authors deal with the ABC methodhaeliterature. In particular, Hassan et al. (20d6jine

the twalevel procedurdor assiging the cost of resources to product cost, as outlinédgure 16:

in the first phasethe cost of resources is allocated to the activities through the resource cost driver,
in the second phase the costs of the activities are similarly allocated to the product through the activity

cost drivers.

Consume Consume

Resources | a > Activities l

f"'—\"‘\ ",
/ . b - " . ol
. Resource Drwersj . Activity Drivers |

- N

",

> Product

Figurel6. ABC method (Hassan et al., 2010)

BenArieh and Qian, (2003klassiy activities (e.g., requirements collection, design, process
planning, prototyping etc.) into "added value" and “watue added" activities. Newalueadded
activitiesmustbe effectively identifiecdasthey involve the use of time and resources but do not add
value to the product. This method adds a further level to the process described, in factcéreecost
characterized by the relative coatfor is inserted between resources and activities. In thisitway
possible to combine the use of resources by highlightingtheware actually used. Activities can

be further classified into four classes: deitel activities, batcthevel activities, product support
activities associated with a given product as a whole, and facility support activities, which cannot be
directly linked to a single product (e.g., building maintenance or general management activities).
The application of the ABC methddads to an extremely detailed analysis, following a Rsiép

procedure summarized below and represent&iiore 17.
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Figurel7. ABC processBen-Arieh and Qian, 2003

- Identification of costentes (and related cost drivers)The cost centers group the resources used
directly to make the finished product (both human resources such as designers, managers and
engineers and the main equipment usdéd)man resources (working hourgpst of electricity
(number of people)ost of renting the premises (surfacégsigners (design hours), CNC cant
(milling hours),material handling (number of movemeny.
- Analysis of indirect costs and calculation of the related-dosers rate- Indirect costs are the
general expenses that must be attributed to the finished products (heating, rent of the premises,
cleaning costs, etc.). The cost factor rate for a respidentified as Resource Raté Y, is the ratio
betweerthe resource's annual castdthe number of cost drivers used in a year:

"Y€ ORI POQDI
YQi ¢ & i) eepeti Yo PV

whereY Gs the amount of resources used by each cost driver belonging to the cost center in a year.

YYYQi &€ Yidom

- Allocation of resources for each cost center and determination of cost centers driver TAes
cost of indirect resources is allocated to cost certbarsedon the cost factors of the resources, i.e.,

the resource cost drivers. In this way the total cd&tach center can be calculated, obtaining the
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relative cost factor for each cost centBne driver rate cost center is obtained for each center, and

the total cost for each cost center in a year is calculated as:
Y& OCORIE BN O YY YO po

- Identification of the activities (andelated activity cost driver and cost center employetdhe
activities carried out in the product development process are identified. The main activities are then
broken down into more detailed elementary activities and assigned to an activity driverthed t
cost center used:

1 Part design (hoursdesigners),

9 Discussion on the product (number of tools replaeegdroject managers, designers,

coordinator),

9 Calculation of the budget for the part (fixed cosbordinator),

1 Etc.
- Calculation of the totatost of activities The total cost of each activity is determined on the basis
of the costcenter resources as the product of the amount of cost factors consumed by each activity
and the costenter drivers' rate.
- Definition of the cost factors of eaahtivity and determination of the relative raieSincedifferent
types of activity cost drivers are used to represent the costs incurred by each activity, the activity cost
driver rate ¢ 6 O introduced as the ration between the cost of each activity ameldtedcost

driver:

5500 6 & £ 68 & QLo QU QB 00'Y 0600
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of the driver of the centdiQused for the activity, and the amount of the cost driver of the activity
used, respeately.

- Calculation of the cost of the new componemhe total cost of the product is evaluated both in
relation to the activities carried out during the development process and in relation to the cost centers

involved, as:
"YE OGXNE B 0 Oi o 660066 0YpuyY

As reported in the literature, the ABC method is able to overcome the difficulty of traditional methods

for evaluating the cost of attributing overheads to the product Twatitional methods usually
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underestimate the overheads attributed to machine time, such as the time required for prototyping and
for setting working parameters. This discrepancy growmegsomplexity increases since it requires
further development antésting of production processes.

The main advantages of the ABC metlame:accuracy of the cost estimate, robustness of the method
when the complexity of the component varies, low influence of the subjectivity of the person making
the estimate, and the gmbility of investigating the factors that determine the cost. As highlighted by
many researchers (Gunasekaran and Sarhadi, 1998), some igsnas regarding the
implementation of the ABC methotiick of a practical guide for the application, lack agament

between business and production strategies, and the lack of a structured approach for the analysis anc
improvement of essential activities such as production, marketing, etc. In additiaccthmacyof

the estimation is influenced by system coextly, mainly the process of collecting and processing a

largeamountof cost informatiorandmanaginga high degree of detail for each cost driver.

TargetCosting

As defined by Cooper and Slagmulder (199% Target Costing {C) techniqueallows to
strategically manage the future profits of a company, ensuring that a product is prefi@iigat

the time of its launch on the market. Since market price and operating costs are the most important
criteria for a customeo choosdetween ompeting products and processes, a successful application

of Target Costing requirgeeetingthecustomed expectations (in terms of functionalitgliability,

and attractiveness).herefore, it must be managed by a development team that inéduegsone
involved in the product creation process, similar to the approach adopted for Simultaneous
Engineering or Value Analysis. Target Costing aims to redbneeostsof new product whie
respecting product quality levels and time and market constraints, but also to provide cost reduction
activitieswithin the company, motivating employees to act systematically to achieve target profit.
These goals are achievable by determining the T&gst along the entire life cycle: the company
must produce the product at this cost to generate the desired profit and be competitive in the market.
Compared to conventional product development, the manufacturing cost is not determined
retrospectively, r@aning cost evaluation, but given as target costs for the subsystems to control the
development of solutions. Therefore, Target costing can be considered as a managementiapproach
whichthe cost is an input to the product development process and ngegjoence of it, as required

by DtC: it is determined by estimating the selling price of a product and subtracting the desired profit

margin from it.
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Target Costing is based on the cardinal rule that the target cost can never be exceésldte tny
way to create sufficiently profitable products. Moreover, eveéharevenof bankruptcy, the financial
loss is still significantly lower than that which would occur without the application of Target Costing.
The only exception to this rule occurs whauariching a product late has very negative repercussions:
the product is launched anyway by lowering the target cost and planning a series of cost reduction
measures to make the violation temporary. The degree of relaxation of the allowed costs is therefore
a strategic cost reduction challenge: many compdraesintroduced the reserve for the production
manager, a reserve of money to cover any problenattsgsduring the development process.
Several researchers have highlighted hbwe Target Costing guication must bedefined and
disciplinedin a highly systematiovay to be useckffectivelyin industry. In factthe critical factors
that influence the Target Costing implementation process, highlighted by Baharudin and Jusoh
(2015), are the customer orientation, the degree of information availability, the relationship with the
suppliers, and the degree of interaction with other systems or activitigarticular, according to
(Cooper and Slagmulder, 1999), Target Costiigsists othree main levels, as summarized below:
marketdriven costing, produdevel target costing, and compondexel target costing.
- Market driven costing The main activityof this phase is the definition tiie allowable costs,
typically obtained through a market analysis. This phase focuses on customer requirements, using the
concept of allowable costs to convey market pressure to product designers and component suppliers.
Five main steps are identifiedefinition of the sales objectives and the company's iergn profit
organization of product lines to maximize prpfiefinition of the target selling price of the product
calculation of the target profit margin of tkempanyfor achiewng long-term goals calculation of
allowable costss

O adé 0OEIaEYDT QM &) REQFT QR E VO Q0P w
As the allowable costs are influenced by many contributions, their calculation is a very complex and
critical step for thewhole process, especially during the design phase. In addition, it is worth
highlighting that the allowable costsare based orthe compan y 6 s -tefmopmofjt objectives,
reflecting the competitiveness of the company: this does not correspond to a benchmark with respect
to competitors. Moreover, these costs are defined on the basis of economic and financial aspects and
conditions externabtthe company, without considering the design and production capabilities of the
company and its suppliers. For this reason, there is no guarantee that the allowable costs will be
respected.
- Productlevel target costin@ This phase involvethe productdevelopment in compliance with the
cost objectives and requirements defined in the malke¢n phase. The pressure of the market is
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transferred to the designers, whose task is to combine functiomplaiity, and cost reduction to
satisfy the customeequests at the defined co&s compliance with the allowable costs is not always
possible, as explaineabove it is sometimemecessaryto reasonably raise the allowable costs to
address theséactors. This activity aimgo define the product level taeyy cost ensuring its
achievement through target costing, to reach the target cost of the product without sacrificing quality
and functionality. The produd¢vel target cost is calculated:

01 € QOO WD V61 | REDIVOI "BRd Q6 (FOKIOR WO UL Q
where the current cost of the product is obtained from the manufacturingregsiiedfor each
function, and the cost reduction objective is identified as the degree afedostion required to
reach the allowable cost. Once defined, the product level target cost is the objective that designers
must consider in the product development process.
- Componentevel target costing In this last phase, the need for cost reductatefined at the
product level, is transferred to the components and their supplisuslly, the breakdown into
components is carried out considering the main subsystems of the product. Opportunities for cost
reduction can be foundn particular,in thase subsystems (function groups or assemblidsgh
contribute significantly to the overall cost and offer the potential for considerable cost reduction (e.g.,
changing tasks, material, production processes and the assembly methods). At this level of the
process, the choice and management of suppliers are of fundamental importance, because their
activity allows the successful or unsuccessful implementation of the cost reduction strategy defined
atthecompany level. In particular, this goal is critical iorizontally organized companies, as they
purchase large quantities of materials and components from external suppliers. To calculate the
componerdevel target cost, the produletvel target cost ibroken dowrinto its main functions, i.e.,
the product srgroups essential f@achievwng system functionalityln this way, each working group
is responsible for the cost of the corresponding components. Therefore, the management and selection
of suppliersaarebased botlon makeor-buy decisios andonrewarddor the suppliers who aatainly
to reducecoss.
As described, the product development probeggnsafter the definition of allowable costs: for this
reasonjt is essential to start this step as soon as possible. However, to obtain a realistic estimate of
the selling pricethe product design must be advanced enough to demonstrate and quantify the main
gualities and functionalities.
Therefore, target costing important to continuously monitor the process and the progress achieved,

to ensure that corrective actions can be quickly defined in the event of problems. Only through a
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careful cost analysisan failures differ from those that can occur without targetsting, where
products could be withdrawn from the market even before they are launched, or worse, after launch.
Given the importance of product compliance with target cost, various engineering techniques have
been proposed to support this proggisasuki and Kaminski, 2007olt and Barnes, 2010; Hassan

et al., 201Q: Value Engineering (VE), or multidisciplinary approaahich aims to maximizehe

value for the customer in terms of functionality and quality while reducing costs; Design For
Manufacturng and Assembly (DFMA), focused on reducing cdstsimplifying production and
assembly while maintaining the functionality; Quality Function Deployment (QFD), based on the
translation of market requirements into technical requirements at all projels tevensure the
satisfaction of customer needs during product development; Failure Mode and Effects Analysis
(FMEA), which considers and evaluates all the causes and effects of a systentdahsareuality

and reliability.

1.3.2 Product Cost Managment (PCM)

Design for Cost (DfC) and Design to Cost (DtC) approaches are the key design methodologies for
the optimization of production cost§herefore,over the years the evolution of engineering
techniques and strategies for manufacturing cost estimatas beenremarkable Robust
methodologiefhaveaddressed most of the wdihown issues, buheapplication of these models in
industry has alwaybeenlimited dueto severafactors, in particular: the tirmeonsuming nature of

the cost estimation process, the high level of knowledge required to choose the right parameters, and
the high level of complexity of industrial applications (Shehab and Abdalla, 2002). However, the
evolution of the software has led to the introduction of specific tools, known as Product Cost
Management (PCM), to support engineerglieobjective evaluation of manufacturing catbtrough

the product lifecycleandthe enhancement of Design to Cost awttam.

As reported by Ehlhardt (20149 generic name for this type of softwdrasnot yetbeen adopted

mainly due to their recent development (compared with other CAx tools). However, since their
application in manufacturing industries is gainingreasinginterest and popularitythe literature
provides several terms to classify these tools: Product Cost Management (PCM), Product Cost
Estimation (PCE)or ComputerAided Cost Estimating (CACE) are the most common (Ehlhardt,
2014; Shehab and Abdalla, @). PCM tools support objective evaluation pgpbductioncoss

through advanced manufacturing simulations: over the years they are becoming more complete, easy

to use and effective for many industrial applications, thanks to the use of manufacturimgcass p
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databases and librarids. this way, these software provide a digital and Compéiged approach

as a modern and efficient alternative to traditional tewlsalculaing costs, mainly templates based

on Microsoft Excebr Access.

At the momenthere areno fixed standards for these softwareither regarohg the approach to the
calculation neither the user interfac®r thefunctionalities this is because PCM practice throughout

the manufacturing industry is not systematically defined (Ehlhardt 2844gveral software vendors

have developed their own cost estimation tool, diffecerst estimatiompproaches are available in

the market ad, therefore, PCM tools are applied in different phases, engineering departments, and
for different purposes. The ability to estimate costs makes it possible, for example, to check suppliers'
estimates and compare them with costs for internal produttias supporting maker-buy choices.
Another extremely important aspect is linked to the evaluation and comparison of the cost according
to the production technology (e.g., the choice between machining from solid or casting). Moreover,
their application ca be considered both in a concept phaseatean initial indication of the cost,

and in the actual cost evaluation phasenasost cases.

A large number of methods can be used to estimate the cost of products but, in general, the estimation
obtained 8ing these software considers all the different activigegiiredto obtain the finished
product, as defined by the ABC method (presented in the previous section). Therefore, it focuses on
costallocation to separate fixed costs, variat@sts and oveheads, and is commonly based on three
strategies:

- Standardbased Production costs are allocated froiatabaseser libraries, from which production
process data can be selected.

- Engineeringbasedi It defines the necessary resourtesed orthe fomulas that describe the
operations to be completed and the corresponding cycle time.

- Intelligent Emulatiori It uses particular algorithms, similar to those used in CAM, through which
the production process is reconstructed, obtaining an extremely t@ccosa estimation.

Of these estimation strategies, standaaded and engineeriiiased require specialist knowledge in
choosing the type of machine and settings for those particular operatif@esingthe accuracy of

the estimation itself. The choice of the estimation strategy depemusrily on the software
developer, whose business knowledge and level of automation guide the selection. Among these,
some are based on the ABC method, others areatdad the 3D CAD file, automatimguchof the

product cost estimation process (PAR)general software based on automated estimabielong to
Automated Cost Estimation (ACE).
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In most cases, software basedtib@ABC method are preferredlie tothe high flexibility provided

by this method imanufacturingpperations and management of complex products. Once the operator
has configured althe parameters (e.g., the machine type, input parameters, material, etc.), the
software automatically estimates theurly rate and cost for each activity involvédthough very
accurate in the simulation, with a level of precision directly proportiortalet@ccuracy of thmput
parameters accuracy, the ABC approach is -toresuming and requires a significant lewdl
experience.

On the other hand, ACE types are easieugesince they us8D CAD mathematics as input
information. In this way, the software automaticaltiefinesan optimal manufacturing path and
process, based dheinformation provided in the CAfle. Only a small set of variablésrequired

bythe use the type of material, the types of manufacturing operations, and the annual volumes (batch
size).

For both ABC and ACE softwaréhe estimation results are provided through specific visualiaatio
tools, as well aso analysehe effects of different production strategies with respect to production
volumes.

These software are growing in diffusion, becoming more complete, easy to use and effective for many
industrial applicationsToday several PKI are available: aPriori® (aPri@®), Costimator® (MTI
Systems), DFM Concurrent Costing® (Boothroyd Dewhurst), Micro® (Micro Estimating Systems),
Teamcenter® Product Costing (Siemens), SEER® (Galpr&blidWorks® Costing (Dassault
Systeme®) (Ehlhardt, 2014). The most common are briefly summarized to identify their main
structure and differences:

- aPriori® (aPriori®) 1 It is considered a computer modelling simulation software and belongs to
the ACEsoftware group. Awith most simulation software, it consists of several main elements, first
of all the mathematical formulation, i.e., the rufes estimaing the cycle time: for each feature, it
calculates how long will take to bgroduced It achieves the estimation of codty combining data

from 3D model geometripgethemwith data from the factory VPE (virtual production environment),
i.e., the digital version of the factory. VPEs correspond to specific libraries, including labour, square
meter osts, energy pricesand overhead costs, depending on the production location and the
parametersselected Thanks to its moddbased structure, aPri@ri can perform advanced
simulations, through the automatic recognition of semantic annotations, ingiwdahgrt tolerances,
surface treatments, and welding specifications. Moreover, it allows VPE customizatmhjdoe
realistic and detailed production costs.
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- Teamcenter® Product Costing (Siemein#&roduct costing is part of the Teamcenter® product life
cycle management (PLM) system. It belongs to the ABC software gwhigh analy®s the
production costaisingan extensive database, covering several production reggomsll as different
manufaturing and equipment optionk this way, it represents the entire cost structurehef
products €.g., mat er i al prices, wor k center s ,-to-c&ODMO s
calculations and comparing different design strategies. It provides tomage the impact of
conceptial changes on casearly in the lifecycle and suggest alternative design solutions, through
the identification of cost drivers and cycle times.

- DFM Concurrent Costing® (Boothroyd Dewhurstit is considered a hybrid tosince, asvith the
previous software, it enables modielsed cost calculations from 3D CAD models but also allows
manual input for the definition of manufacturing operations. It combines these options wiin built
libraries and databases, from which idigrthe major cost drivers associated with manufacturing and
finishing parts. In addition, it is complementary to Design for Assembly (DFA) software from the
same developer, through whitthintegrate the reduction of assembly operagion

- SolidWorks® Caing (Dassault Systemes®)This cost estimation tool is a buitt module of the
SolidWorks®3D CAD software. This allow®r increased level integration, providing a direct link
between 3D models and associated costsemadblingreattime evaluation of design alternatives.
However, its capabiliés are severelylimited, compared to the other softwaralysed having a
small, structured database, it provides estimation only for sheet metal and machined parts.
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Aim owonhke

2.1 Research gap

The previous chapter descrditne main structure of the Engineering design systematic approach,
focusing on theoreactivities ofthe Dimensional Management atite Cost Management, i.e., DfT

and DtC approaches. In particular, tiwelation of techniques and tools for design optimization has

led to important innovations and design stratediegeneral all these innovations move towards the
realization of a whole Concurrent Engineering approachmymrove and optimizethe product
development process. On the one hand, concuisas ComputeAided technologies, Model

Based Definition, and techniques of DfX are wealown and have been refined over the years,
constantlyevolving. On the other hand, advanced improvementddierance and cost design
optimization are relatively new and, in general, their evolution is currently in progress.

Therefore, despite thgrowingpotential given by the use of all these techniques, methodologies, and
technologies, a profitable application industry is hampered by several factors, as summarized in
the following paragraph.

The result is that today most manufacturing compaamiestill unable to take full advantagd the
proposed research innovatiods regardthe automotive companieis, particular thosdelonging

to top-classautomotive, it is possible to follow the structure of the systematic approach provided by
Pahl and Beitz (2013). These industries can be classifiedvio categories, depending on their
approactoproductdegyn and devel opment: ATraditional 6 d
-ATr adi t i o1 ahese cothpasiésgypically with lemedium production rates, stitly on

the traditional approach, as shownFigure B. According to this approach, after the definition of
product requirements, i.ghe result of the primary goals definition, and the selection of materials
and process technologies, the 3D CAD models of components and assembly are created and then,
throudh the iterative use of CAE simulations to check the requirements, the overall design is validated
(in some cases supported by the use of MDO platforms). At this stage, 2D drawings are executed
from complete 3D modelsyhich arenecessaryfor the productiorand the assembly phases. Product
tolerances are selected during this phase to provide the compliance of the realqumockrctinghe
functional requirements: most of the time, tolerance specification is basddeann gi neer 6
experience, empirical dafrom previous projects, and tHahd-error tolerance selection. Therefore,
tolerance stackips areonly analysedefore the production stages, after the complete definition of

the 3D component geometi@orrective actions aneecessargnly in case of an-achievement of the
product requirements, otherwise the product is integratethie process through the implementation
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of strategies,changes,and additions to make the product effectively feasible: in this phase
manufacturing process simulations @&eecuted to set the production process and the first cost
estimations are provided to identify the achievemetth@é&conomic requirements (i.e., target cost).
Then, after the first prototypes, the production tegin monitored by quality and inspeatio
assuranceConsequentlysince the processesbM andCM are limited to the final phase of product
design, DfT and DtC practices cannot be applied as design optimization methodologies. This is also
due to the fact that, for both tolerance analysis and cost estimation, traditional approaches and tools
are applid rather than Comput&kided and advanced ones. In particular for tolerancing, generally
linear onedimensional methods are applied for tolerance analysis, with RSS and-o&eest
calculationsFurthermorethe tools adopted manaiipeinformationrelating to tolerances in a generic

way: there is no distinction between geometric and dimensional tolerancdéstween the method

for consideing theeffects due to the parts and the assembly process.
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Figure18. "Traditional" design process
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Although simpler tomanage andequiringfewerinvestments in technology and organizational and
methodological changes, this approach is significantly lacking in integration and, theretbee, in
possibility of design optimization. The analyssperformed by externdbols, with respect to the
desgn environmentfesulting indifficulties in analysng quick changes in the 3D models, and
complicationsn managng and sharinglatabetweemmodelling and simulation tools. In addition, due

to the simplification provided by these traditiorgproacks the loss of informationcanleadto
approximate results, far from reality, especially with complex assembliea séardenumber of
components.

-AAd v anc e dbThese somgames, more structured and focused on méugmrates of
production, benefitfrom a more advancegroduct developmergrocess. The main structure of the
approach follows the same phases described above, but in this case, as shigurei®, they
generally adopt advanced Compugeded tools forDM andCM activities. This isespeciallytrue

for tolerance analysis, where CAT softw@sdrequently used to better mangg®ductcomplexity
through more detailed tolerance analysis. This means increase realism of the simulations, thanks to:
3D stackups, integating both dimensional and geometrical tolerances; advanced modelling of
assembly operations and constraints; better customization of the system capability, providing
probability distribution for each tolerance; customization of functional measurementiu(ctional

and assembly requirements) in terms of typology and acceptance limits. By ehigiiatirawings,

this approach exploits the integration capabilities of CAT tools with CAD software to share a common
environment. Since geometric modellingognetrical product specification and tolerance stgrk
analysis occur in the same design environment, all informatistored in the same 3D CAD model
improving data management and limiting scattering rigietting closer tahe MBD approach
However,CAT tools are generally appligd improve tolerancing activities budrerarely used in the
embodiment design phase, as a real optimization tool. This is mainly due to the overall diffi€ulties
changng mindsetin the design approadnd the drawbacksf ahe lack of integration with other
simulation software (i.e., cost estimation software)afesult, the potential of CAT tools is nodly
expressed and, consequently, DfT is only partially addressed in the design process: the degree of
application depends on the level of investment in techicdbgyvolution andabove all ontheability

of companies to evolve their organizational and desigproach. Thesame happens fahe CM
activity, with the additional drawback of the lower diffus and awarenessf advanced cost
estimation toolsAs these tools are relatively new and no fixed standards have culveatigefined,

these tools are partially applied by companibsy are minly usedto evaluae the cost of already

defined productgo optimize manufacturing processes rather than product design (i.e., DtC practice).
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Only in some cases, especially foliraited number of specific components, these tools are applied

to evaluate the best solution with respect to different manufactoiroogsses

As a result, the DfT and DtC approaches are not yet fully expressed due to the lack of integration
between the tools, not allowing an integrated view of the tolerance effects on manufacturing costs.
Consequently, multidisciplinary optimizatiaf product design is still hampered, requiring both a
changeof mindsetand the definition of a fully integrated design methodology for design optimization,

to better exploit the new capabilities of integrated and advanced simulations.
Asforiadvancedo desi gn ¢ 0 mpeaerngeaenysince dachsompaamyt neag o r y
have different abilies to invest in hightech tools and apply advanced design methodologies.
However, common issues and critical factors can be identified as theobsdacles tahe design
evolution towards CE. These factors, summarized in the following paragraphs, belong to different
phases and activities of product development, and their combined effeatiggigan overall

difficulty for manufacturersn applyingthe aforementioned innovations.
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Tolerance specification process

Tolerance specificationsithe first phase of tolerancing activiffrigure 20), consisting of the
identification of the product tolerance scheme, to reflect product requirements through the definition
of the dimensional and geometric variatioabowed product functionality is tmaslated on
component geometryy appling the Geometric Dimensioning and Tolerancing (GD&T) symbolic

language (Henzold, 2006).
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Figure20. Design for tolerancing{fT)

As pointed out byheliterature thetolerance specificatioprocess is still a challenging activity (Sun
and Gao, 2020)as it may be very difficult to apply GD&T scheme® geometrically complex
industrial products: the identification of tlverrecttolerance model, including the DRFs selection
andthe assignment of dimensional and geometric tolerancgsamuct geometryand the choice of
values and types, require a lot of knowledge and experientazdahe conflicting requirements
(Haghighi et al 2015) in compliance with rules and standards. This results in difficulties in
implemening GD&T standards on real components due to ambiguities and potential @sors,
different engineerganselect, for a given product, different tolerance schetypgs,and values
based ontheir knowledge and experience. As a consequetiee DfT approach cannot be
systematically applied since the definition of a proper tolerance scheme directly affects the
subsequent phases taflerance allocation and analysis atlderefore, the ability to achieve the
optimal tolerance design.
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This difficulty is due to an intrinsic complexity of the task, but also to the lack of support by
ComputerAided technology during this phase: a systematic and Gafed procedure must be
defined to address current issues (Feeney et al.,, 2015). Moreover, the definition of a clear and
unambiguous approach for Compufgded tolerance specification could improve the widespread
use of 3D semantic annotations, i.e., the HMhcea more robusapgdication of the MBD practice
(Hallmann et al., 2019).

ModelBased Definition

MBD is the key approach to enable the transition to digital manufacturing: if a company moves
towardsa more complete implementation of meteked engineering and data interoperability, there

iS no interest in using manual techniques. However, its industrial application is still challenging (Li
et al., 2016). According to the literature (Chen, 1996; &chland Wartzack, 2017; Ramnath et al.,
2019), the main issues are related to the lack of representation standards for PMI within CAD tools.
This results in the following consequences:

-Possible ambiguities in Ar epithe €A&Dsoftwdrd. ono and
- Manufacturers currently adopt different standards and file formats.

- GD&T is not completely inserted withthe3D models and not always assessed according to ASME
and I1SO standards.

- Decreased interoperability and integration be&mvéools due to limited computer interpretability
and data associativity.

- Missing establishment of a methodological approach for PMI integratiopriaduct design.
Consequetty, ensuring consistent interpretation and presentation obleiEglifferert engineering
applications is still anajor challenge (Feeney et al., 2015; Hedberg et al., 2016): this also affects
CAx tools (e.g., CAD, CAE, CAT, CAM, PCM etc.) themselves, reducing possibilities of integration
and, thereforeof full exploiting their ptential. Even if researchers are working on interoperability
and data transfer issues (Hallmann et al., 2019) and on the definition of framéwvagkbancing

MBD acrossthe product life cycle (Morse et al., 2016), methodologicakganizational,and

i d u u baaiérsare the main obstacles rather thlhatechnical ones (Fang et al., 2016; Goher et
al., 2019).

ComputerAided Tolerancing
The use of Computekided Tolerancing (CAT) tools is an important siepchangng the design

mindsettowards CE and MBD,enablingmore powerful design optimizatio.here are everal
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advantagesover traditional methodologies (i.e., manual, experiedideen and trialanderror),
mainly:

- More accurate 3D tolerance analysis, including both dimensional and geonoétrances
compliant with international standards.

- More realistic model of variation for complex products, combining rotation and transtéfeats
and different distribution types.

- Better integration with CAD software, thanksthe direct link between 3D CAD model and CAT
data and resulinalysis automaticnodelupdate when changes are made, iafatmation sharing
through PMI, if available.

- Easier and more detailed analysis of the effects of specific design choices, from tolerance
specificdion to assembly sequence and constraints, enabling more robust design.

However, despit¢the wide capabilities provided by these software, some importanalios still
hamper their widespread implementation (Fischer, 2011; Qin et al., 2018):

- 3D software is more complex than simpler linear to@sall component 3D features must be
correctly tolerged according to GD&T and both assembly sequence and constraints rmastedied
correctly.

- Despite their compliance with ISO/ASME standards, some tolerances are not sugpottedhe
form tolerances.

- Modelling of a 3D no#inear stackup takes a longime compared to the simplified 1D linear
tolerance stackp.

- CAT tools require 3D CAD models performthe analysis, requiring additional work in cases where
these models are not available.

- CAT software applicationequiresspecific skills;therefoe, training is essential for the correct use
of thetool.

As reported, the main drawbacks are related to the foe@ddifferent approachn the design phase
and a deep knowledge of GD& theengineers (Sigurdarson et al., 2018). In addition, évemch
CAT tools are directly linked to CAD models, they do not consider the effect of tolerances on
production costshemethods integrateidto CAT tools are noyet capableof providing quantitative
cost information, including manufacturing and toleranosts (Qin et al., 2018; Hallmann et al.,
2020a). Moreover, integration with PCM is still unavailable, limiting the analysis of tolerance effects
to functional requirementanly. Combinedwith the complexity and the requiretlills, this limits the
implementationof CAT softwarein industry, resulting in an unexpressed poteritbalintegration

capabilities and advanced design optimization.
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Product Cost Management

As remarked in the dedicated section, PCM tatisv a realistic estimation of maradturing costs,
providing a ComputeAided approach to enhantlee DtC approach. Thanks to their capabilities,
PCMs are becoming a promising alternative to traditional methods for cost estimation, addressing an
important role in MBD and design optimizatiddowever, these software are relatively new and their
diffusion is limited the main obstacle to theCM implementation is the lack of a standardized
approactregardng these software. This results in the following drawbacks:

- PCM tools are applied in ffierent phases, engineering departments, and for different purposes.

- PCM tools available on the market are very heterogeneous, with different irgeriagqeired
actions, modelling structure, functionalities, and calculation strategies.

- Depending onhe specific softwarethe estimation capabilities are significantly different (e.g.,
possibility to automatically provide process alternatives, identify critical geometries, import PMI,
consider tolerance effects on costs, etc.).

- Cost estimation with PCMools is more advancetthan traditional techniques, but also more
complexas it requires a lot of data from the user (e.g., 3D geometries, material specifications,
production process and capabilities, etc.).

- PCM application requisespecific skills forbothmodelling andanalysingcost estimatiojtherefore
training is essential for the correct use ofttna.

- PCM practice throughout the manufacturing industry is not systematically defined.

Consequently, PCMpplications during product development are still limitethifinal stagesof

the design process, to quantifye cost implication of engineering changes, as a final verification of
the economic targets (Agyapcei@dua et al., 2014). treed only at theend of the design phase
theengineers have definitive data and manufacturing information (Shehab and Abdalla, 2002; Sanz
Lobera et al., 2016Furthermore although PCM tools considéretolerance effects on costs, they
provide information only on theeconomic impact of tolerances, not on the functional effects. As
already highlighted, the lack of direct data exchange between PCM and CAT models has limited their
combined application to simultaneously optimize cost and performance and, thereforBfazpig

DtC approaches.

Tolerancecost optimization
Tolerancecost optimization is becoming the milestonghe DfT and DtC approaches. As DfT and

DtC aim to identify the optimal tolerance design to address both functionality and cost effectiveness,
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tolerancecost optimization providea practical application of this approach. The key factor that
enhancegolerancecost optimization is that it addresses rathjor phases othe tolerance design
process, leading to an integrated strategy for design optimization. As prevémagyysedin the
dedicated section, literature pointed out the most important areas of tolecshoptimization: over

the years, many researchers have psed effective improvements to each of these elements.
However, as reported by wadktablished reviews, the main obstaoléhe profitable application of
tolerancecost optimizationn theindustryis its complexity (Hallmann et al., 2020#)ehigh nunber

of interdisciplinary parameters, difficult modelling thie relationship between influencing factors,
and lack of detailed informatiam theprocesses are the main issues. Above them, three critical areas
can be identified in the methodologies andtstgies addressed Hiye literature, namely, data and
parameters sharing, flexibility to application complexity, and integration of simulation
tools/environments.

- Data and parameters sharing Missing classification standards, lacking integration between
simulation tools, and limited availabilityf dataduring the early phases of design lead to reduced
interoperability and inconsistent results (Saobera et al., 2010).

- Flexibility to application complexity Literature models generally suffeEom over-simplifications

and assumptions, limiting their industrial application. In addition, important modelling factors of
tolerance analysisuchas threedimensional effects, geometric tolerances and the use ekmne@in
standards (i.e., ASMIED&T and ISOGPS) are often neglected (Hallmann et al., 2020a).

- Integration of simulation tools/environmeritd.ack of integration of toleranceost optimization
approaches with available Compuf&ded tools, in particular CAT and PCM tools. Scientific
contributiors of ComputeiAided integration in toleraneeost optimization frameworks are limited

in number and most of the time their industrial implementation is difficult (Li et al., 2016; Sigurdarson
et al., 2018). Furthermore, MDO platforms are not implementekeiditerature for toleraneeost
optimization, as these software are relatively new and do not yet relate to CAT and PCM tools.
Among these issues, the last is the most critical: to simulate the problem correctly, especially for
geometrically complex sysms, integrated software tools are needed, as well as the definition of
specific modelling strategies. Therefore, a clear, eagplicable,and systematic framework for
tolerancecost optimization is required, based on high knowledgeahefdifferent disciplines
(tolerancing, manufacturing processes, optimization, cost estimation etc.) and provided with
indications about the information reqed (i.e., inpuoutput relations), the techniques and tools to

supporteach operative step.
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2.2 Research goal

As highlighted in the previous section, the combined effect of the aforementioned ledttrshe

failure to apply researdmnovations for poduct design optimization. Most of the time the limiting
factor is methodological and organizational rather than technical: an important number of companies
is already using Computéided tools and advanced techniques, but the lack of an integrated and
multi-disciplinary approach limits their effective application and, therefore, their potéxaidiese
companies could considerably benefit from a complete implementation of these innovations in the
industrial context, an innovative methodology is need&tting with the optimization of existing
processes to ovesmeorganizational boundaries arahove all with a fundamental cultural change.
Consequently, this methodology has to address the following goals:

- Overcome the limitations of the design press currently adopted in industry, proposing a
convenient and effective application of research strategies and techniques.

- Structue a design process based on the development of digital models with high information content
(data and knowhow), to incrase their change and upidgt minimizing errors and data scatter during

the design activities.

- Improve design optimizationysing advanced simulation tools and integrating frameworks to
optimize tolerances, to achieve product quality, functionality, and (manufacturing) costs
requirements.

- Effectively predict the performance of the final product from the early phases of desigoing
developmentime and cost.

With this in mind, the present doctorate research aimsgefining a new integrated design
methodology for product/process design optimizati@yndevelopng a systematic framework, DfT

and DtC approaches can be integrated, leading to an effective combination of DM and CM practices.
In this way, product design optimization can be further enhancezthreSE and MBD practices.
Therefore, the methodology ainastwo main goalsto integrate the production process into the
product design process, through the centralization of the informagoessanfor the tolerance
design within the CAD modeldp increase the accuracy of the analysis, avoiding dimensional
simplifications using integrated techniguesnulationsand optimization tools.

With the aim ofproviding a systematic methodology for more effective industrial implementation,
the research focuses on the automateetor specificallytop-classautomotive As the evolution of
technologies and materials and the increaggroduction rate are leading to modificatiain the

design processes, several case studies are considered to stress the methodology and prove its

suitability for practicabpplication.
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3.1 Proposed methodology

The proposed methodology aims to establish an integrated approach for product/process design
optimization. The main objective is to provide@nprehasivemethod for the industryespecially
automotive companies, as an evolution of the current design process. For thisthesss@tematic
structure and integratiasf softwareare the key points for industrial implementation: each step of the
method nust be directly applicable, provided by specific operations and corresponding tools to
effectively predict the effects of cumulative variation in geometrically complex systdms.it is
possible to achieve the goal of mudisciplinary tolerance desigoptimization, including DfT and

DtC approaches within a structured Compwated integrated environment, exploiting their
integrational capabilities aratldressinghe aforementioned limitations.

According to the main phasestbk product developmentrpcess, the methodologyapplied after

the definition ofthe product requirements and the selectiontlod material and manufacturing
strategies. It employs a different formulation of the product development process: compared to the
traditional method, m@duct/process integration begins directly in the design environnbgnt,
anticipatng tolerancing and costing activities. Product tolerances become design vasabless

for product geometry and nominal dimensions, to be considered for design optimization: combined
assembly and costmulations provide aomprehensivanderstanding otie impact ofdlerances on

both functional and economic requirements, enabling bdthebd DtC. Inthis way, geometric
modelling, geometral product specification and tolerancest optimization occur in the same
design environment. Indeed, all the informat®stored in the same 3D CAD mogdiehproving data
management and limiting tlseattering risks, approaching the MBD philosophy. Moreover, since all
tolerance design activities are implementetha3D environment, the 2D drawing representation is
nolonger essentiabllowing the shang and the use of the same CAD models duriegstibsequent
product development phases.

To achievethis purpose, th€omputerAided integrated approach for Tolerar€est Optimization

is defined and developed according to therentdesign process, innovations and technidua®

the scientific literatureand international standards and regulations. This results in a systematic
frameworkfor product/process design optimizati@s reported ifrigure 21, consisting otwo main
phases: 3D modelling and annotation, and toleraondeoptimization. These phases a@nposed

of subsequent step®, whichthe corresponding Computéided toolsareassignedo convert each

of theminto a clear sequence of practical activities and operations.
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Step 1- 3D modelling and annotation

This step aims at impimening tolerance information within the 3D modelsthe productproviding

the starting models and information required for the following optimization plrafigs way, the
integration of 3D dimensioning and tolerancing leads to the achievement of twoljedtives to
increa® the information content of digital models atalimprowve the tolerance specification and
annotationprocess Comparedto the typical wrkflow of product design definition, this phase
consistof:

- Part and assembly 3D modelliiigPreliminary 3D models of components and assembly are created
in the CAD software environment. These models follow the prescriptions provided in the previous
phases, through the translatiohthe main product requiremerts the geometry of theomponents.
Therefore, this phase comprises the definition of both part geometry and product structure, including
the assembly sequence and constraints. Before complétmgranslation by means of product
tolerances, the 3D models are fisstalysedhrough CAE simulations taerify the main technical
requirements.lterative use of CAE provides validation of tlewerall product geometry and
dimensionswhichcan be addressed with product and process specificaiimtethe needor CAE
simulation for product design is directly dependenthe typology ofthe productsandaiming to

focus on toleranceost design optinzation, thisPhDresearch work does not aim to implement CAE
simulation within the proposed approach (it will be addresséatter development, as pointed out

in the final chapter of the work).

- Tolerance specification and 3D annotatibfhe specificdion of tolerancesomplete the process

of translathg requirementsinto product geometry, addressing information about functionality,
assembly, and manufacturing. A systematic framework for tolerance specification is provided to
reduce subjective decisie and ambiguities: starting from the 3D model geometrypiioken down

into hierarchical steps and convertetbipractical operations within the CAD modkl.this way the
tolerances are inserted as 3D semantic annotation, i.e., the representatiorciehg functional
analysis, functional features selection (KCs), DRFs identification and GD&T scheme definition.
Consequently, the first tolerance values can be allocatedtlgl on the 3D models, as a starting
configuration to then be optimized.

As resultthe3D models record all information regarding geometrical product specificationttieom
feature geometry and dimensionsthe dimensional and geometric tolerancebkefiefore, the 3D
models are provided with the correct representation of the product to befiisiedtly in the next

phase.
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Step 2: Toleranc€ostOptimization

The seconghasdocuses on the integration between modelling and simulation approaches, providing
the integrated structure for tolerarmast optimization. According to the state of tharatblerancing

and costing activities, anlith referenceo the technologies available for manufacturing companies,
the modelling procedure is formalized in terms of operational steps andoumpuit requiredfor

each, as reported Figure 2.

3D models- CAD

3D Modelling and Parts and Assembly modelling
Annotation Functional analysis and DRFs selection
GD&T definition (3D semantic PMI)

|

Tolerance simulation - CAT
Com puter-Aided Measurements and distribution type set-up

. Tolerance simulation run and Data analysis
Tolerance AnalySIS Sensitivity and Capability analysis (o, Cp, Cpk)

Tolerance synthesis

(%2}
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acceptable? k3]
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. Cost estimation - PCM s
ManUfaCtu"ng Cost Production process and material selection g
Estimation Set-up of production parameters 8

Cost estimation run and output analysis

Is total cost m
acceptable?

Product design validation ]<://

Figure22. ToleranceCost Optimization

) /‘ Tolerance-cost Optimization MDO

The 3D models of the components and assembly, provided witheihformation neededn the
previousstep are imported as input for both tolerance analysis and cost estimation models. Therefore,
this second steponsistof:

- ComputerAided tolerance malysisi Key element of the proposed methodology, the use of
ComputerAided tolerancing address all the limitations of conventional methods for tolerance
analysis,enablingadvanced 3D simulatien A general procedure for Computided tolerance
analyss is identified and provided to formalize the modelling approagardles®f the particular

CAT software. The tolerance analysis model is develapexttly from component and assembly
models: GD&T schemes, including DRFs and KCs, are fully characterized providing distribution
types, as well as assembly sequenomts, and constraintsThe measurements are defined to
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reproduce functional and assembly requieats, i.e., the tolerance stagis obtained by selentj

the measurement control pointShenthe tolerance analysis is executed and the simulation results
are compared witthe product requirements artte process capability valueso@i® ), §): if the

output values are not acceptable, a synthesis of tolerances is needed, mtfiglegance values

and, if necessary, GD&T types and DRFs scheme.

- Manufacturing cost estimationTo provide a direct correlation between tolerances and costs, the
cost estimation deals with a mod®msed approach, from whido identify each cost factor.
Therefore, a PCMbased approach is structured to formalize the simulation procedure. 3D CAD
models of components and assembly are imported, providing the maisforghe estimation: parts
geometry, assembly configuration and constraints, and product tolerances. In addition to these data,
the specificationsof the materia of the componentsndthe manufacturing procesare provided,
according to the selection already made in the dedicated phase (i.e., material and process selection).
Then, production parameters are set, including production rate and location, process capability etc.
After that, the cost estimation is exged, identifying the manufacturing costs associaiti¢tal each
operation related to each component and featlieeestimatedosts (i.e., component cost, assembly

cost, annual and total production costs) are checkedaaatysedagainsteconomic targetsif
necessary, corrective actions are applied: since the methodology focuses on tolerance optimization,
changesn tolerance values are evaluated, and, if necessary, on GD&T types and DRFs scheme.

To provide the optimization of product tolerances, simaitathodels are integrated within a Multi
Disciplinary Optimization (MDO) environment: CAD, CAT and PCM models are linleet]
simulation inputs and outputs are related to product objectivg constraints. fle blerancecost
optimization is structured andifter selectig the proper optimization algorithrmhe automatic
iteration of the simulations is providedthe tolerances are iteratively updated and several
configurations are simulated. The process of simulation and comparison with resipeftriotional

and economic targetd the producis repeatederatively, and the optimal configuration of tolerances

can be identified athe besttradeoff.

As a result, the process of product design is completed and validatachigyingthe optimal

tolerancedesign.

As described, the proposed methodology enables DfT and DtC by means of a Céugrder
framework, through the integration of tolerancing and costing activities in the product design process.
The definition of this product/process integrated envinent requires a muitlisciplinary design
approach to support engineéssproviding a clearsystematicand modebased methodn this way
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the combined implementation of Compu#fgded tools is established, as well as the formalization of
well-known engineering practices.

Therefore, the methodology development has been dividedeneral phases, to address the issues
highlighted inthe literatureconcerningeach specific aredsiventhe central role othe tolerance
activity, thefirst part of the research work consists of defgnandevaluatingthe tolerance design
process:

- CAD-based tolerance specification and annotation

- CAT-based mdelling approach

The research activitthenfocuses on the process of integngtiools andtheirimplementation:

- PCM-based modelling approach

- CAT-PCM software integration through MDO

- MDO assessment through PMI integration

For each phase of developnt, a systematic modelling procedure is formulated and apyalied
simplified case studies, according to the stdtart andcombinedwith the selected software.

This aim is reflected in theextchapter, where the industrial implementation of the nudlogy,
appliedto an automotive engine, is dividedtantwo corresponding steps: CAJased tolerance

analysis andolerancecost design optimization.
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3.2 Phase 1: CAbBbased tolerance specification and annotation

Following the main steps ¢fietolerance design processtlinedin section 1.2.2, the first phase of
the proposed methodology consists of the tolerance specification and annotationThbakesy
elementto providing an unambiguous geometrical productcsjcation is the compliance with
tolerancing standards to correctly apply GD&T symbolic language. As pointed the litgrature,
thetolerance specification process deanandingactivity, and the definition of a clear and systematic
practice isnecessaryto reduce subjective decisions and ambiguities. For this reason, a Cemputer
Aided framework for tolerance specification is provided for the systematic selection of optimal
GD&T schemes and types (Petruccioli et al., 2021b). Moreover, this frameeaknes the enabler

for the whole Computefided tolerancecost optimization method itself since it directly impacts the
result of the design activity.

The main steps ofhe tolerance specification are formalized in the framework, providing a
hierarchicalorder and guidelines to drive the selection of DRFs scheme and functional features on
3D CAD models: the integration capabilities between the GIb&3ed approach atioe parametric

3D CAD modellingis exploited through the use of semantic annotatmwn3Dmodels with PMIIn

this way this frameworlaims to ovezomesome of the current limitations of MBD practicealiows

the generation of 3D modeatapableof showing the user all the part features athédy weredrawings.
Therefore, 2D drawings are nlmnger indispensable (almost during product/process design
definition), and the integration dhe geometric information of the 3D model with the GD&T
annotationsi(e., Daturrs, geometric and dimensional tolerances, etc.) provides files reduction and
less data dispersion, a major issue in all fieldsngineering

Following the GD&T rules, the process that defines the correct tolerance model is composed of

specific steps (Figre ), described as follows:
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Figure23. Tolerance GD&T specification workflow

- Functional requirements analysisThe equirement list imnalysedandthefunctional targets and
technological requirements to beet(e.g.,position of featurg geometrical conditions, gaps, flushes,

etc.) areextractedisolated and quantified (whemcessary for simpleidentification of geometrical
elements. This fundameaitphasemainly influences the final result of the design activity.

- Identification of functional featurésThe geometric elements that influence functional requirements

are identified as KCs and selectedhia3D model. KCs selection is handled in PBI environment,

to be subsequently characterized with tolerances. If multiple requirements have to be checked, KCs
can be groupedy functiontype.

- Assembly sequence definitioBoth functional requirements and basic parts geometry are evaluated
to identify possible assembly operations and assembly order. As different assembly strategies
constrainthe DOFs of the parts differently, the final result can deverelyaffected. Therefore,
different solutions can be considered, to be compared and validated.

- Identification of assembly and manufacturing featuireAssembly features are identified and

selected from the assembly sequence. If necessary, manufacturing features, e.g., surfaces to clamp ol
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to position the part for machining operations, can betifieth and selected as well. As for the
functional features, assembly feature selection is handled in PMI 3D environment.

- Definition of DRFs TheDatuns are identified as reference elements of the tolerance scheme, from
which to locate the other features that require tolerance control. Accorditig ®D&T rules
(Henzold, 2006), the selection @fatunrs follows a hierarchical order, known #se order of
precedence, to uniquely defilee component positioning and locate the reference system for
functional dimensioning (i.e., define the orientation and location of the tolerance zone). Therefore,
the DRFs have to be concurrently defined (th2-B rule isgenerallyconsidered for planddatum
feature$ andqualified following this order. In addition, to identify the correct selection of DRFs,
manufacturing operations can be considered to define the most realistic order of DRFsh&hen,
DRFs are insertedhio the 3D models as semantic PMI, on the geometrical features previously
selected.

- Definition of functional relationsipsbetween DRFs and KGsOncethe DRFshave been entered

the KCs can be characterized with respectthe DRFs, with identificationof the functional
dimensions between the featur€ensequentlythe structure of the 3D tolerance model is enriched
with thedefinition of the tolerance chains thie functional features. These functional dimensions are
enterel in the model as PMI, to bmeompleted with dimensional tolerances.

- Identification of additional featureésSecondary features to be located and tolerated can be selected
and added to the PMI environment, if necessary.

- Selection of dimensional and geometric tolerance typ&snally, dimensional and geometric
tolerances are assigned for each selected feature to be contrbkedlefance types are identified

to properly characterizéhe KCs with respect to their nominal geometry or the set of DRFs.
Tolerances arenterednto 3D models as PMI to complete the tolerance model.

The resulting 3D tolerance model reflects design intent, part functionality and assembly operations.
Tolerance allocation is the next phaseDéf, andit can be easily handled directly on 3D models:
tolerance values are related to PMI tolerarpresiouslydefined. Thenthe3D models with tolerance
schemes are ready for thexttolerance design phases, in particularghlesequentAT simulation.

The workflow providesa clear separation between fuootl features identification and assembly
features identification phases. In fact, the correct process of functional amalstisoncern only

the feature neessaryfor thefulfilment of the product functions (i.e., functional requirements): only
these éatures must be identified as KCs. Thiéwe,analysisof theassembly sequence performed,
andthe assembly features belong to the specific assembly sequence: they can change considering a

different order of assembly operations or a different type of constraints between the components.
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Therefore, multiple assembly features can be identibethe samd&Cs. However, in some cases

some assembly features correspond to some KCs. For this reason, even if the separation between
functions and assembly can be difficult, the separation between the corresponding phases is necessary
to avoid any ambiguity.

As aresult, the framework returns the 3D CAD models caamplith the GD&T rules, recording

all information réated to thegeometrical product specification, from feature geometry and
dimensions to dimensional and geometric tolerari@g$ollowing the framewrk, engineers can act
systematically and sequentially during product specification, reducing the probability of etha's in
GD&T application: it clarifies the function of each geometrical element, its relationship with other
features and the type of dool it requires Furthermorethanks to PMI semantic annotations, the 3D
models are provided with the correct representation of the product to befiisiedtly in the next

phaseallowing the automatic sharing of all manufacturing information.

General mechanical assembly

To assess the tolerance GD&T specification workflow, it has been apphesimplified case study,

a general mechanical assemidfyglure 2). This case study is representative, in terms of functional
requirements and assembly operations, of many industrial products, such as gearbox and engine block
assemblies. Moreover, the definitiof the tolerance specification model for this assemblykho

provide a common GD&T scheme to reuse for several products with similarities, providing savings

in development time and costs. The method is implemametdy a specific tool from CatiaV5®

CAD software by Dassault Systéemasé&indgaanaVBhBk
module. Aswith most of the 3D annotation modules provided by CAD software, it is able to define
and manage the specification of tolerances and annotations both for single parts and 3D assembilies,
and both as 3D presentation angresentation (Gaunet, 2003).
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Figure24. Mechanical assembly: 1 support; 2 shaft; 3 plate

The mechanical assembly considered consists of three main components: a sigh@dtiald a
plate, respectively referrdd as #1, #2and #3, as irthe Figure The assembly has been chosen to be
considered as an industrial product ready for the staptrageof DfT, the tolerance specification
stagethefunctional requirementsiustbe translated as tolerance scheme of the components, already
modelled in their basic geometry. To be as general as possible and provide a referenceotadidel,
theadditional components needed to complete the assembly are considered.

- Functional requiements analysi$ As with all mechanical transmission assemblies, the main
function of the selected case study is torque transmission threhafitrotation. The support has to
locate the shaft to match the required geometric position with respbeetdernal components (i.e.,
secondary shafndgear wheels, not considerbdrefor simplification purpos®. The plate has the
function of clogng the case, providing the correct position of the hole to match shaft rotation and
avoid oil leakage (the ghlst is not considered for simplification purpsseTlherefore, the main
function of the assembly is the correct positioning of the shadhsure the conditions for torque
transmission.

- ldentification of functional features As a result of the previos step, functional features are
identified on each component as KCs (Fgy5a).

1 Support: intemal cylindrical surface for suppeghatft relative rotation (clearance fit); planar
surface fotthe platesupport interface.

1 Shatft: cylindrical surfaces for shaft relative rotation with respetttdsupport andhe plate
(clearance fit).
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1 Plate:iintemalcylindrical surface (central hole) for plasbaft relative rotation (clearance fit);

planar surface to close the case.

- Assembly sequence definitibi€onsidering the assembly main function and the basic geometry of
components, the assembly sequence is identified: the shaft is inserted into the support, it is aligned
with the intenalcylindrical surface and positioned oretsupport interal shoulder (bearings or thrust
washers are not considered for simplification purppsEne plate is positioned on the support by
contact between the twwoain planar surfaces. Theansuringthe correct alignment with the shatft,

the transhtions of the plate are blockdyy inserting the first pin (i.e., representative of a screw
operation) and finallgherelative rotation is blocked with the insertion of the second pin.

a

Figure25. Tolerance GD&T feature selection phases: a. functional features (KCs); b. assembly features; c.
DatumReference Frames (DRFs)
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- Identification of assembly and manufacturing feattirds aresult of the previous step, assembly

features are identifiednoeach component (Rige 5b).

T

Support: as for plateupport assembly, planar surface tloe plate support interface, holes
for the insertion of the pins; for shaft positioning, inadrcylindrical surface for shaft
alignmentandintemal shoulder for aial location.

Shaft: the assembly featuresrrespondo the KCs, with the addition of the shaft shoulder.
Plate: as for the support, planar surface and pins for-glgeort assemblyintemal
cylindrical surface for shaft alignment.

As with mostindustrial cases, some of the assembly features also beltmiGs group.

- Definition of DRFs- The definition of DRFsnustconsider the features identified in the previous

steps. In this case, the assembly sequenmenisedon the support, on whidme other components

are assembled. The assembly interfaces between the components are divitieal imdependent

areas (i.e..extenal features forthe platesupport interfacejnternal features for shafsupport

interfaces). Therefore, the choice ofRBs must be made consideringthese areas and the

manufacturing operations: for the support, thiernal features will be machinetklative to the

extenalones (where it is held in positior§onsequentlythe DRFs of the components ddentified

with the following features (Fige 5c):

T

Support: the contact surface with the plat®a&umA; the first hole is identified aBatum
B; the second hole BatumC.

Shaft: as common for rotating components, the cylindrical surfaces ardiédeats the
CommonDatumA-B; the shaft shoulder in contact with the suppoRasumC.

Plate: as for the support, the contact surface with the suppD#tisn A; the first pin is
identified adDatumB; the second pin is tHeatumC.

- Definition of functional relationsips between DRFs and KOs Once defined the DRFs, the

relationdipsbetween KCs and DRFs and between subsequent DRFs are identified:

T

Support:DatumB mustbe qualified with respect to A, to control its orientation, as well as for
DatumC, i.e., to control botkheorientation and position with respect@atumA and B;the
internalcylindrical surface has to be located with respe®dtuns; internalshoulder has to

be oriented and positioned along the rotation axis. The posititmmeswithrespect tdatum
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A while the orientation is done with respect to ihkernalcylindrical surface, to ensure the
correct orientation of the shaft.

1 Shaft:DatumC needs to be qualified with respect to Comnb@tumA-B, with orientation
and axial positiorcontrol

1 Plate: as for the suppoBatumB and Cmustbe qualified with respect to A and, fDatum
C, toDatumA and B;the internalcylindrical surfacemustbe located with respect tthe

Datuns.

As described above, torrectlyorient theinternalshoulder of the support, theternalcylindrical
surface has to be identified asreference. Therefore, the additional DRfatum D has been
introduced.

- Identification of additional featurésConsidering the basic geometry of the reference assembly and
the simple functions of the componemts,additional features are required.

- Selection of dimensional and geometric tolerance typAs a result of theprevious steps, the
definition of the tolerance types is easily performed, correspundo the identified functional

relationdips

1 Support:the dimensional tolerance is identified on the diameter of the hBlagi(nB and
C); the perpendicularity withrespect toDatum A is assigned orDatum B; Datum C is
controlled by a position tolerance with respect to A an@&umD is controlled by a position
tolerance with respect @atuns A, B, G by a diameter tolerance to match the dimensional
tolerance withrespect tdatumA, andby a perpendicularity with respect BatumD.

1 Shaft:the dimensional tolerance is identified on the cylindrical surfaces of Conibatumm
A-B; as regard®atumC, even itheperpendicular tolerangaaybe sufficient, a total runout
tolerance with respect to-B is preferred, as preferable for rotating components.

1 Plate:thedimensional tolerance is identified on the diameter of the piagiMmB and C)the
perpendicularity with respect idatumA is asigned orDatumB; DatumC is controlled by
a position tolerance with respect to A and B; the central hole is controlled by a position
tolerance with respect @atuns A, B, C andoy a diameter tolerance to match the clearance
fit with the shatft.
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Figure26. Tolerance GD&T specificatiomodel

As aresult of the workflow, the tolerance model of the assembly is completedtheitBD&T
specifications defined as PMI (kig ). Therefore, the semantic PMI is completed with tolerance
valueswhich can beentereddirectly into the 3D models during tolerance allocation.
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3.3 Phase 2: CATbased modelling approach

Performing the tolerance analysising CAT tools is thecoreactivity to enablethe DfT approach,
allowing a more realistic model for dimensional variation simulatiespeciallyfor complex
industrial products. Despite several advantages addressettaditional methodologies, a general
procedure can be identified to overstep the methodological transition. The formalization of the CAT
modelling approach is provided to support engineers for the correct use of the tool even without
particular skills, ad regardles®f the particular CAT software.

The CAT modelling approadhcludesseveral steps, reported below andrigure 27 (Petruccioli et
al.,2021a). Depending on whether the GD&T is implemented within the 3D CAD models as semantic
PMI (as describé in the previous paragraph) or whether itm®delled directly in the CAT
environment, some of the first steps (i.e., functional analysis, tolerance specification and allocation)
are already developed in the CAD environment. To be as general as passbfellowing
description considers GD&T modelled within CAT models: if tolerance PMI is available, it will be

importeddirectly into the CAT model without additional actions.

s ™
Functional analysis Identification of product
functional features (KCs)

Import component Elimination of non functional
parts and features

' H Definition of assembly

Assembly process modelling i il
sequence and kinematic joints |

L.

J

- . -\
Tolerance characterization Setting of DRFs and geom/dim
tolerances (GD&T)

. Setting of functional measures )
Measurement selection -
and acceptable limits

- vy
v ; A
simulation }* Calculation of the tolerance
stack-up )
. y Comparison of the results with )
Analysis of results
the expected values )

Do the calculated results fit e End
n

with the expected values?

Figure27. CAT modelling approach

- Functional analysis The first phase corresponds to the functional analysis of the specific assembly,

to understand the real engineering needsatare the main features involved in the tolerance stack
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up (and corresponding dimensions and toleranedst is the correct assembly sequence to ensure
the correct functioning of the model (from whithidentify DRFs and coupling features); atlare

the features representing the functional measurements (i.e. product functional and assembly
requirements). Inddition, the assemblembmponentsire studied tanalysehe possible contact and
interface zones betwedime components: the areas between adjacent parts are highlighted to identify
gaps or steps.

- Import components Since most CAT tools work in pardlleith CAD software,the 3D models

must be imported o the CAT simulation environment: part geometries, assembly model (to import
the relative positioning and sequenoé componenfsand, if implemented, semantic annotations.
Another important activity bthis phase is the elimination tifenon-contributing partérom the CAT
mode] to simplify the model and reduce its size: the analysis requires only the CAD models of the
parts involved in the chain, all other parts are usefagshermoreonly the functional surfaceseed

to be defined.

- Assembly process modellind’he assembly sequence is known from functional analysis and 3D
models. The parts amnnectedvi t h fAj oi nt s o t h &ofthelcmponentshirethet h e
assembly: clamping and fixing operations of the parts, thilsorresponding constraining of@F-s.

It is a criticalstepthat assigns the assembly response and behaagulifferent connections can lead

to very different resuf.

- Tolerance characterizatioin In this phasgall the tolerances involved in the stagi must be
entered ito the CAD model and characterizethe selection of part featuresghe tolerance
specification and allocation, arttie selection ofthe tolerane statistical distribution types are
executed to saip the model and provide more realistic simulatehaviour As noted when PMI

is available, this operatiobeginswithin the 3D CAD models, otherwise the operator must enter
GD&T, including DRFs schees and tolerances, directhitantheCAT environment.

- Measurement selection and sgt - This phase is the core of the tolerance analysis since the
functional requirements to be investigated are defimeedin terms of measures (linear, gap, angular,
etc) and acceptable limits. Tlhoiceof the measure typeanhave a big impact on the correctness

of the analysis: a good tolerance stagkmodel can give wrong ressif the measures are incorrect.
Therefore points or directions are often needed to Isestupthe measurement. Once the proper
featuredhave been selecteahd the measungentset the stackup is closed and the model completed:

it is now ready for simulation.

- Simulation and analysis of ressit After running the simulation, the results aealysedand

compared with the targets. Two situations may accur
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In case of success, thestprocessingnvironmenusuallyshows a list of the tolerances involved in
the chain with their Aweight o and thBwratos. Thei v i t
weightindicateghe variance contributiaio the functional measure set, while the sensitivity indicates

the slope of the response function. These indices indicate which tolerances lshohthge to

exploit the functional limits set in the measure, ensuring the quidtjectives(, ,0 ,0 etc.).

In case of failure, there are mainly two options, depending owligt@nce to the targef\ large
inconsistency means that something is wrionfpe modelusually, the causés the inappropriate use

of the kinematic joints. A small inconsistensyquires a re-allocation: this means changing the
process omodifying the functional limits, or acting on tolerance types and values, locator positions,

andassemby strategy

Simplified gear motor assembly

To implementthe proposed methodology on complex industrial products, a CAT tool with a high
integration level is chosen to develop the tolerance models: Cet®l V10.2 (developed by
Sigmetrix, LLC) has been adopted among the CAT tools mentioned before. As repdanedirst
chapteron theCAT software description, it represents one of the most advaobatbnsfor the 3D
statistical tolerance analysis, based on the Variational model and capadwéing nonlinear
problems. In particular, it is based on direntegration with the most common CAD software and
allows the automatic reading of semantic PMithis way, itallowsthe complete development and
assessment of the proposed methodology. During the research work, it has been applied in
combinationwith boththe CAD softwareCatia V5® by Dassault Systemes® arlEDParametric®

4.0 by PTC®:in particularfor the CAT-based methodologyboth the case studies have been
implemented within Catia V5®.

To assess the CAbased modelling approach before its impdeationin the industrial case study,

it has been firstly applied with respect to a simplified model, obtained from a real assembly of an
industrial gearmotor (Petruccioli et al., 2021b). The original gearmotor is compbgezigearbox

case, the covetherotating shafts and alheadditional component$-gure 28).
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Assembly sequence

b 2-3-4-5-6-7in 1
? 9in1
10in 8,andin1

Parts of the output
side of gearbox:

1 Gearbox case

2 Shaft «1» 0
3 Ball bearing

4 Conical spacer

5 Helical Gear

6 Ball bearing

7 Spacer

8 Shaft «2»
9 Roller Bearing
10 Roller Bearing

Figure28. Gearbox assembly: ariginal model; b.assemblysequence

- Functional analysi$ Aiming at validating the modelling apmach,theanalysis has focused on the
first functional requirement, i.e., the distance variations aloitiy the X and Y directions between

the first shaft and the second sh&ig(ire 28b). In this case, the objective of the study is to identify
the contribution of each tolerance to the measurement varetidio understand which tolerances
have the greatest influence fumctional requirements.

- Import componentsThe simplified modelshown inFigure 29, has been developelirectly from

the general mechanical assembly used for the tolerance GD&T specification assessnsesting

of the case (1), the cover (2he primary shaft (3), anthe secondary shaft (4). Modifications are
made to replicate the bageometry and main dimensions of the real assembly. All unnecessary
components are not considered and some of them (i.e., ball bearings) are incthdgeametryof
themain componentsThe components to be simulated are treasedgid models, without distortion

of the parts

- Assembly process modellingrhe assembly sequence, reporteéfigure 28b, has been translated

to the simplified assembly: the primary shaft (3) is aligned to the upper housing of the support (1)
andpositioned on the upper inteal shoulder of the support. Then, the same operation is repeated for
the second shaft (4). Finally, the cover (2) is positioned on the support (1), by mé&aaplahar
contact between the two main surfaeesl thealignmentbetween the cover pins and the support
holes (i.e., representative of a screw operatemguringthe properalignment with the shafts.

- Tolerance characterization The tolerance scheme of the gearbox assembly is very similaatto
identified for thegeneral mechanical assembly, bahDRFs, KCs, and tolerances: in this case
consists of two shaftastead obne. Indeed, they share the same tolerance schemé¢hetdierance
values are different, according to the specific dimensions and eeggnits. Particular attention is
provided to the interface between the cylindrical housings (i.e., the bearing housings) of the support

and the shafts since they directly affect the functional requirement (axis alignment).
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- Measurement selection and sgti Two measurements are set, the distances between the shafts

alongwith the X and Y directionatthe meshing gears (at a specified axial distance).

Figure29. Gearbox assembly simplified model

- Simulation and analysis of result3 he statistical analysis provides the distribution of the variation
forboththeX and Y axi s. For t-2(€DIRECTIGN), themmanantrieritore n t
to variation are (support = #1, plate = #2, primagfsh #3, secondary shaft = #4):

1 Position tolerance of the lower support housing (36.5%) (#1).
1 Runout tolerance dbatumC (31.6%) (#3).
1 Position tolerance of the upper support housing (29.5%) (#1).

For the second-2MMOKREATION)ne ma contigpiitdrs to variation are (support
= #1, plate = #2, primary shaft = #3, secondary shaft = #4):

1 Position tolerance of the lower support housing (36.5%) (#1).
1 Runout tolerance ddatumC (31.6%) (#3).
1 Position tolerance of the upper supgwtsing (29.5%) (#1).

As visible, the tolerance analysis shows the same contributors in both X @dinectors, justified

by the fact that position and runout tolerances act with the same probability distribution along the
radial direction for all cylindcal surfaces. The critical tolerances on whtohact to optimize
functional requirements have been identified. Therefore, depending on the comparison of the
resulting measurements with the expected target values, two strategies can be adopted: if the targets
are notmet it is possible to tiglen the values othe main contributors to improve the assembly
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performance; if the targets are easibhievedand the procedsas a greatercapability (i.e., it goes
beyond the expected level), it is possiblerétax the values of the main contributors, reducing
manufactiring costs. In addition, the analysis identifiesl#@stcontributing tolerances, on whith

act without significantly affeatg the functional requirements.

Automobili Lamborghini V12 engine assembly

Anindustrial assembly frortheautomotive sectdnas been chosesthesecond case study to apply
the CAT-based modelling approackn this casethe aim is to verify a real implementation of the
method on a higlitomplexity industrial product. Since CAT analysis is one of the key activities of
the propsed methodology for the tolerarcestoptimization,this step is of great importance: once
its effective implementatiomas beerproved the integration with the other simulation tools is
possible and, nreimportantly, suitable for companies.

For this reason, the case studies introdumad(the second fully described in the next chapter, with
the implementation of the complete methodology) represergxaallentexample of industrial
products for whichthe ComputeAided design optimization approach can be very advanced and
appealing.

The industrial case presented is the fpgifformance V12 engine assembly currently produced by

the company Automobili Lamborghifip.A. (Figure30).
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Figure30. Automobili Lamborghini V12 Engine Assembly

Two case studies have been developed to verify and optimize two different requirguardstee

the assemplof the parts composing the engine block assembly; optitnételerancedetweerthe

engine block andhe crankshaft taguaranteg¢he expected performance while reducing the overall
manufacturing costs. The common objective of the two case studies just memngitmedhieve a

clear understanding of the engine tolerancegingldo the subsystems and individual parts: only in

this way is possible to review them goaksiblyexpand their values.

Since the case study raddto theengine blockassembf operatiorfocuses on achieving high process
capaility (i.e., minimum numbe of reject$ rather than optimizing the tragsdf between tolerances

and production costs, it is the first to be addressed, requiring a full CAT analysis. Therefore, it

represents thbestcasestudyfor applyingthe CAT-based approach.

V12 enginélock assemlgloperation

The selected case study aims to verify the effectiveness of the assembly operations of the engine
block (Petruccioli et al20213). Asin the previous case study tre CAT-based modelling approach,

the CAT software selected ist0e  ®, astheworkbench of Catia V5® CAD software.

In this engine, the engine block is dividetbih wo par t s: the upper part

the | ower part c abrlymadufaéteimydphapethese teva parts lammachinkl e
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into a single component requiring a proper DRF: the usual proceduthis caseis to choose a
similar DRF for each of them, ensureghebest possible assemblyf the parts. Moreover, a fixturing
system is necessary first to allow correct positiotiagyveenthe cylinder block and the bed plate,
then to avoid their movement along the separation plane (critical condtiipital of high
performance VEngines). Br these reasona certain number of bushings (one for each stud) emsure

the functional requirements described above.

Figure31. V12 engine assembly: 1. UC, 2. LC bushings, 3. LC studs, 4. LC, 5. Cylinder head bushings, 6.
Head gasket, 7. Cylinder head studs, 8. Cylinder head

- Functional analysi$ The V12 engine assembipnsists othe following components, as shown in
Figure 31 the engine block, divided i upper (UC) and lower crankcase (LC) (i.e., the cylinder
block and the bed plate), the head gasket, the cylinder heads, and the fixture and positioning elements,
i.e., the crankcase bushings and the studs. In particular, there are 14 bushings anda3studs

side, and 2 bushing and 14 studs on the cylinder heads side. The analysis focuses on the bolting
operations between the upper (UC) and lower crankcase (LC) of the engine block, and between the
cylinder heads and the UC. Since bushings and stitidsv& the positioning and bolting operations

of the assembly, respectively, their interface with the other components is crucial. In addition, the
interface between the main components hgseatinfluenceon both component positioning and
engine perforrance. For tis reason, the main features of these areas must be very precise, requiring

additional manufacturing operationsrteetthe functional targets.
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- Import components The assembly is importedtmmthe CAT environment t@nsurethe correct

relatve positioning of the components. Noantributing partsuchas the head gasket and one of the
cylinder heads were not considered in the simulation: the former is inchudhedUC asanadditional
thicknessthe latter is not necessaagboth cylindetheads share the same product specifications and
assembly operations. The components to be simulated are treated as rigid models, without distortion
of theparts

- Assembly process modellind he assembly sequence is identified: the UC is fixed (i.e., it is held

in position by an external fixturing systeamdthe bushings are inserted in their housings on the UC

(on both cylinder heads and LC sides) with interference fit, following a preise. Then, the studs

are inserted in their housings on the UC, following a prescribed order. Once these components are
positioned, the LC and the cylinder heads are inselB@ting operations on the studs complete the
assembly of the engine.

- Tolerarce characterization The DRFs for the components (Fig@@® are identified and modelled

on the 3D modelsvith respect to the assembly sequertarting from the UC and LC, the first
reference Datum A, is the separation plane between the parts. Thersiadering the positioning
function of the bushings, the holes corresponding to the two diagonally opposite external bushings
are defined aBatumB andDatumC: B is qualified with respect DatumA with a perpendicularity
tolerance, C is qualified with gosition tolerance with respect Batuns A and B. Then, a position
tolerance with respect @atuns A, B,andC locates the other housings of btitebushings anthe

studs. All functional features are provided with dimensional and geometric toleranoegttie
previously definedunctional requirements, inserted on the 3D models with respect to the DRFs.
Finally, the model characterization is completed with theréwoice allocatiorthe starting tolerance

values are selected according to the prescribed technical specifications and manufacturing process.
The same is repeated for the other components. The cylinder head has the same type of DRFs and
GD&T scheme (for waom thatconcernghe assembly operatioas UC and LC. Finally, bushings

and studs are characterized by dimensional and geometric tolerances to control the cylindrical
surfaces of interface with the main components, as well as their axial deviatiors tase the

tolerance values are provided by external suppliers.
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Figure32. DatumReference Frame (DRF) identification on the UC

- Measurement selection and-sgt- The functional measurements(, the responses to lobecked

in the tolerance staekp analysis) are set correspondingly to the assefabttional requirements:

the gap of both the bushings and the studs with respect to their housings in the engine components,
i.e., between the cylindrical surfaces tbke interface (Figre ). In particular, the absence of
collisions and physical interferences between the parts (gap wdljfisdfor all the measurements

the accepfaility limits have been set for each measurengrassessing a target capability valde o

+3, (corresponding to p and a process Yield percentagfe€99.73x6).

Figure33. Functional measurements
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- Simulation and analysis of resukg he analysis of the simulation outputs provides the following
results. These are classifieddriwo groups, considering (A) the gap measurements betteen
bushings and their housings, and (B) the gap measurements b#testeids and their housings, for
both the UCGLC (1) and the U&ylinder head sides (2).

T A.1 The target <condition is not v &4).iTHei ed,
sensitive analysis identifies the main contributorgariation: the position tolerance of the
bushing housings on the UC, the position tolerance of the bushing housings on the LC, the
dimensional tolerance of the external diameter of the buskangthe dimensional tolerance
of the bushing housings on th€.

T A.2 The target condition is not verified,
identifies the main contributote variation: the position tolerance of the bushing housings on
the cylinder head, the dimensional tolerance of the bgdtonsings on the cylinder heaahd

the dimensional tolerance of the external diameter of the bushings.

Normal( 0.01250; 0.00642 )

Sigma = 1.95
Percent Yield = 94.86%
DPMU = 51,384.49

0.0000 00125 0.0230
I Name | Value [ Contribution (>=1%)
l Pos. tol. of the bushing housings on the UC { $0.03/A l_ 47.99%
| Pos. tol. of the bushing housings on the LC ' $®0.03/A l_ 33.32%
' Dim. tol. of the ext. diameter of bushings J 13.000 +0.014 ’- 13.23%

| Dim. tol. of the bushing housings on the LC ' 13.000 +0.034 +0.016 ll 547%

Figure34. Simulation outputs of A.1 measurements, lithmain contributors to variation

1 B.1 The target condition isllly verified, with a large safety margin and an average value of
N4 . 630 3%).Fhegensitave analysis identifies the main contributongariation: the
position tolerance of the stud threaded seats on the LC, the position tolerance of the stud
housingson the LC, the position tolerance of the bushings on the UC, the concentricity of the
studs, and the dimensional tolerance of the stud housings on the LC.

1 B.2 The target condition is verified, with a safety matgimerthanB.1 andan average value
of £3. 5 abovethe limit of acceptance. The sensitive analysis identifies the main contributors

to variation: the position tolerance of the stud threaded seats on the cylinder head, the
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dimensional tolerance of the stud housings on the cylinder hadthe @ncentricity of the

studs.

Nomal( 0.51250; 0.11438 )

Sigma = 4.63
Percent Yield = 100.00%
DPMU = 3.78

0.0000 05875 1.1730
| Name || value | Contribution (>=1%) |
l Pos. tol. of the stud threaded seats on the LC | ©0.20/AB I_BBBG% |
I Pos. tol. of the stud housings on the LC | $0.20/ABIC l. 8.49%
| Pos. tol. of the bushings on the UC | ®0.03/A II 1.85%
| Conc. tol. of the studs | ®0.10/A II 1.60%
I Dim. tol. of the stud housings on the LC | 11.000 +0.100 -0.050 II 1.19%

Figure35. Simulation outputs of B.1 measurements, wlighmain contributors to variation

The comparison between the measurement ranges and the functional targets, resulting from the output
analysis, dentifies two different scenarios. The outputs of A.1 and A.2 show a reduced capability of
the engine assembly process compared to the t;
contributors to variation must be tightened to improve thenaslygoerformance. On the other hand,

B.1 and B.2 show that the values of the steidted tolerances are too tight, so it is possiblelx

the tolerance values of the main contributors to variation, reducing the manufacturing cost of parts
and achievingthe expected production targétence the simulation resultieadto the following

corrective actions on the tolerance values (Tables 2and

Tablel. Tolerance values of the main contributors need to be tightened (A.1 and A.2)

Tolerance Original value | Corrected value
Position tolerance of bushing housings on the UC 0.03 0 with M.M.C.
Al|LC
Dimensional tolerance of bushing housings on the F7 E7
Dimensional tolerance of bushing housings on the K6 P6
Dimensional tolerance of external diameter of | +0.025 +0.012 js8
bushings
A.2 | Dimensional tolerance of bushing housingsginder H7 E6
heads
Position tolerance of bushing housings on cylin 0.05 0.03
heads
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Table2. Tolerance values of the main contributors are relaxed (B.1 and B.2)

Tolerance Original value | Corrected value
Concentricity tolerance of studs 0.1 0.3
51 Position tolerance of stud housings on the LC 0.2 0.6 with MMC
;n;l Dimensional tolerance of stud housings on the LC +0.1-0.05 +0.2-0.1
Dimensional tolerance of stud threaded seats on th 0.2 0.2 with MMC

After these corrective actions, the simulation showsfdifément of the functional targets (i.e.,
capability value of N30G) for b o tdhetothéietroductisnhi n g
of the Maximum Material Condition (MMC) and thmelaxing of the tolerance ranges for the stud

related tolerances.

As a result, thanks to the CAJased modelling approach the simulation of the engine block assembly
operationgyivesa clear understandingf the assembly performance, providing corrective actions to
meetthe expected requirements. In particular, thanks to the sensitivity analysis and the analysis of
the contributors to variation, this ComputArded approach provides important elements totifien

the mosinfluential tolerances and reference elements, with respect to the functional requirements of
the case studyn this way, the tolerance design of the engine block assembly components is checked

and validated.
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3.4 Phase 3: PCMbased modding approach

As underlinedduring the description of the proposed methodologyfuteeum of the approach for
tolerance design optimization is the application of Compéiged tools: in addition tothe
consolidateduse of CAD software, the introduction of CAT software ahd corresponding
modelling approach is essential to enable advancerhtate simulation and analysis. However, the
only way to considethe impact oftolerances on production costs, in addition to their effect on
functionality, is through the implementation of manufacturing cost estimation tools, the PCM
software. Therefordo exploit the modebased approach and enable an effective integration between
the tools (described in detail in the next section), a R@kkd approach is structured to formalize
the simulation procedure: this could be of particular interest since BGIMdre relatively nevand

their modelling practice is ngetsystematically defined or standardizédthis way, PCM industrial
implementation can be enhanced, supporting engineers during the modelling of manufacturing cost
estimations of complex indtr&al products. As previously remarkdtere areseveral PCM tools and

their structure can differ significantly (see chapter 1, section 1.3.2). However, since the aim is to
assess a modéhsed approach for cost estimation, starting fio@8D CAD modelgeometry, the
modelling structure focuses on the ACE typology.

The proposed modelling procedure comprises several steps, repoFigdrm36: these steps are
addressed in a hierarchical order, following a general and Aadeld approach. Depending be t
specific software and the data already provided in the 3D CAD models (e.g., PMI, material
specifications, etc.), some of these st@ybe manually or automatically executed by the software
and, in some cases, differently located. This ajggies tgoroduct tolerances, which can be imported
directly from 3D models whenhey areaddressed as PMI or manually selected within the PCM
modelling environment. In addition, asth mostACE PCM software, the cost estimation for multi
component products requéfrst modelling (and costing) each component. Then, a similar procedure
is repeated for the whole assembly, automatically recognizing the previous individual estimations.
The proposed framework reflects this appro@ctteptfor the first phase, theubsequenphases are
divided irto Component and Assembly modelling.

- Import component The first phase consists in import all components and assembiyhe PCM
environment. As highlighted, the more 3D models are addtegtie manufacturingspecifications

the more theextstepscan be providedutomatically

- Productionprocessi Once the componentsave beenmported the main production technology
mustbe choserior each of themin some PCMools (i.e., the presentesearch work uses aPriori®
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as a reference tool) the selection of the primary process group isndowllyby the operatom@sit

affects the following phase of material and secondary process selection.

- Product material The material is selected foaeh component. In general, PCM tools have material
databases, from which the proper material group is identified. Then, it is possible to compare the
properties of the available materials and select the most suilablaost casesthe software
automatically excludes unavailable materials depending on the primary production process selected
in the previous step. In addition, most PCM tools alfowmaterialcustomization: it is possible to

create new materials with custom propst{especially useful with butih materials).

- Product tolerance$ Not all PCM software allow manuaintry of product tolerances, but ACE
PCMs, based on 3D CAD models, enable tolerance selection: since their estocoatesfrom the
component geomstrand features, manufacturing tolerances can be addressed and considered during
cost calculation. If semantic tolerances have already betaredin the 3D models, they can be
directly importedrom the CAD, otherwisg¢hey can bénseredmanually.

- Production parameters Once the main process grolnas been selecte@dditional process
information can be set. In particular, wgh most PCMs, the manufacturing plant location can be
selected:in this way the software identifies the cost factorslaing to the specific area
(corresponding to different builbh databases and libraries). In additiprpcessrelatedparameters

can be set and, if needed, customized: process capability, machine selection and parameters (e.g.,
machine overhead time cost, tisn@set upthe batch, parts orientation).
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OUTPUT

- Volume and batch sizeThe dimensions and number of the bdiake to be definedis well as the

total or annual production volumes. This affects how production cost drivers are distributed across
each manufactured component arahsequentlythefinal price.

- Secondary process If necessaryadditional manufacturing processes tanadded. Most of the

time PCM tools, starting from the component geometry and the primary process group, automatically
provide the sequence of operations and add additional processietaitothe final geometry and
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specifications. However, in some casé®e user can manuallydd secondary processesjchas
machining operations, thermal treatments, @iso for these processges is possible to set and
customize several parameters.

- Manufacturing cost estimation Once the above parameters and sgéthrave been definedhe
softwareperformsthe cost estimation providing the cost of the component in terms of total variable
cost, piece part cost, amortized investments etc. In general, each cost factor iwishaviormation
aboutits source: materialabour, overhead, logistics, machining operation &tds phaseompletes

the modellingof the component once repeated for all components, it is possible to move to the
assembly modelling.

- Assembly processOnce imported ito the PG/ environment, the assembly sequence and contact
areaof the componentare automatically evaluatém the 3D models. Then, asth the individual
components, the assembly matgobe provided with the selection of the assembly process. Most
PCMs autoratically calculate the tygof assembly process and operati@sed on the assembly and

its components However, the user can manualiglectthe most suitable process, amahgse
available generallysome of them are automatically excludsdthe softwae): in general, pick and
place, bolding, sealing, bolting welding, riveting etc.

- Assembly parameteisThe setting othe assembly parameters is related to the specific assembly
process and operations: in soo@sesit is necessary to select the areas (features, orientation etc.) in
which to apply the specific jointgée.g., for welding operation, the identification of welgliimes on
components geomeiry

- Volume and batch sizeThe batch size and the total or annual production volumest also be
assigned for the assembliost of the time this consists othe same production rate of the
components, but in son@asest canbe different (vhenconsidering components used for different
products).

- Secondary process If required additional assembly processes can be added, depending on the
primary assembly process selected: alegiprocesses, inspection processes, etc.

- Manufacturing cost estimation Once the assembly process modelling has been defined, the
manufacturing cost estimatione@gecutedand the assembly cost is provided. As for the components,
the product cost is described showing each cost factor: inabés among these factors, the cost of
the individual components of the assembly is reported, to identify the most expensive operations,
geometries, etc.

- Analysis of results After running the cost estimation, the results amalysedand compared with

the economic target$he cost of ach component ianalysedas well as the total production cost of
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the productlf the economic targeme metthe product design and the manufacturing proaess
validated.

Converselyjf the objectivesre not achievedhere are mainly two options, depending on the gap to

be recovered. When the difference with respethédarget cost is small, corrective actions can be
made to some production parameters, specific georpanaenetersr specificatios, i.e., the product
tolerances. Otherwise, more substantial actions must be provided on product/process design,
changingthe overall product geometry, manufacturing process or materials. In this swckthe
methodologyis focusal on optimizing the tlerance design, corrective actions are provided to reduce
manufacturing costs through modificationghe tolerance values and, if necessary, to the types of
GD&T and the DRF scheme.

General mechanical assembly

The formalization othe PCM modelling proedureallows foreasier implementation of these tools

for product design. However, before apptythis methodologyto complex industrial products, a
simple case study has been considered. For all the implementations reported in this research work,
the ACE software aPriori® (developed by aPriori®) has been adopted among the PCM tools
mentionedabove This software has been chosen for its completeness, in pariicidens of model

based capabilities: illows both a detailed analysis ¢fie model geometr and the reading of
semantic tolerances. In addition, it covers a wide range of manufacturing processes and materials
thanks to its detailed libraries and databases. During the research work, it has been applied in
conjunction with both Catia V5@&oftwareby Dassault Systemes® andREO Parametric® 4.0
softwareby PTC® CAD:in particular both the case studiésr the PCMbased methodology have

been implemented within Catia V5®.

For this purpose, to assess the PGlbed modelling approach before its implatagonin the
industrial case study, it has been firstly apptiedcerninghe general mechanical assembig(re

37), already introduced in section 3.2 for the GABsed tolerance specification and annotation
assessment: please refethts section fo the functional and assembly sequence analysis, as well as
for the definition of DRFs and GD&T schemes.
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Figure37. General mechanical assemidy GD&T specification; b Assembly

- Import componert All components and assembly are impoiitegd the PCM environment.

- Productionprocess’ The main process group is selected for each component: ediipgocess

for boththe support andheplate, stock machining for the shaft.

- Product materiali The material is selected for each component: ANSI &da@iniumalloy for
thesupport andhe plate, ANSI 1008 alloy steelcold worked for the shaft.

- Product tolerance$ Since the GD&T scheme and specificatioaive already been introduced
within the 3D models as PMI, the modelling procedure for cost estimation comsatomatially
readingthetolerances insteaaf enteringthem manually ithe PCM environment. For aPriori@e

product tolerances are grouped in the Geometrical Cost OB@D) relations, through which the
software identifies the features that require additional machining operations to achieve the required
specifications.

- Production parameteris Considering the general intent of this first case study and the simplicity of
its geometry, only the manufacturing plant location has been seleictedaPriori® VPE),
considering the production located in western Europe: once selected, the software automatically
identifies the corresponding cost factors.

- Volume and batch siZeln this case a small production rate is considered, with 3.000 unitsger
considering a total production of 2 years. The same production rate is selected for all components and
the assembly.

- Secondary process Thanksto the simple model, no addihal processes are manually selected.
Instead the software automatically provsledditional processebased onthe geometry and
specificationf the components

- Manufacturing cost estimatioin The estimation othe manufacturing cost for each compaohés
performed wi th resulting costs of U 6.23 for the

as reported ifrigure 38.
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- Assembly procegsAccording to the assembly sequence and the geometribe componenjsn

this case the assembly process consists of simple pick and place operations. For most complex case
studiessuchas the V12 assembly used for CAT simulation, the fixture components must be included
and modelleccorrectly The software automatically Icalates the assembly procdssidentifying

the mating surfaces and joint types.

- Assembly parameteiis In this case, awith the individual components, only the manufacturing

plant location has been selected as western Europe.

- Volume and batch siZe As already highlighted, the same production rate is considered for the
whole product, i.e., 3.000 units pggarand 2 years of total production.

- Secondary processNo additional processes are manually selected.

- Manufacturing cost estimation By calculating the assembly process and the aforementioned
parametersthe manufacturing cost estimation for the assenplotywides a cost of the assembly
operations of 4 0.47 fFrguredd.ach assembly, as re

Validation = Part Summary = Designto Cost = Cost Summary | Part Details | Investment | Validation | Part Summary = Designto Cost | CostSummary = PartDetails  Investment | Validation | Part Summary = Designto Cost = Cost Summary = Part Details | Inves{

Variable Costs Current (EUR) Variable Costs Current (EUR) Variable Costs Current (EUR)
Material Cost 2,659 Material Cost 7.1660 Material Cost 0.5241
Labor 05418 Labor 2.0280 Labor 0274
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Amortized Batch Setup 0.8851 Amortized Batch Setup 0.2276 Amortized Batch Setup 08916
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Figure38. Componentevel manufacturing cost estimation

115



- Analysis of result$ T h e
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¥ Amortized Batch Setup 0.5308 0.8851
Logistics 0.0000 0.0000
¥ 4Other Direct Costs 0.3945 03927
v Total Variable Costs 4.1468 5.1130
Period Costs
v Indirect Overhead 0.4942 0.6124
¥ SG&A 04097 0.5051
Margin 0.0000 0.0000
v Piece Part Cost 5.0506 6.2305
Manufacturing Process Geometric Cost Drivers
Edit ¥ View ¥  Primary Process Group: Casting - Die || Show ¥
IStatus Process Step [Status Name
© &M SUPPORT © & Component
o £ Casting - Die o (I8 Base Properties [1]
(2] =-{M High Pressure Die Cast (] =[S Component:1
) M Melting #-GCD Relations
(2] - M High Pressure Die Castir Lapis #-(]§ Parting Line [1]
&g As Cast = (1§ Setup Axes/Candidates [6]
-4 No Coring @ I8 SetupAxis:1
o N Trim @ [8 SetupAxis:2
(3] 1A Machining @ I8 SetupAxis:3
o - 3 Axis Mill [1] @ I8 SetupAxis:4

Figure40. Cost reduction of the support (relaxation of tolerances)

As a result, the PCNdased cost estimation modelling procedcae provide tolerance effects on
manufacturing costs. Therefore, it can be effectively appdi@ore complexndustrial casstudies

and it is suitable for theextphase of integration with CAT tools for tolerarmast optimization.
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3.5 Phase 4Tolerance-Cost Optimization (MDO)

The previous sections have provided the specific modelling approach for each main step of the
proposed methodology: tolerance specification, CAT simulation, and PCM cost estimation. For each
of them, the applicatioondifferentcase studies has led to emsessment of the modelling procedure,
confirming the advantages of a modbelsed design approach through the use of advanced Computer
Aided simulations.

The last step of the methodology consddtghe integration of the described approaches and tools i

an integrated environment, enabling the tolerazas# multidisciplinary optimization. This means,
starting from the general structure addresseithélterature (described in detail in the first chapter),

convering each theoretical phasedma pracical action Figure4l).

Optimization algorithm

Input Parameters === Tolerance-cost function

=mmp  Qutput validation

Geometric features . —k Capability values vs Functional requirements
Tolerances G (ti) =a; +b;-e et Total cost vs Economic target
Material Project constraints

Production process ‘ 'y

S —>
Capabilit
Tolerance Analysis e

Manufacturing : m_
Cost Estimation

3D CAD Models

Figure4l. Tolerancecost optimizatiorgeneralizedvorkflow

For this reason, it is necessary to assess two main taskdentify the proper strategy for the
integration between CAT and PCM simulation models and for linking their data (input and output);
develop the multdisciplinary optimization structure, throughe integratiorof tools toallow the
automatic sharing andpdatng of tolerance information and the definition of the optimization

strategy. Botlof these tasks are critical for the achievement of the proposed methodology.

3.5.1 CAT-PCM software integration through MDO

Firstly, the CAT and PCM models atteorowghly analysedo identify both the file format anthe
main structuref thesimulation modelsand the typology and representatudrtheinput/output data
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- CAT software- According to the literature and with respect to the main CAT software, the
representation models commonly adopted are the EXPRESS model (established by the ISO for the
implementation of tolerance information in computer systems) and the XML (extenankeipm
language) (Qin et al., 2018). Therefore, most CAT tools provide models according to these languages,
through a model structurie which the tolerance schenw the producis provided in an objeet
orientedway (Zhao et al., 2006; Sarigecili et al.0): in particular, XML usethe tolerance
information in CAD models to instantiate the schema. For both, the model is scripted within a tree
structure, following the modelling procedure. The tolerance information is reported for each
component sectionfdhe tree, with specific strings reported: associated feature, reference feature
(DRF), tolerance type, nominal dimension, tolerance values (depending on the tolerance type, upper
and lower limits for dimensional tolerances or single values for geomelei@nces), additional
specifications (e.g., diametral tolerance zone, material modifiers, etc.), distribution type and
parameters. The same happens for all modelling parameters, in particular for assembly joints and
functional measurements. Finally, CAilmulation results are reported in the file structure following

the same approach: for each measurement, capability indicage €, Q2 etc.) types and values,
contributors list of tolerances and variance percentage valued\setor Cetol ®, its structure
correspondto this general description, providing an XMlased model simulation file wit.cxm
extension.

- PCM softward Aswith CAT, PCM ACE toolsalsostart from 3D models, but their model structure

is differentfrom other simulation tools. As reported bye literature and the main PCM software
developersthemodel information in terms of cost estimation refers to buoittatabases and libraries,

from which the software automaticalBelectsthe most suitable anddstexpensiveconfiguration
(Ehlhardt, 2014). For this reason, in most PCMs (aPriori® included) the manufacturing model is
represented by tables and spreadsheets on which, for each component, the corresponding command:
for eachmodel parameter are givendareported. The same happdar boththe assembly anthe
components, providing all the model information in these spreadsheets and XML reports. In addition,
the customization dhematerial and processes is generally relatedegoorresponding spreaasets

that can be imported tio the software environment. Finally, cost estimation outputs are associated
with CAD models by simulation spreadsheet and XML reports to be exported feurposssing or
reporting operations. In the case of aPriori®, thideliing and structure logic is provided by

i nternal Awat c hpoi ntt@wgenarate $peeadsheein(.xIsxj and XML wepadrts h
These are then populated with variable and attribute values during the modelling and estimation

process.
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As describedCAT and PCM software have different modelling procedures and structures. However,
concerningproduct tolerances and specifications, satfiwarerequire3D models as starting point,

from whichto import the component geometrfigure 42): if semantic annotations are available,
thesetoo are imported and reaaitomatically(covered in detail in the next subsection). This means
that a simulation model is always provided: foe CAT model it consists of the .cxm file of the
product (componentsnd assembly)while for the PCM in the model spreadsheets, botor
components and assembly. On the opposite, these models provide output fileatefi@tend of

each simulationin which the simulation results are reported with respect to productstarget
requirements: this meangspectivelycapability values for CAT and product costs for PCM,
respectively. Once simulated, these outputsaaedysedvith respect to the functional and economic
requirementf the productfor eachc o ny g u the ¢ombimed simulations must be repeated
iterativelyto identify the most suitable amdsteffectivetolerance design configurations to achieve
the targets.

Therefore, starting from a starting configuration of tolerances, an optimization algorithm is used to
further investigate the design space to solve a rohjgctive problem: the optimization problem is
subject to design constraints, due to technolodigattional,and economical requirements on parts
and their manufacturing process (e.g., interference or gap between parts, dimensional and geometrical
conditions, etc.). As a result, this constrained optimizatientifiesa feasibility region of the degn
spacewhich contains all tolerance valuesmble of both meetingthe optimization objectives and
satisfyingthe design constraints.

To enablethe tolerancecost optimization and provide all the optimization capabilitexgiiredfor

the problem, the tegration of CAT and PCM simulationsustbe developed in a muldisciplinary
environment, in which the connections between the software can be easily stractdrégpesign

variables, objectives and constraiogs bemodelledeffectively.

Computer-Aided
Tolerance Analysis

Tolerance model (.cxm) = Simulation results (.cxm)

3D Geometries,
Tolerances

! Capability values,

Product costs Al

3D CAD models

Manufacturing cost
estimation

Input spreadsheet (xlsx) EEp mmp Output spreadsheet (.xlsx)

Figure42. MDO inputoutput relations and data exchange

For this reason, the formalization of the methodology has been implemented within a Multi
Disciplinary Optimization (MDO) Platform. As briefly described in the first chapter, MDO platforms
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are veryinterestingfor the development of muitbjective desigmptimization of systems, thanks to
theintegrationof toolsand advancedptimizationcapabilities. However, they are relatively new and
most of their industrial applications focus on CAE simulation. Therefore, since MDO platforms still
do not relate to CAand PCM tools and they are iyetimplemented for toleraneeost optimization,

the integration between CAT and PCM within the MDO environment mustilhedefined and
developed.

Among the MDOplatformsavailable in the market, tneodeFRONTIER®platform by Esteco€has

been selected for the present work wAh most MDO platforms, its modelling environment is based

on the use of nodes, from which the optimization structure and integration betweemadefted:

each software file can be imported asiode iro the environment and linked as convenient,
introducing sever al nodes for wvariables and
objective values and constraints. Once the overall struitumedelled the objective can be set as
anoptimization arget. Finally, the optimization setting cleske model through the selection of the
numerical method and algorithm for the optimization, includirgDesign of Experiments (DOE)
deynition, starting and ending conditions, it

Simplified engine assembly

The first implementation of the methodology aims to provide the preliminary structure of the
tolerancecost MDO environment. Focusing on the integration between CAT and PCM models, a
simple model has been selectedaasase study: an archetypal model beiog to an automotive
engine assembly.

The original engine assembly (the V12 engine already introduced in section 3.3) is composed of a
largenumber of componentthemain components are the engine blGgbper and lower crankcgse

the cylinder heads, dnthe crankshaftin addition the assembly is completed by bearings, thrust

washersgasketsand all fixture elements, i.e., the bushings and the studs.
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Figure43. V12 engine assemblg: original CAD modelsh. simplified crankshaftc. simplified engine
block (section view)

With respect to the original model, the functional requirement to be optimized is the assembly of the
crankshaft with the engine blot verify the functional radial gap betwe#me crankslaft andthe

journal bearings. Therefore, focusing on the engine btoakkshaft assembly, all other components

not involved in the tolerance staok are useless: only CAD models of the engine block, crankshatft,
bearingsand thrust washer are required fioe analysisKigure 4). In addition, to abstract the case
study and generalize this preliminary work, the components involved have been simplified with the
integration of the bushings and the thrust washer in the engine block. For the same reason, the
geometryof themain partdhas been generalized to have only the functional features involved in the
tolerance stackp, i.e., the surfaces necessary for the assembly.

Considering the functional condition of the assembly, the target to be verified absbace of
interferencdetweerthecrankshaft anthejournal bushings. Consequently, the functional dimension

to be controlleds the radial distangevhichhas been referrdda s g aRega@ingttheerification

of the functional requirement, the process capability inidexs selected as the drive parameter for

the optimization (Pyzdek and Keller, 2014), with a lower threshold value &et to p.

Model definition
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The integrated optimizatiomodel is developed to address the main steps of the Corfadest
Integrated Approach for Toleran€ost Optimization, aslustratedin section 3.1. For this reason,

the simplified model imnalysedollowing this order, to enable the most suitable daén of the

MDO structure.

- 3D modelling and annotation The first step of the model definitidmeginswithin the CAD
software, in this caseREOParametric® 4.0 by PTC&he nodelling ofthesimplified components

(Fig. 2b and 2c) and the functional &sis are performed, as well as the definitiortrefassembly
sequence. The position of the engine block is fexedthe other elements of the engine assembly are
located with respect to it: it defines the position of the crankshaft by me#émsjofirnal bushings
andthethrust washer. The functional elements of the coupling are the reference plane (which axially
guides the crankshaft) and the main journal axis. These features are classified as DRFs: the reference
plane isDatumA andthe cylindrial surface (which defines the journal axispatumB. Then both
dimensional and geometric tolerances are included in the model. Howmerthe high impact of

3D geometric deviations on the interfdzetween the componerdsdtheir relative positiomg, the
optimization focuses on the geometric tolerance of perpendiculariBatfm B with respect to
DatumA, both for the engine block and for the crankshaft (for this past betweenDatum C,

locating shoulder surface, abatumD, rotational axis)Since the CAD software allows 3D semantic
tolerance annotation through the GD&T Tolerances tool, the DRFs and tolerances areldeftigd

in the CAD environment: 0.025 mm is chosas startingvalue for both the perpendicularity
tolerances.

- Compute-Aided tolerance analysisTolerance analysis is performed on Ceto®. The3D parts

and assembly are imported intee CAT environment with their dimensions, geometeaturesand

GD&T speciycations. Subsequent steps definieg r equ
the kinematic joints and settirige tolerance distribution typeyhich has been assumebrmal and
centered. The functional gap betwebacrankshaft ad thejournal bushingsherethe engine block
cylindrical surface is assumed) must range from 0 to 0.025 mamalysethe area with maximum
deviation the section opposite the reference plane is chosen as functional measurement. The results

of the firstsimulation are shown in Fige 4. The $andard deviation i21.08, , relatve to a0

value of 0.2578 and corresponding to the 70.96%coEptablecomponents: this first result is far

from the target value ob p, whered p means a value of3, and a process Yield of

99.73%. Nevertheless, the sensitivity analysis confirms the perpendicularity tolerance as the main

contributorto the funcional gap.
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Figure44. Tolerance stackp simulation results

- Manufacturing cost estimatidnCost evaluation is performed with aPriori®. Following the RCM
based modelling approach, the components are impotthansoftware and their primary process
and material parametease specified: diecastingand ANSI 6012Aluminium Alloy for the engine
block; machining operations and AISI 4140H Alloy Steel for the crankshaft. For both n&D&S
semantic annotationseaimported as manufacturing tolerances. The volume and batcdresst as
5.500 annual units for 5 years, as well as the plant location is #et U5. The same options are
assigned to the assembly model. The cost estimation for the starting tolesafigaration returns

a totalassemblycost of $ 429.74: $ 329.83 for the engine block, $ 97.50 for the crankshdf$
2.14 for the assembly operations.

MDO framework setup

Once completedhetolerance model anthe cost model are connected to the @MPlatform and the
integration is setip according tahe hierarchical order of the method, as reportdedare 4.

- Optimization variables Due to their central role, product tolerances are the first to be introduced

in the MDO platform: the two perpendicularity tolerances (of engine block and crankshaft) are
inserted as input variables (highlighted in orange irithg ur e ) , c ad e di @GrOtr bt @A,
the values set in the CAD model.

124



I
Ea
= E
=
=
g
'I" . . f’

- -
K

Cetol - Tolerance model link (b)
- CAT model file (.cxm)

aPriori — cost model link (c)
PCM model file (.xIsx)

MDO - ModeFRONTIER model (a)

Figure45. Tolerancecost optimization model

- CAT Tolerance analysisThe CAT nodes are structured in the workflow (highlighted in blue in the
Figure): differently from the buiin nodes for several software (CAD, CAE etthg CAT software
requires as many nodes as the step required to address all the needed infdfimstiidne CAT
model (.cxm) is imported into MF as an input file: an additional transfer node allows MF to read the
data fromtheCe t o | [ Then,

iort hoCo: t hinmgsthe ntenafite sand dimkihgethe simulation variables with the

nput fil e. an fAinput templ ¢
correspondindines of codeof thetolerance values. Subsequent nodes allow the simulatioas ito

Abat ch mah&MDO flatforne automaticallyexecutestolerance and cost simulation),
uploading the input parameters at each step. The last nodes manage the output variables of the CAT

simulation: in this case, the value is extracted from the output file (.cnodtained fromthe

simulation and then assiated with the corresponding nodes of the functional objective (maximize

0 ) andwith the constraintst® 06 v).

- PCM Cost estimatioin The nodes addressed to structure the cost estimation (highlighted in green
in the Figure) reflect the differences betwe#me PCM andthe CAT models. First, the input
spreadsheet file (.xslx) is importedtoanMF to integratethe cost simulation model with the
optimization variables. Then, this node@nectedo the next node, from wthto set the simulation

i n Abat othisway,dhe ioput variables within the cost model are constantly updagadhat
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iteration. In the case of aPriori®, additional files mguiredto provide the cost estimation properties

as well as the 3D CB models (assembly, engine block and crankshaft). The system is now able to
perffoomc o st esti mation. Finally, the output node
generated from the simulation of the first configuratiarthis way it is pgsible to select and extract

the output variables.e., the total cost, then associatedh the objective node (i.e., in this catiee
minimization of the total production cost).

Once the structure for CAPCMintegrationhas beemodelled the final sep comprises the selection

of the optimization algorithm and rules, as well as the DOE algorithm type foitesalive
calculation. In general, MDO platforms allow to seldifterentalgorithms, providing a wide range

of optimization strategieS he identification of the most suitable strategyrongly depends on the
specific optimization problem: ithe case of multiobjective optimization, the general practice is to
start from the generation of DOE sampling points, from which an evolutionary algdtittimar
investigates the design space.

Sincethis preliminary work aimso setup the environment structure rather than execute advanced
optimizations (object of the following case study), a simple strategy is adoptdek current case

study. two separate optimizations have been performed, both 50 iterations. Two DOE strategies are
considered to evaluatiie experimental strategies: the deterministic algoritBabol DOE(SbF

DOE), based on quasandom lowdiscrepancy sequences and belongimghe group ofglobal
sensitivity analysis methods (Dimov and Georgieva, 2010), and the Random DOE algoritam (Rnd
DOE), based on the mathematical theory of random number generation (Wang et al., 2020). For both,
the Multi-Objective Genetic Algorithm MOGA, belonging to the stochastic methods group, is

chosen atheoptimization algorithm (Zolpakar et al., 2020).

Optimization results

The optimization results (Fige 4) areanalysedy comparing the economical and functional targets

of each simulated configuration. These are divided into two groups: the green lines are the feasible
conygur athaceashi whedht he objectives; the yell o\

with valuesbelowthe imposed limits.
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Figure46. Optimization results
Considering the total number of 100 tolerance

identified for SHIDOE and RneDOE, respectively. Amontheseth e opt i mal conygu
0 valuecloseto the targetd p) are, respectively for the two groups, 2 and 7, reportédite

3.

Table3. Selected configurations close to the design targets: optonfiguration #13

N° | DOE algorithm | ortho_ A | ortho C| © Cost shaft| Cost block | Cost ass_oy
13 SbDOE 0.02 0.095 | 1.057| 91.856 339.762 2.14
30 SbiDOE 0.06 0.018 | 1.057| 100.874 379.671 2.14
1 Rnd-DOE 0.033 0.043 | 1.057| 92.038 339.762 2.14
9 Rnd-DOE 0.047 0.027 | 1.057| 100.010 339.762 2.14
15 RndDOE 0.068 0.031 | 1.057| 100.008 379.671 2.14
19 Rnd-DOE 0.049 0.033 | 1.057| 100.007 339.762 2.14
29 Rnd-DOE 0.058 0.057 | 1.057 91.99 379.671 2.14
31 Rnd-DOE 0.076 0.097 | 1.057| 91.849 379.671 2.14
47 Rnd-DOE 0.064 0.077 1.057 91.917 379.671 2.14

The best result i s achi eDOE&,dwithbtlye optirnat valaeoah y g ur a't

pdtugnd the | owest production cost. I n fact, w

has been reduced fr00.025 mm to 0.02 mm for the engine block, and relaxed for the crankshatft,
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from 0.025 mm to 0.095 mn€onsequentlycompared to the initial cost of components, the cost of

the engine block is increased by $ 10 whiledbst of thecrankshaft is reduced/I$ 6. As an example,

for other conygurati ons Asha esultmgveralecosbaf assemblyc o st
considering assembly operations, is increased by $ 4, 29, from $ 429, 47 to $ 433, 76, as reported in
Table4.

Table4. Cost simulation output: comparison between initial values and optimized solution (#13)

Initial cost Optimized cost #13|  Variation
Engine block $ 329.82 $ 339.76 +$9.94
Crankshaft $97.51 $91.86 - $5.65
Assembly operations $2.14 $2.14 $0
Total cost $ 429.47 $433.76 +$4.29
Annual cost (5500 units/year) $ 2362085 $ 2385680 +$23.6
Annual Scraps cost (5500 units] $ 685863 $ 6506 - $679357
Total production cost (5 years) | $ 15239740 $ 11960930 - $3278810
Nevertheless, this increase in costs is |large

componentscomparedo the starting condition, the rejectteis reduced from the 29.04% to the
0.27%, which means a process fallout of 2700 DPMO (tkeefesr million opportunities), rather than

the starting value of 290400 DPM®his reduction meangver oneyear of production (5500 units

per yeay andconsidering a reject cost equal to the total assembly cost, a reduction of rejected parts
of 1582 units, with @onsequentost reduction of $ 679357. Asesult, through the integrated model

it has been possi bl e t osatigitht fubctioral reqpitemems with theo n y g
lowest increase of cost. In fact, compared to the CAT simulatmme the integration witlihe cost

evaluatiorhasallowedto selecfrom the sethe best solution that respects the capability tatget (

P).

3.5.2MDO assessment through PMI integration

The previous subsection has provided the main structure of the MDO, achieving the integration
betweernthe CAT and PCM simulation models through the identification of the proper optimization

strategy. The simpléd case study has supported the development of this structure: the minimalistic
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approach used during the modelling phase of the case study gives the possibility to focus on the MDO
model definition, in particular on the integratiaetup However, theimplementation of the
methodologymustbe refined to improve itadequacythrough the assessment of tothlat enable

the automatic sharing and upidgtof tolerance information. In addition, the optimization strategy
needgo be further investigated, ireasing the complexity of the optimization problem.

With this in mind, the framework has been improved through a more systematic assessment of 3D
semantic annotations, i.e., the GD&T PMIdéed until now the use of PMWwithin the MDO
structure has beemlited: tolerance information supports the original 3D models needed to define
the initial CAT and PCM simulation models. However, the optimization does not usmRptat

the tolerance values: since tolerance values are defirextly as MDO design ariables, they enter
directly within the CAT and PCM nodes, without acting thie 3D CAD models. This means that,

even if the modelling procedure is faster, the optimization does not provide updated CAD models for
each tolerance configuratiofor example,the update of the PCM model adiy updaing the
tolerance valuewithin the input spreadsheet rather thgnupdating3D models.

Therefore, an advanced model is defined, where the PMI becomes the key elemergntif¢he
optimization, enabling a morefettive optimization structure whetlee CAD models are constantly
updated (Petruccioli et al.,, 282 In addition, this can improve the automatic sharing of all
manufacturing informatiorbetweensimulations. For this reason, the general framework of the
proposed methodology (presented in section 3.1) has been expanded focubmgenrtral roleof

PMI, as reported ifrigure 47. In this way the CAD models are the starting point of each iteration:
PMI tolerances are extractdaectly from the models and selected as variables for rdidtiplinary
optimization. The tolerance values drive the simulations during the optimization steps: stepach

the optimization algorithm updates the variables according to the global constraints and the defined
objectives. Thanks to their link to the CAD models, these variables are automatically transferred to
simulation models, where the systgrarformstolerance and cost simulations. Compared to the
previous modelling structure, this provides not only the updatf the input variables but also the
generation of 3D CAD modelspdatedat each iteration. This means that, at the end of the
optimization, thebest configurations can be identified and the corresponding 3D mcalelbe

selected, with the optimized tolerance values already addressed as PMI.
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3D Modelling and

Annotation (CAD)
- Parts modelling

- Assembly modelling

- Functional analysis
- PMI definitio

GD&T PMI

- Datum Reference Frames (DRFs)
- Tolerance scheme

- Tolerance types
- Tolerance values

[ Tolerance synthesis ]

Tolerance Analysis (CAT)
- Measurements set-up

- Distribution set-up

- Tolerance simulation run

- Sensitivity analysis

- Capability values (o, Cp, Cpk)

Are capability
values
acceptable?

Manufacturing Cost
Estimation (PCM)

- Production process and material
selection

Tolerance-Cost Optimization MDO

Is total cost
acceptable?
- Set-up of production parameters

(capability, machine param., rates)
- Cost estimation run

[ Product design validation

Figure47. i P Meéntred Tolerancecost optimization framework

General mechanical assembly

The PMtbased structure for MDO is assessed through the development of a second case study.
Compared to the previous one, this case study aims to stress the optimization model through the
implementation of PMIa greaternumber of tolesince variables and objectives, and an increased
number of evaluationdn this way, this case study provides the complete validation of the whole
methodology, suggesting the final structure of the MDO environmerdliowing its applicatiorno

a real indstrial product $ulject of the following chapter).

The selected case study is an evolution of the general mechanical assembly, already introduced and
adopted botlfior thetolerance specification aridr thecost estimation modelling (in sect®8.2 and

3.4, respectively). The assembly model, showRigure 48a, consists of the three components, i.e.,

the plate #1, the support #2 and the shafC#&Bnparedo the original assembly, the model has been
modified in some of its components,teeetspecificrequirements: in particular, the shaft has been
modified in its shapend its interface with respect to the suppbes beerdifferently located

(affecting DRFs scheme).
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The toleranceost optimization of the assembly is modelled following the main stéphe

ComputerAided Integrated Approach.

2 O

Figure48. Mechanical product: Assembly (a), shaft (b), plate (c) and support (d)

3D modelling and annotation

- Part and assembly 3D modellirig As described inthe previous sections, ¢hmodelling of
components and assembly is performétthin the CAD softwareCatia V5®. The main function of

the assembly is thexact positioning of the shaft anthe plate on the supporthe functional
requirement to beerified is the axis alignment with the corresponding radial gap between the shaft
and the plate holdn this way, the case study is representative of many industrial products, such as
gearbox assemblies and engine block assemblies where the positioning ofntlcermaonents on a
case must allow the required performance. According to the assembly sequence, the shatft is inserted
into the support, then the plate is positioned on the sufiporighthe two pins.

- Tolerance specification and 3D annotatibrAccording to the tolerance specification modelling
procedure proposed in section 3tBe GD&T specifications are addressed with respect to the
assembly sequence: the DRFs for the components are idefuifiedch componenthe functional
features are selectemhdthe semantic annotations are inserted (seer€ig8b, 48c and48d).
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1 Support: The contact plane with the shaft is the firatum A; the hole axis is the second
DatumB, controlled with a perpendicularitplerance; the plane opposite to A is controlled
by a dimensional tolerance and a parallelism tolerance; the plane, identiDeduasC, is
used in conjunction with B to control the position of the holes (H1 and H2) for the assembly
with the plate; alholes are controlled by dimensional tolerances.

1 Shaft: The contact plane with the supporDatumA; the cylindrical surface, identified as
DatumB, is controlled bya perpendicularitytolerance, dimensional tolerances on the main
diameter and on the axial length.

1 Plate: The contact surface with the suppadtatumA,; the first pin (P1) is identified d3atum
B, perpendicular to A; the second pin (P2),ErsumC, is controlled by @osition tolerance
with respect to A and B; the central hole is controlled by a position tolerance with respect to
A, B and C; all holes are controlled by dimensional tolerances.

Once the tolerance scheme has been defthedirst values of toleranceseachosen athe starting
configuration to be optimized and inserietb the 3D semantic annotations. For pin/hole joints, a

clearance fit is considered to avoid physical interferences.

Tolerancecost optimization

- ComputerAided tolerance analysisThe 3D models antheassembly are imported intbe Cetol

6UE CAT envir onment areinSamtedaccotdingeto tite@assgmbly sequernse,

GD&T annotations are automatically read for each part. The tolerance model is then cobpleted
defining the joints betweerthe components and the tolerance distribution types. Finally, the
functional measurement to be controlled by the simulation is identified: the radial gap Rg between
theshaft andhecentral hole of the plate, whose range of acceptant@.1 mm. In additiorasthe
assembly process directly affects the functional requirement, the gaps between pins and holes, H1g
and H2grespectively are checked as an assembly requirement to avoid interferencaeck

whetherthe process meets thesequirements, the process capability index is selectedas

functional parameter to be optimized (Pyzdek and Keller, 2&Refgrringto theautomotive standard

VDA 6.3 as a quality target, the target value is sai at p® ¢gwhich is consideredo bethe

minimum requirement for long term process capability. Then, the simulation with the initial
configuration is run. As reported in Tallethe stackup simula i on shows a | ow va

corresponding to @ of 0.62. H1g shows optimal capability, while H2g is strongly influenced by

geometric tolerances. Tolerance main contribuimkariation are identifiedreported in Tabl®).
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Tableb. Tolerance simulation output (starting configuration)

Measurement| Value and range Capability Tolerance main contributors
Rg 1.5+0.1 mm N1. &70.62 (#3),” (#2), @DatumB (#3)
Hilg 0+0.2 mm N4 . 157 41.33 @ H1, @ P2
H2g 0+0.2 mm N1. %1%0.45 H1 and H2, DatumC (#1)

- Manufacturing cost estimatiagnCost estimation is sefp byimporting 3D models of components

and assembly into aPriori© PCM software. According to the R@abstd modelling approach, the
primary process and material parameters are specified for each componeastitigand ANSI

6012 Aluminium Alloy for both the plate and the support; machining operations and AISI 4140H
Alloy Steel for the shaftdence 5500 annual units for 5 yeaageselected as production rate ahd
production locations set in western Europe. After this preliminary setting, the PMI manufacturing
tolerances are imported and their corresponding geometric features are recognized, identifying the
available operationso achieve the tolerance values. Then, the same manufacturing options are
assigned to the assembly model, whose assembly process consists of simple pick and place
operations. Finally, the estimation of manufacturing cost for the starting tolerance catidius
executed and the costs for each componerprandded $ 5.34 for the support, $ 8.24 for the shaft

and $ 2.25 for the plate, for a total assembly cost, considering $ 1.90 of assembly operation, of $
17.73.

MDO framework setup

Once the startingonfiguration has been set, the 3D models are insertethe MDO optimization
environmentComparedo the previous case study, the MDO structure has been modified to set the
PMI as optimization variables, as reportedFigure 49.

- CAD models andMI i Unlike the original structure, CAD models are the starting point of the
optimization, providing both the input models and the optimization variables (highlighted in blue in
theFigure). The 3D models of the components (.CATpart for Catia®) are iagaoto the MDO as
individual nodeslt is not necessary to implement thesembly file (.CATproduct) asnodeof the
framework becausk is includeddirectly in the CAT and PCM models and linkedsociativelyto

the corresponding part models: therefoggjaing thetolerance values within the components update
the assembhautomatically Then, the PMI tolerances are extraot@@ctly from the CAD models

and selected as optimization variables: in this case, 24 tolerémdes optimizedhave been
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consicered For each tolerangcesome variable parameters can be set, such as the introduction of
allowable variatioimits to avoid unfeasible values of tolerances or guarantee some specific coupling
conditions.

- CAT Tolerance analysisAs for theCAT nodes (highlighted in red in the Figuré)ere are no
modificatiors to their structurecomparedto the original framework. As usual, all optimization
variables, in this case the PMI tolerances, are connected and assotiatederances within the
tolerance simulation model (.cxm). Similarly, the capability values of the simulation are extracted
from the simulation output file (.cxm): as previously described, in this case three capability indices

0 are evaluated, one for each requirement (Ray, H12g). For all of them, the functional objective
is to maximized values, with a constraint of P& O

- PCM Cost estimation Compared to the original framework, the PCM model structure (highlighted

in green in the Figure) is modified in thelative input nodeslnstead of linkingthe optimization
variables to the input spreadsheet (.xIsx), the connection is made through the CAD models
themselves. Since the optimization variables are updated directly in the CAD models, these are
inserted asnput ifot he PCM si mul ati on node (i .Thereareficor t |
further changes tthe PCM structure: at each iteratjtime cost estimation is executed and the results
are generated in the out puse the prodacticth cdsteferteachy | e
component is extracted and associatéth the objective node (i.e., minimize the total production
COsts).
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Optimization setting and results

Comparedo the previous case study, the complexity of the prolfilasincreased: the assembly
comprises three components and 24 tolerances to simulate and op#imizeermore three
functionalrequirement$Rg, H1g, H2g)nust be fulfilled as well as the cost of each compomeuast

be minimized. To comply with the increased number of variables, models and objectives, the
optimization strategy is properly selected. In this case, the pil@BIfi-strategy seladapting
algorithm is selected to evaluate an alternative to the M@I@Ryorithm: starting from a preliminary
design, the algorithm generates new populations to réeePRareto front, while satisfying the
constraints (i.e., feasible desg)nThis means that PMI tolerances are updaiiid each iteration,
explaing the availabledesigns,and refining theoptimal Pareto set with new values constantly
transferred tothe tolerance and cost models. To generate a first populationgdeterministic
algorithmSobol DOE already selected for the previous case study, is chosen. In partieeRQE
algorithm generates 50 configurations, from which the algorithm starts to generate optimized

populations: a total set of 600 evaluationsrizgpammed.

Cpk_Rg Cpk_H2g Cpk_Hilg

Figure50. Optimization results

Considering the total 600 configurations, the simulation results provide a set of 16 feasible
configurations (highlighted in green kigure50) in whichthe target value @i  is reached foboth

functional and assembly requirements. Amtrese t he opti mal conygur ati
6: the least cost configuration is identified as the n°534, while thedbegtonsidering the lowest

value among the threvaluate 6 ) isthen°446.
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- Least cost configuration #53# For this configurationthe assembly costs $ 19.06&hich
corresponds tan increas@é manufacturing cost for both the support and the shaft, while the cost of
the plate does not vary from thersitag configuration. The cost of the assembly operations, of $ 1.90,

is not affected in any case by the variation of tolerance value Thalues of this configuration
respect the functional requirementsoof higher thanl.33, with the lowestalue of 1.37bothfor

the Rg and H2g measurements.

- Bestd configuration #446 This configuratiorreacheghe best value od  (for the lowestbf

the threed evaluated): it corresponds to the Rg measurement, with a value of 1.61. The high value
of 6 and the corresponding reductimnnumber of rejects compensdite the higher values dhe

manufacturing cost of the assembly, $ 21.52: in this, thsenanufacturing cost is increased for all

components.

Table6. Simulation results: optimal configurations

ID | Cost (#1)| Cost (#2)| Cost (#3) | Cost(Tot) | 6 (H1g) | 6 (H2g) | 60 (RQ)
446 | $4.51 $6.80 $8.31 $21.52 2.11 1.67 1.61
534 | $2.25 $6.61 $8.30 $19.06 2.67 1.37 1.37

As aresult, the toleraneeost optimization has provided two optimized tolerance configurations. To

select the most suitable among them it is necessary to evaluate their capabilities through tiffe trade
between production cost anlde cost of rejected parts. Consequenthe product design can be
validated and the 3D models with optimized tolerance values can be directly selected and then used

for subsequemproduct development phases.

The presentase study has enabled the assessment of the proposed Ceohmpedemtegrated
Approach for Toleranc€ost Optimization. Indeed, the MDO structure has been further impbyved
these modifications Thanks to the use of PMI as optimization variables, datxirgy and
interoperability between Computéided tools are exploited providing a reductionthe overall
system complexity: the structure follows a more laband systematic sequence of operational steps,
the number of nodes is reduced, and the 3D @#ddels are updatexitomatically In this way PMI
becomes the enabler to integrate product desitanufacturingand inspection. Therefore, this
increass the suitabilityof the MDOfor its industrial implementation, &s the case study presented

in thenextchapter.
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Tol erGmscte Opti mi zation of Automobi l

The previous chaptedealt with all the developmenstagesof the ComputeAided Integrated
Approach for Toleranec€ost Optimization. The simulations carried out for emaaof intervention

have provided modifications and refinements to the methodology, through direct application on
several case studies. Thanks to these &iesyithe proposed methodology has been improved and its
correctnesgvaluatedenabling its suitability for industrial applications.

For this reason, to verify the application capabilities and the advantages of the methodological
approach, this chapter provides the implementation of the Cormpigied Integrated Approach for
ToleranceCost Optimization on a complex industrial case. 3¢lected case study is the V12 engine
assemblyprovided byAutomobili LamborghiniS.p.A. (Figure51), already introduced in section 3.3.

The first case study has concerned the asseaiitthe parts composing the engine block, aiming to
achieve a high prass capacity. In that case, the objective has been achiemedising CAT
simulations, through the minimization of the number of rejéidie. second case studyn the other
hand,focuses on a different objective: the optimizationtlo# tolerances affestg the subgroup
consisting ofthe engine block and crankshaft, to ensure the expected performance by reducing the

overall production costs. Therefotmlikethe previous application, this case study requires the-multi

disciplinary optimization of the emnge tolerances tmeetboth functional and economic targets.
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Figure51. V12 Engine: cylinder block and bed plate
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The activity follows the maiphasesof the ComputeAided Integrated Approach. However, the
toleranceanalysis phase has been dividgd two steps: after the 3D modelling and annotation phase,
before starhg with the integrated tolerana®st optimization within the MDO environment, a CAT
analysis has been performdd. this way it is possible to ideifi the most critical area of the
assembly, i.e., the critical functional requirement, on whalocus the optimization objective,

reducing the complexity of the optimization problem.
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4.1 3D modelling and annotation

Part and assembly 3D modelling

This case aims to understand the tolerances to be assigned to the engine block, the crankshaft, anc
the other components involved in their coupling. In partictler,sulpect of analysisarethe planes
fadng the engine block and the crank web shoulder. The goal is to optimize tolerance values both
achieve the required functionality amtal reduce costs. The functional dimension is therefore the
measure of thgapbetween the plane of the engine block amddlane of the crankshaft, as in Figure

52: this requiremenappliesto each cylinder. The functional requirement expressed by the company
is to avoid contact between the two surfaces during the operating conditions, i.e., to avwgd seiz
Sincethe nomiral gap is equal t6Q i 1.385a &, for simplicity the functional requirement is
expressed in equdlilateral symmetry tolerancequal to'Qc g 1.385 +0.20Q i.e.,1 . 1 80 HO
1.585. Itshould benotedthat the upper limit (1.585 mm) is not a specific request, but it is a convenient
value to have an equhbllateral symmetry tolerance, being close to an acceptable upper value. In this
way, the functional measurement consists of a symmetrical acceptamdevwwith respect to the

nominal value.

Figure52. Functional requirement

The original engine assembly consists of a large number of componerntsth&sprevious case
study, the primary component is the engine block, divideiic y | i nder bl ocko anc
shownin Figure51. The other main components are the cylinder heads and the crankshaft. Additional

components are bearings, thrust washers, gasketsingsand studs (the fixture elements).
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