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ABSTRACT

This paper presents the work we carried out tostigate how

to optimize the processes of development of comptexiucts

by incorporating finite elements analysis (FEA) anmhulation

as a design concepts analysis and optimizatiomigeh. As a
case-study, the processes of development of thlick Heater
(TFH) subassemblies in a selected TFHs supplyimgpemy
were explored. The principal challenges we death wiere
twofold, namely: (1) how to optimize the processes
development of TFH subassemblies through FEA and
simulation, and (2) how to sync and optimize theH$F
supplying company’s and the original equipment
manufacturer’s (OEM’'s) development processes. Adaly
SYStem (ANSYS) was used as the FEA and simulation
application in this case-study. An empirical stusyhow some
previously executed practical TFHs development gsees
unfolded was carried out. Practical TFHs design and
optimization tasks were analyzed, and a suitablekfiaowv
scheme was subsequently created, and its feagibilit
investigated. The derived workflow scheme is genéri the
sense that it accommodates a wide range of FEAiamalation
applications, and its applicability is not confingd the
processes of development of TFH subassemblies Qitig.
significance of the reported work also lies in thalization of a
systematic approach for selecting FEA and simufatio
application whilst taking into consideration tedalj business,
and social factors. The overall benefits for a campresorting

to using the derived workflow scheme to optimize product
development process include competitive advantage ds
competitors, high-quality products at a lower depehent cost,
and more flexibility for its customers.

Hidde Dorhout
Faculty of Industrial Design
Engineering
Delft University of Technology
The Netherlands

Gerd Kloppers
Ferro Techniek BV.
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1. INTRODUCTION

Simulation is a powerful tool for analyzing and ideing
complex products. It enables the designers to ¢estplex
product design concepts without having to resotusiog actual
physical prototypes, thus significantly reducing e th
development effort, time, and costs. In the workadded in
this paper, we focused specifically on simulatiortie form of
finite elements analysis (FEA). FEA and simulatientail
dividing a given domain into a set of simple donsagdubbed
finite elements—see e.g., [1] and [2]. FEA and datian
techniques are inheritably multidisciplinary andoss the
boundaries of various disciplines including, forstamce,
mathematics, physics, engineering, and computeensei
Typically, either (1) a continuous virtual modeldwided into
finite pieces widely known as ‘elements’, and lagfsnature,
e.g., laws of physics, are applied on a generimefd, and the
results are then recombined to represent the aamtinor (2) a
differential equation representing the system isveoted into a
variational form, which is approximated by lineantbinations
of a finite set of trial functions.

The motivation to introduce simulation in the foohFEA
into a product development process usually is tuce the
development time and therefore costs. The poteofiairtual
simulation tools in the form of FEA particularly improving
new product development (NPD) performance, inclgdin
highly innovative product development, is widely
acknowledged. FEA makes it possible to simulatebiteavior
of a product through numerical techniques and allow
approximation of the solution of a problem witholo# need to
develop a physical prototype and can thus save &sgecially
in NPD; and may also change the entire developmpremess in
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a company—see, e.g., [3]. FEA can also be a platfior test
new possibilities, to analyze cause-effect assiociatamong
various design parameters in virtual environmersd to
improve the designers’ insights on products thatghti
otherwise not be directly observable. This migbt, ihstance,
trigger creation of new concepts or novel and meffecient
ways of working.

FEA and simulation techniques have a wide range of
applications, and enjoy extensive utilization irrioas areas
including structural, thermal, and fluids analyses\d can
support the designers in a wide range of compleodymt
development assignments. In practice, FEA and sitioul also
typically serve as an aid in optimization in a widmge of
applications. For instance, in the medical fieldtTblla et al.
[4] used a FEA and simulation technique in optimigimplant
design and placement of the implant into the bartele using
FEA and simulation in engineering product designd an
optimization is a standard practice, and FEA andukition
tools are nowadays incorporated in many Computdedi
Design (CAD) systems—see e.g., [5]. There are, afrge,
other myriad application examples in the literatute is,
however, claimed in some literature that there lbasn very
little transfer of knowledge and new technologiesf research
and development companies to industrial compartias use
this knowledge or new technologies—see, e.g., (@] i&]. In
general terms, knowledge and new technologies ferans
between the two is limited, collaboration is lindtend there is
still a lack of relevant knowledge reaching the -esdrs [7].
How best to incorporate FEA and simulation into greduct
development process and how to eliminate unceytaort
investing in FEA and simulation through systematitection
of application are some of the challenges that spnoeluct
developers often face. We dealt with these issuesur
research, and we specifically focused our investiga on
companies that supply parts or subassemblies tginati
equipment manufacturer’s (OEM’s). Therefore, weo giairtly
attempted to address the challenge of syncing atichiazing
the supplying company and the OEM’s developmentgsses.

The investigations specifically focused on: (1)dsing the
existing parts supplying company and OEM develogmen
processes with a view to identifying areas of inwernent and
incorporating FEA and simulation techniques intoe th

workflows, (2) exploring how and where to incorper&dEA
into the workflows,

and simulation techniques

ang) (

Figure 1 Examples of TFHs subassemblies of consumer preduct

redesigning the workflows and incorporating FEA and
simulation techniques into the development procese
investigated how to incorporate finite elements wation to
enable effective analysis and optimization of thesighs of
thick film heater (TFH) subassemblies (see Figuje ol
consumer products in a case-study company thatisagpese
sub-assemblies to OEMs—see also [8]. The developmen
processes of the TFH assembly supplying companyCteids
are highly intertwined and interdependent (see tfiei@l). What
was specifically needed was an efficient workflosheme for
developing TFH subassemblies—which take into actoun
market, user, technology, and other aspects of urnes
product development. We used TFH subassembliesass- ¢
study products to explore how best to incorporaA land
simulation as techniques for enabling effective lgsia and
optimization of designs of complex products. NewHTéesign
concepts were modeled and analyzed by using FEA and
simulation techniques to determine their behaviarsder
various operating conditions, and this allowed fearly
refinement of concepts prior to realization, whérarmges are
typically inexpensive. It has been demonstrated B&A and
simulation techniques can be incorporated into TFH
development workflows to support analysis of TFHsige
concepts, thereby saving time and money by redutiry
number of prototypes required. Apart from new TFhaepts,
FEA and simulation techniques can also be usecatyaing
existing malfunctioning TFHs or TFHs that require
improvements, and in this way quick reengineering o
modifications can be done at a reduced cost.

We present the work we carried out to address the
challenges described above and to answer the obsear
guestions stated in the subsequent Section. Theer pigp
structured as follows. We first analyze the rede@roblem and
challenges, and describe our research approatie ifollowing
Section. We then describe the investigations arbemt the
results, i.e., we describe the case studies we uoted to
explore the feasibility of introducing FEA and silaion
procedures in the case-study company, discuss HoAvdnd

Eel 9

Figure 2 An example of coupled part supplying company a&dvO
development processes
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simulation can best be incorporated into the casdys
company’s TFH concept development workflows, andnth
present the workflow scheme which incorporates FaAl

simulation. Afterward, we present the approach weiskd to

support objective and systematic selection of FEAd a
simulation applications. We finally briefly discuise research
results and present the broad general conclusidn®uo

findings.

2. PROBLEM DEFINITION AND RESEARCH

APPROACH
It is a common practice to develop some products
collaboratively by involving multiple companiesdevelop and
supply components or sub-assemblies of the prodircisther
words, the components or subassemblies are cordekigith
the OEMs. One of the principal challenges herenis to come
up with an efficient and structured workflow forvédoping the
product. As an attempt to address this challengestigations
have been conducted at a company in which TFH sub-
subassemblies are co-designed with OEMs witholdviahg a
structured workflow which incorporates FEA and siation
techniques. In developing TFH subassemblies, tlse-study
company typically takes the specifications from dtsstomers
(i.e., OEMs) as they are, and uses highly iterateke hoc
manual analysis procedures to develop and analygel T
subassembly concepts. That is, for each TFH dexetop
project, the end-product specifications are forrmmdéfirst by
the clients (i.e., OEMSs). Then, a number of spec#iquirement
specifications such as power requirements and appea or
forms are formulated, and these, along with factarsh as
manufacturability (i.e., manufacturing process) amu$t, are
considered as the TFH design concepts developrmenegses
progress. This typically entails going through amber of
physical prototyping and testing cycles.

Although in many cases this approach has worked, wel
some of the solutions have not been optimal, theldement
processes have often been excessively iterativéeagithy, and
there have been some cases in which some prodadtioltbe
taken off from the market. The precise reason ficdit to
explain, but inefficient workflow and lack of thargh TFH
concepts analysis have probably contributed ta fesfor the
case-study company, the problem lies particularty the
processes of development of the TFH subassembiibih
presently entails using physical prototyping teqghes to
analyze and test design concepts. Also, a deartim ofepth
understanding of the needs of the final products thiose of
the OEM in the case-study company often causesTié
subassemblies to be structurally designed and g#into
meet only a subset of the requirements catalogethélient
(i.e., OEMSs) without considering the global use amdractions
of the end-product. Overall, the current practisesomewhat
flawed and the eventual consequences include lom§ets
development times and higher development costs.

Therefore, apparently the case-study company needed
structured and efficient workflow for developing HF
subassemblies for consumer products produced bipugar

OEMs. This workflow should embed and address glkets of

the TFHs and should help to optimize the processes
development of TFH subassemblies. One of the main
challenges in devising a suitable workflow schenas Wwow to
ensure that the scheme would help the developetakiinto
consideration various aspects, i.e., market aspects
identifying, understanding, and grouping differelypes of
market-oriented aspects which may influence thegsses of
development of TFH subassemblies; user aspectsHtifideg

the target group of the end-product and how thqdeetations,
e.g., regarding the TFH subassemblies, namely, $orens,
heating rate, power consumptions, and so forth lghde
addressed within the TFH development interval;
technological aspects—studying the technologies
approaches presently used in developing TFH subdsiss
and identifying new potential technologies and apphes and
the roles that they may play in optimized TFH depehbent
processes. A workflow scheme that meets the abeserihed
needs was lacking in the case-study industry. Ohehe
principal tasks was therefore to develop a suitatectured
and efficient workflow, and using practical caseest TFH
subassembly development assignments to verify
applicability.

In short, we attempted to answer two principal ¢joas in
the research reported in this paper, namely, (1) ban the
process of development of TFH be optimized throbgA and
simulation, and how to efficiently incorporate FE&nd
simulation and to sync the supplying company andv®E
development operations? and (2) how to objectivahd
systematically select a suitable FEA and simulation
application? We selected a case-study company,hndesigns
and manufactures TFHs for consumer products praduci
OEMs. Apparently this case-study company has not
incorporated FEA and simulation procedures in tharkflow
to date despite the fact that FEA and simulatiocchté&ues
were developed several decades ago and have begteddnd
used by some practitioners for quite some time.tkégefore
attempted also to answer some specific researcstigns such
as why is it that the case-study company has rarporated
FEA and simulation procedures into their workflodespite the
availability of these techniques for quite some ettmHow
analysis and testing is conducted in case-studypeoy®? What
is analyzed or evaluated in TFHs design intervats lrow this
is accomplished? What techniques are presently, @seihow
effective are they? Which features and charactesist
differentiate or liken the case-study company theotTFH
supplying companies? Which aspects of FEA and sitiou
are generic and applicable to TFHs? In this wohe term
‘workflow’ means a set of relationships, associasio or
mappings between the development activities in aH TF
development project, from the beginning to the aifdthe
development process. The development activitiesedated by
different types of relations, and may be triggebgdexternal
events or by other activities. The eventual deidbdz of the
reported research was a verified structured workfs@heme,
which specifies a set of relationships betweendinelopment

and
and

its
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Figure 3 The research approach

activities of TFH subassemblies development projddie

significance of this work lies in (1) creation of adaptable
FEA and simulation-based workflow scheme, whichvjgtes a
systematic way of developing and analyzing TFH emts, and
(2) in developing a systematic approach for selgcBEA and
simulations application whilst taking into considion

technical, business, and social factors.

Figure 3 depicts the approach we followed in theeaech
presented in this paper. Market study, processysisaland
technical study helped us to formulate the requénais for the
workflow scheme. The existing consumer productd thee

3.1. The Case-Study Company

The case-study company was founded eight decadesltag
specializes in producing heating element subassestibr
commercial products. It specifically uses porcelaimameling
techniques in the heating elements of consumerirashgstrial
products. The case-study company distinguishedf itsg
delivering customized entire heating element sudrab$ies for
consumer products known as thick film heaters —atihted
as TFHs in this paper. TFHs are used in many damest
appliances, including for instance, in public ceffmachines,

TFH subassemblies were studied and possible new TFHdomestic water boilers, and steam ovens. In thge-study

technologies were also investigated with a view

understanding the prevailing TFH subassemblies |dpreent
processes; and based on this, a suitable workfmveept was
conceptualized. Real-world FEA and simulations wafso
carried out to explore and to familiarize with wliatakes to

perform actual FEA and simulation for TFHs, and to

experiment on how to incorporate FEA and simulatioto
TFH development processes. The task of redesighiedFH
development process entailed using the generatgdreenents
as the basis for developing a concept workflow swheFEA

and simulation case studies were also carried aut t

demonstrate the potential and the applicability tbese
techniques in the framework of the proposed workfscheme.
The idea was to uncover and to address the prohteehsnight
be encountered in using the workflow scheme.

3. INVESTIGATIONS AND RESULTS
In this Section, we describe the investigations cagied out
and present the results of the research. We fitsbduce the

to company, the customers (who essentially are the ©EM

products such as coffee machines, domestic waitardoand
steam ovens) are often actively engaged in theegess of
designing TFH subassemblies. Structurally, theséisThre
somewhat complex subassemblies, typically congjstof
stainless steel plates, porcelain enamel layersd, @imnted
electrical circuits (i.e., the heating elementsptpcted by a
glass layer placed over the circuit. The desigruireqnents
specification for TFH subassemblies often vary, athe
requirements are defined by considering the consyomaluct
on which the subassembly will eventually be insthlbn. Such
requirements state or specify, for instance, thquired
structural appearance of the TFH subassembly, éhéry rate,
and the target cost. Other specific requirementsh sas
applicable standards or brand image of the OEM @mypn
guestion are also taken into consideration in désig TFH
subassemblies. TFHs are generally more expensie the
competing heating technologies, but offer bendfitst other
heating solutions cannot, such as compact sizéhiyhdenergy

case-study company and describe its TFH developmentefficiency. These benefits allow designers of comsugoods,

processes and practices in the following Subsection

e.g., to design more energy efficient products.

The case-study company's current development psoces

consists of four principal stages, which are: atitin, study

4 Copyright © 2015 by ASME
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Figure4 The existing process of development of TFH atctme-study company

(i.e., exploration), development, and implementati¢see
Figure 4). Typically, several design iterations igbh entail
using physical prototyping and testing) are needsgecially
during the study and development stages in ordebtain an
acceptable design concept. Overall, the currencga® of
development of TFHs at the case-study company regui
extensive physical prototyping and testing, and olves
numerous iterations, which consume valuable timel an
resources. The case-study company wants to imptbee
current TFH development process by reducing the beunof
iterations, thereby shortening the projects exeoutiurations.
One of the key requirements in the consumer gooalkenh is
shortening of the product development duration. GEdfe
typically expected to shorten the time needed timiuce new
products into the markets. The case-study compasy,a
supplier of TFHs to these OEMs can contribute tis thy
shortening its own development time, i.e., shortgrihe time
required to deliver new TFHs to an OEM. What isdezkis an
improved workflow, with a reduced number of physica
prototyping and testing cycles. The sought afterkfiow
scheme should allow the case-study company to Gitine
processes of development of TFH subassembliesie.gduce
the number of manual tasks, or help to avoid theeoassary
steps or processes.

3.2. Exploration of the Possibility of Incorporatin
FEA and Simulation into the Case-study
Company’s TFH Subassemblies Development
Processes

An analysis of the case-study company's TFH devekmt

process was conducted, and based on this, medsudesrease

the TFH subassembly development time were proposed.

Different technical possibilities have been anatlyzéo

determine in what ways the TFHs development preseasd

workflows can be improved. It became apparent thatmost
suited form of simulation for case-study companyfirste
element analysis (FEA)—a numerical method of apipneking

g

the behavior of a product in which a digital or CAiddel of a
part or product is split into a number of finiteelents (also
known as meshes), from which various design aspgeats as
stress, deformation, and temperature may be arthiyreugh
computation of values based on the boundary camditihat
work on the part or product in question. Two pratifactors,
namely (1) the number of iterations, and (2) theéemtx of
repetition of the activity, were considered whercidimg on
whether or not to incorporate FEA and simulatiachtéques at
certain points in the existing workflow. For thisse-study
company, it was determined that the interval atcWwhthe
application of FEA and simulation techniques camniicantly
contribute to optimization of the TFH developmenbgess is
the very early stages of the design process wheaé $pread,
stress, deformation, and different geometric camfigion of
the TFH subassemblies can be tested without udiygigal
prototypes, and also in the later stages of thégdgsrocess
where, e.g., the reliability of designed TFH sulagslies can
be tested. The points and stages of the case-smdpany’s
TFHs design processes where we recommend FEA and
simulation procedures to be incorporated are inéitain
Figure 5.

Case studies were conducted to explore the appityadf
FEA and simulation techniques to TFHs development
processes. This involved using ANSYS to analyzeme#tion
and stress in TFHs. The case FEA and simulationysesm
passed through three major phases, which peeprocessing,
in which finite element meshes were developed bidiatig the
TFH geometry into subdomains for mathematical aishthe
material properties and boundary conditions wer@lieg
accordingly; solving, in which the FEA and simulation
application derived the governing matrix equatiansl solved
them, and post-processing, in which the validity of the
solutions was explored—i.e., the values of primamantities
such as deformation and stresses were examinedmber of
square test TFH plates made up of porcelain enametals,
and bonds between the two materials (i.e., betwten

Copyright © 2015 by ASME



porcelain enamel material and metal) were analyaed
simulated by using FEA method, and some meaningfults
emerged (see Appendix 1). For instance, the storss
deformation, caused by the difference in thermaaesion of
the porcelain enamel and metal was accuratelymeted. The
stress analysis also showed that the porcelain enasmmost
likely to fail during usage at the edges of thetgga The thin
layered structure of the TFH used in case studigaired large

amounts of elements and high performance computing

equipment was needed to run simulations. Overad, dtudy
showed that the FEA and simulation techniques waek for
TFHs and can be assimilated into the existing casay
company’s workflow.

3.3. The Proposed Workflow Scheme

A new TFH development workflow scheme for the cstsmly
company, which incorporates FEA and simulation mégphes is
proposed (Figure 5). It has been developed by ¢akitio
consideration the findings of the investigationsd athe
recommendations presented and discussed in theopsev
Sections. Figure 4 shows the existing process wéldpment
of TFH at the case-study company. The stages ofT#id
development process at which the manual engineariadysis
activities need to be substituted by FEA and sitmuta
procedures have been identified, and are shownigaré 5.
The study stageand the beginning of thdevelopment stage
have been identified as the areas which TFH desagitepts
can efficiently be analyzed by using FEA and sirtiofa
techniques. The dimensions and power requiremehtthe
TFHs are usually already set at the needs and resgeants
analysis stage, so early explorations of the fdagif the
concepts can be conducted. And any potential needhfanges
in the TFH design, e.g., a need for different degigrameters,
for instance, power requirement specifications lberaative
geometry or form can be identified early in the elepment
process by using FEA and simulation techniques a
subsequently recommended to the OEM. Shely stage and
the development stage have been identified as the most iterativ
stages, where iterative physical prototyping andtsteare
conducted to attain proof of concepts or principlese of the
goals of the research was to determine to whatnextee
activities in these stages are iterative and if thesting
approaches can be swapped with FEA and simulati
techniques. Because of the iterative nature of atigvities,
there was an opportunity to optimize processeshésd two
stages to save valuable resources (i.e., time amey) through
the application of FEA and simulation techniquetedlly, the
entire TFH can be prototyped virtually and testadar varying
and unusual operating conditions through FEA antlkition.
This can broaden the designers’ insights into thelS behavior
and performance, and helps to reduce the numbphysical
prototyping and testing iterations. It should beedo however,
that, in the end, a validation process involvingysbal
prototyping and testing needs be conducted afteh BRd
simulation—because apparently not all physical qisqing
and testing can be avoided. The validation steipptended to

help the designers to determine the accuracy ofntheel used,
and typically entails experimenting with prototypesd
comparing the outcomes with the simulation resWitbat can
be achieved essentially is a reduced number of igdlys
prototyping and testing iterations. Obviously thieaf TFH
design concepts should also always be prototypedtested
again, before sending it to the OEM for final tegtion the
product.

Knowledgebase (see Figure 5) plays a central role in the
proposed workflow. This knowledgebase consists of
experimental knowledge, heuristics, and scientifita related
to the processes of development of TFHs. The kraiydeén the
knowledgebase originates from various sources,irfstance,
includes data mined (i.e., information gatheredjrfrcompiled
simulation results of various previous TFH develepitn
projects, or from observed materials behavior. The
knowledgebase grows continuously as new TFH dewstop
projects are executed—i.e., as new knowledge asihts
continue to evolve. This knowledgebase can be dittently
for problem-solving in TFH development processesmaly,
through deduction (i.e., applying knowledge heldaimgeneral
form directly, e.g., laws of physics, etc.), andibrough
induction (i.e., applying new concepts and laws edigyed
through experimentations). In practice, these twoblgm
solving strategies should both be used by the desigin
developing new TFHs. This knowledge helps the desig
e.g., to discover relations between design parasmeted to
acquire technical insights, e.g., into the functity of the
products or materials. The knowledgebase can beataiaed
by putting in place a structural method for acaqugrand storing
FEA and simulation results obtained from variousHTF
development projects. In this way, the knowledge tlie
company can continuously increase, and this woliichately
translate or contribute to improvement of TFHs. @ilgit can

" paramesens
Available knowledge, [

¢
data b Gan nsight

Experiences . Materislproperties 1oy yicine, .“\
Commyricate resuits

Evaluation

Client

Figure5 The proposed TFHs development workflow
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be argued that FEA and simulation essentially comgait both
the deduction and inductive problem solving stratégd the
incorporation of FEA and simulation techniques ittte TFHs
development processes is considered to be anegffigiay of
problem-solving which reduces design iterations ahe
amount of physical prototype-based experimentations

In general terms, in order to introduce FEA andusation
technique into a TFH development process, condidasamust
be given to the following: (1¢conomy: from a financial or an
economic point of view, the incorporation of FEA dan
simulation procedure into the TFH development pssosould
only be useful if the costs of investing in and adwcting FEA
and simulation are lower than the costs of makictua
physical prototypes and carrying out comparabléestds was,
however, practically difficult to determine how nfusavings
can be achieved by replacing actual physical pypest and
tests with FEA and simulation; and {@&chnical knowledge: in
order to be able to conduct FEA and simulation,wiedge of
engineering principles, mathematics, physics, erging
design, computer science and/or of materials seiénften
required. Without this knowledge, it is difficultof a
practitioner to set up and successfully run FEA simdulation
with a view to analyzing a TFH design concept.dme cases,
for instance, essential materials properties mayahways be
known precisely, e.g., sometimes only a range dfies is
known, and it sometimes requires the practitioner teést
materials in order to obtain the exact values. Afram these
two key considerations, in using the proposed wovkf it is
also noteworthy that the designer should be ablddotify the
parameters, e.g., dimensional parameters sucheathittkness
of the part or any other dimension of interest ttrety can
experiment with. Attention should also be paidte need for
having sufficient computing power in place to effeely run a
simulation—typically virtual models of parts needkte broken
down into a large number of finite elements whigguire
significant computing power.

,,,,,,,,

o

3.4. Application of the Proposed Workflow Scheme

Figure 6 illustrates how the proposed workflow snkewhich
incorporates FEA and simulation techniques, can be
implemented at the case-study company. A real-world
assignment on development of a TFH for a steamérwas
used as an application case-study to demonstrate
applicability of the proposed workflow scheme. Awwn in
Figure 6, during the development of the TFH unéyesal
iterations were needed in a number of stages—at¢he points
labelled 1, 2, 3, and 4, to achieve a design cdrtbep met the
requirements set jointly by the OEM and the casdyst
company. Apart from the preliminary explorationstta study
stage—which should obviously incorporate FEA and
simulation, these points were also the candidatetjues to
slot in FEA and simulation procedures. Point 1hat fstudy’
phase—see Figure 6, was the first point where FEA a
simulation could have improved the TFH steamer unit
development process. The initial design requirement
originated from both the OEM and the case-study pzmmy,
and some of them were derived from previous expeee in
similar projects. With an initial FEA and simulaticthe effects

of the geometry and shape on the reliability of T4 could

be investigated to attain the understanding reduire the
subsequent development stages, and to establistmeviteere

is the need to focus the analysis on certain etitpoints or
regions of the TFH. As for cost savings, it is idiflt to state
precisely how much costs can be saved by introgueBA and
simulation to support exploratory design at thegyst Activities

at points 2, 3 and 4, i.e., at the ‘design and kgweent
intervals'—see Figure 6 were also highly iteratiand
inheritably tremendously routine. During the anedysf TFH
concepts, numerous problems emerged, e.g., dryingnn
conditions caused porcelain enamel material tokgrand as a
result, multiple iterations were required to ackien optimum
design concept. The iterative manual activitiesoperations
can obviously be replaced with FEA and simulaticocpdures.
Several parameters such as porcelain enamel comeposi

th

Y —— &

Implementation

TTTTTTTITTL T

)
¥

Figure 6 Using the proposed workflow in a TFH developmemject at the case-study company
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heating track design, and material thickness, wtjgtically
require extensive prototyping and testing, can yeemented
with by using FEA and simulation tools to find aptimal
design solution. The experimentation may not leadthe
identification of combination of parameters thatulebwork,
but rather, e.g., to the identification of a gehevperating
temperature range that could be controlled and hichvthe
TFH would not fail. As expected, it was establishbdt the
traditional manual procedures delay the projectgpietlly for
a couple of months—and were highly labor
Substitution of manual design concepts analysisatittns—
which typically require a number of physical prefes to
validate the results, with computer-based FEA antlistion
would save significant amount of time and resourd@ben
FEA and simulation results suggest that the desigmcept
fulfils the requirements and the designed TFH caerate
satisfactorily in all known conditions, a final iddtion must be
conducted, and as mentioned eatrlier, this may ldmtdding a
physical prototype and testing. FEA and simulatechniques
can also be incorporated at Point 5—see Figure énable the
designers gain insights, e.g., into the investntleait should be
made for the project or even for future projectst Fstance,
feasibility of different shapes, configurations TH, material
thicknesses, or heating track designs may be exghltor gain
insights, e.g., into the performance and costs. A& and
simulation techniques can also be incorporated ittie
workflow at Point 6—see Figure 6—to support theiglesrs to
demonstrate technical aspects of the TFH and teeptedesign
concepts to the client and other stakeholders.

3.5. Limitations

Despite the benefits described above, it is alspenative to
recognize the limitations of FEA and simulation heiques.
Costs of investing in the resources required forA Fahd

simulation are still considerably very high. Altlgfuthere has
been a substantial drop in the prices of commeieiah and

simulation applications and of the required compbormal

hardware, introducing FEA and simulation techniqueghe

company’s workflow still requires a significant estment.
Furthermore, it has been shown that FEA and sinomatan

reduce the number of physical prototyping and negstiycles,
but cannot entirely substitute them.

It is also noteworthy to point out that lack of fic@ency
and experience can adversely affect the outcomieE#f and
simulation. For instance, an inexperienced
unknowingly deliver incorrect FEA and simulatiorsuéts. The
danger here is that expensive decisions can bel hgsm such
results. Overall, FEA and simulation applicationg ighly
demanding tools. The users must be proficient exrélevant
scientific areas, which typically include finiteeehent method,
elasticity, fluids, mathematics, and computer smenlt is
usually difficult for a new user to be productived reasonable
amount of time without adequate training
simulation, and in a range of relevant scientiigtds. Even the
selection of a FEA and simulation technique catmeimade in
a vacuum, i.e., without proper understanding of tdehnique

intensity.

user can

in FEA and

and without adequate background knowledge—nametg o
cannot sensibly select an application without hguime basic
knowledge of FEA and simulation techniques and adgo
understanding of the physical and mathematicalsbbshind
these techniques. It is normally required to dedidane up
front for training or for self-help education.

4. SELECTION OF A FEA AND SIMULATION
APPLICATION
There are many types of FEA and simulation appboat
around with various specifications. Choosing theAF&nd
simulation application to use is an important ahvadle that we
also attempted to address in the research repiortibis paper.
The problem we dealt with here can be summarizedlmsvs.
Due to the state of influx of FEA and simulatiorphgations,
picking one application in preference to the othavithout
carrying out an in-depth systematic needs analgsisising
suitable guidelines can sometimes be risky. A FBEA a
simulation application can be a major investmentthwi
considerably high degree of uncertainty in some pames.
Therefore, there is a real need for a systematithodeand
clear guidelines, especially at the strategic lefal ensuring
that a suitable FEA and simulation applicationgkested. Such
a method should be sufficiently objective and basedpecific
formal or tailor-made criteria, and should guidenpanies or
individuals to carry out thorough examination ofdable FEA
and simulation applications rather than making yha&toices
based only on highly visible attributes such asudoentations,
or look and feel.

Several decision-making models and selection metlaoel
available. These include, for instance, decisiofingamodels
for selection of advanced technology—see, e.g.; [}
selection of machines or equipment—see, e.g., [6f;
selection of system components—see, e.g., [11],santbrth.
Most of the existing approaches involve technigeash as
modeling a problem into multiple criteria scenatargeting
specific applications or technologies; multi-objeet integer
programming [12]; subjective ranking; or comparirige
interdependence between two or more technologigls These

approaches can be adapted and used in many selectio

assignments but none of them square precisely wWith
challenge of selecting a FEA and simulation techeiqt is
also important to note that despite the availabitif formal
models or methods, some literature claims that nobsthe
selection and acquisition decisions are often @tely made by
high ranking decision makers, who normally relygkdy on
their knowledge, experiences, and personal judgsnemd
biases—see e.g., [11]. We therefore propose a ragsie
approach for selection of a FEA and simulation &ggtibn
(Figure 7). Some elements of this approach arestbist some
of the above-mentioned approaches, and in the appes we
previously applied in selecting 3-D visualizatioavites—see
[14], and in selecting computer-aided design andufecturing
systems—see [15].
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According to the proposed systematic selection g,
several factors, including personal preferencesvels as the
application’s functionality, must be considereddmoosing a
FEA and simulation application. The proposed s#act
approach requires users to take into consideratiamnous
factors, which we broadly categorized &shnological factors
(i.e., functionality, usability, reliability, maiatnability,
flexibility, etc.), strategic factors (i.e., financial, infrastructural,
and market positions of the company, etc.), soailal factors
(i.e., environmental aspects, personnel policigs,)-esee
Figure 7. Figure 7 also provides the details of #utivities
involved in the selection of FEA and simulation Eggdions. In
principle, this scheme guides users to first condeasibility
study and needs analysis, and then to formulaterierj which
are subsequently used as the basis for evalu&ideasibility
study must include a multi-dimensional review andlgsis of
the existing alternative FEA and simulation applmas; and
should extend to studying various aspects of thev ne
investment and of the FEA and simulation applicatisuch as
the economics of the new investment (i.e. whethercompany
can afford to invest in a FEA and simulation apgtiion),
technical capability (i.e. whether an applicatibattcan fulfill
requirements exists, whether
experience in using that application, etc.), sched(e.g.
whether the new investment interferes with normasifess
operations, etc.), organizational (e.g. whethemti@ FEA and
simulation approach has the support of the manageofehe
company, whether it brings an excessive changeth&hehe
company is changing too rapidly to absorb it, etmjtural and
societal (i.e., impact on the local and generatucal in the
company, environmental factors, etc.), market, (aealysis of
market forces that could affect success of investjrend legal
(i.e., making thorough legal scrutiny).

Furthermore, the proposed approach requires teaheled
for FEA and simulation application should be thayoly
analyzed. This must involve scrutinizing the mapdijectives
of investing in FEA and simulation application aexploring
potential problems and possible future changes. ddmemon
and easiest ways of gathering opinions and obtgimeeds
include interviewing the stakeholders, conductiogus group
research, and carrying out questionnaire survelys.proposed
approach also requires that a comprehensive ei@uaiust be
carried out before purchase. The consequencesvesting in
new technology must be investigated and the beneiitd
drawbacks of the envisaged investment must alsaskessed
thoroughly. Human aspects such as possible effestghe
established work arrangements and other possiblgalso
implications of the change must also be investijatsfter
feasibility study, needs analysis, and evaluatiba;subsequent
activities shown in Figure 7 can then be carriedt. ou
Specification requirements must then be compilexttan the
results of feasibility study and needs analysigl fommal and
more specific selection criteria formulated. Thanthorough
review and analysis of the affordances of competing
technologies must be carried out and the apprepR&A and

simulation application ultimately selected based tre
established selection criteria.

As for hardware, obviously where to run the FEA and
simulation application depends on the type of esgiimg
analyses expected to be performed. Typically, FBEA a
simulation tasks require fast computational tomisorder to
achieve acceptable performance. Memory requiremeants
typically dependent on the code, but the more tetteb
Similarly, processing power is important and of tssence
with respect to the performance—namely, the speedhe,
pipelining, and multi-processing are all important
considerations.

5. DISCUSSION

Traditionally, simulation involves creating a phgali or virtual
model of a system or process and carrying out éxjerts on it
as it progresses over a time interval. In this weikulation in
the form of FEA served as a technique for predictiow TFHs
react to real-world heat and other physical effeetsd the
process entailed generation of models on ANSYS,, i.e
generating the nodes and elements that portraysgzial
volume and connectivity of the actual TFHs of tlmsumer

the company has enoughproducts in question. The solid models createddld®/orks

were imported and used in defining geometric camrfigjon of
the model, nodes, and elements. We began with &impl
approximation of TFH elements and gradually refinte
models as the understanding of physical effectdimoed to
improve. This “step-wise refinement” enabled usatthieve
good approximations of otherwise very complex peais. It
should be noted here that a finite elements methoxks by
breaking down a real object into a large number,(thousands
to hundreds of thousands) of finite elements. Matdtecal
equations help to predict the behavior of each elgmA
computer then adds up all the individual behaviorgredict
the behavior of the actual object, which in ourecasms TFH.
The models generated facilitated the exploratioh@iv real-
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Figure 7 A general scheme for selection of FEA and simaitati
application (derived from [14]).
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world functioning TFH would eventually perform, aatlowed
testing of alternative solution proposals and higpses at a
fraction of the cost of actually building a phydid&H and
undertaking the activities which the models simailat

The advantages of simulation are widely acknowlddge
and have been demonstrated in this work. FEA amailation
helped to predict thermal stresses and other phlysiects,
deformation, performance, and showed whether or thet
TFHs would work the way they were designed befarddimg
the actual TFH subassemblies. The case-study afcantly
accomplished TFH development process discussedhén t
previous section has revealed the kinds of techuitallenges
encountered. It has also demonstrated that theegsds highly
iterative and that the total development time sfrgle TFH in
the case-study company can take up to three yd&drs.
introduction of simulation in the form of finiteezhent analysis
into the current TFH development process, espgciallthe
exploration and development stages, can reducdirainate
the iterations, thereby shortening the TFH develeptime.

Overall, FEA and simulation provided a cost-effeeti
means of exploring the suitability of new TFH, vdth having
to resort to manufacturing of physical prototypléqrovided a
faster and more efficient technique for verifyinge tdesign
choices and helped the designer to foresee howWRhkkewould
be like. Furthermore, it proved to be an effective
communication tool, that can be used to visuallyvsiphysical
effects on the TFH and to explore how the TFH can b
improved. Additionally, simulation provided a methdor
predicting the results, understanding why the olexkrvents
or physical effects occur, identifying problem arelaefore
implementation, exploring the effects of modifices,
evaluating ideas, identifying inefficiencies, gaigiinsights,
stimulating creative thinking, and for investigatithe integrity
and feasibility of the proposed TFH design solwion
According to literature, problem solving in new guat
development typically entails deduction (i.e., #tion of
formalized knowledge, e.g., laws of physics) anduittion
(i.e., e.g., application of knowledge obtained frtesting and
prototyping)—see, e.g., [3]. The incorporation dEA-and
simulation in TFHs development processes can barded as
bringing in an additional problem solving strategp
complement the existing deduction and inductioatsgies.

Despite the fact that FEA and simulation technigwese
developed several decades ago and have been acdopteded
by some practitioners for quite some time, appérehis had
not been the case for the case-study company,dlegarof the
advantages stipulated above. To the best of ouvletye, this
is also true for its competitors (i.e., other depelrs of TFHS).
Many factors, including cost and lack of awarendsaye
contributed to this dearth of diffusion. Our recoemdation is
that by enhancing industry orientation (i.e., bg thevelopers
of FEA and simulation packages), and by adoptirgjesyatic
processes of dissemination, the target users gaeriexent and
understand the benefits of these technologies arukelsuaded
to apply them. It is also equally the responsipildf the
company to explore and to constantly keep trackheflatest

scientific and technological advancements, anchguee that it
uses efficient engineering analysis techniques.

6. CONCLUSIONS AND FUTURE WORK

The paper has presented the research we conduoted t
investigate how best to incorporate finite elementthods in
workflows to enable analysis, simulation, and optation of
designs of complex products. As a case-study, vpdoeed the
processes of development of TFHs. A structured R4
simulation-based workflow scheme for developing TFH
assemblies for consumer products has been propasedits
applicability illustrated in a selected case-stugustry. The
proposed workflow scheme looks worthy and reasanatid is
somewhat based upon a common sense idea—and tbespro
model is rather obvious. It has been demonstrabed, ty
incorporating FEA and simulation into the process#s
development TFHs, a company can significantly srorthe
development time, and can thoroughly explore newHSF
design concepts, and thereby improve its marketiposThis
scheme can also be adapted and applied to otheparabie
product design assignments or product developrm@ampanies.
Only minor changes to the workflow scheme might be
necessary, e.g., to accommodate minor differencte/den
TFHs and the product under consideration. The dgee
workflow scheme should, however, be validated fertho
investigate its scope, effectiveness, and usefalndhe
implications of incorporating FEA and simulatiorcheiques
into workflows also need to be investigated. T thind, since
FEA is, somewhat, in many instances an industnydsted, one
possible way forward could be to investigate thelications
FEA and simulation technique has had in severaleroth
companies—i.e., looking at the practices in similadissimilar
companies to gain more insights into how best twriporate
FEA and simulation in workflows and into if and hdweA
improves their processes.

The paper has also presented a structured methaguutve
forward for selecting FEA and simulation applicagp and
discussed the key issues that need to be considendd
measures that need to be taken prior to selecfioa proposed
approach can be of practical use for the compasiaming to
invest in a FEA and simulation application and can
systematically guide these companies to make dendlilvices
by embarking on thorough analysis and evaluation of
alternative applications. It guides companies tst fcarry out
comprehensive analyses, and then to formulate pheilti
selection criteria, and to subsequently use theferia as
benchmarks for evaluation and selection of suit&t#& and
simulation applications. The applicability of thgystematic
selection approach still need to be investigated.

Two principal conclusions can be drawn from theeagsh
we conducted. Firstly, implementing FEA and simolatcan
be considered as an additional problem solvingegisa which
can reduce or eliminate highly iterative and roaitamgineering
analysis and physical prototyping procedures. Sdigpiit is
apparent that the benefits of FEA and simulationbggond
time and cost savings to, e.g., allowing the desigiof TFH to
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experiment with new and non-conventional designcepts;
enabling the designers gain insights into physjmalperties
such as internal stress development, etc., thatotrerwise
difficult to analyze; allowing the designers to owmer the
relations between design parameters; and faaigati
presentation and communication of test and anatgsislts.
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APPENDIX 1: EXAMPLES OF TFHs FEA AND
SIMULATION RESULTS (refer also to [8])
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(a) Simulation of deformation of test plates
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