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ABSTRACT KEYWORDS
Inthelight of growing global competition, organizationsaround theworld Design for manufacturability;
today are constantly under pressure to produce high-quality products at Fuzzy sets;

an economical price. Design for manufacturability (DFM) requires product Analytic hierarchy process.
designers to simultaneously consider the manufacturing issues of a
product along with the geometrical and design aspects. The integration
of design and manufacturing activitiesinto one common engineering effort
has been recognized as a key strategy for survival and growth. DFM
requires product designersto simultaneously consider the manufacturing
issues of a product along with the geometrical and design aspects. In this
paper, part manufacturability was analyzed in detail. An analytic hierarchy
process (AHP) method isintroduced to assign weighting factorsto features
to reflect their functional importance. Results from the case studies show
that the system is capable of generating sound manufacturability indices
that could help product designersin making designseasier to manufacture.
© 2013 Trade SciencelInc. - INDIA

INTRODUCTION fieshigh manufacturing cost and long ddlivery time.
With increased global competition the pressureto
get quality productsto market in timeand at competi-
tive cost isever increasing. To achieve these objec-
tives, design and manufacturing must work together. In
the past decadethe areaof DFM has been recognized
asaworthwhile engineering approach and has come
under intenseinvestigation. A large number of methods
and tool s have been devel oped for manufacturability
evauationinvariousdomains. DFM today spansavast

Background

Inthe 1960s, manufacturingworkshop coursesdis-
appeared in design students’ curriculain the United
States¥. Asaresult, manufacturability analysisof the
design hasbeen neglected over theyears. Substantia
consderation hasbeen given tothedesign of products
for performance (functiondity, quality, aestheticsand

ergonomics, etc.)’?. However, sincethedesignersig-
norethemanufacturability of thedesign, sometimeitis
not possibleto manufacturethepart or thedesign justi-

spectrum, from simple handwritten scorecards and
check sheetsto sophi sticated knowledge-based design
advisory systems.
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What isdesign for manufacture?

» Thereexist moredefinitionsfor DFM inthelitera:
ture

« DFM means to make product designs that are
manufacturability,

» DFM isthephilosophy and practiceof designinga
product for optimd fit to aparticular manufacturing
system(,

» DFM istheapproachto design of mechanica parts,
components, and systems that addresses the
manufacturability issuesduring the early stages of
conceptua and embodiment design with tradeoffs
performed between designsand manufacturing ob-
jectives®.

» DFM isthe application of methods and toolsto
support the choice of best materialsand manufac-
turing processes®.

»  DFM meansdoing right thingsbeforedoing things
rightt”.

Design for manufacturability is the process of
proactively designing productsto (1) optimizeall the
manufacturing functions. fabrication, assembly, test, pro-
curement, shipping, delivery, service, and repair, and
(2) assurethe best cost, qudlity, reliability, regul atory
compliance, safety, time-to-market, and customer sat-
isfaction.®,

All of abovedefinitionsdid not makeaclear dis-
tinction between DFM metric (measure of the
manufacturability and the design goodness), DFM
method (for search/ optimization, generation/modifica:
tion, eva uation and decision), and DFM tool (embodi-
ment of method).

Inthisdissertation, DFM isdefined as:

DFM isthe practice of designing products with
manufacturing in mind. Itsgoal isto reduce costsre-
quired to manufacture aproduct and improvetheease
withwhichthat product can bemade. Performing DFM
analysis needsto choose DFM metric and methods,
specify DFM tasks and the sequenceto perform them,
and choose or develop DFM tools.

Problem statement

Thisresearchliesinthegenerd areaof DFM. The
objectivesof thiswork aresummarized asfollows:
1) Evaduate DFM measuresand devel op thetheoreti-
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cal foundation for evaluating design benefit,
manufacturability and perform tradeoffs between
design and manufacturing.

2) Develop adomainindependent DFM framework
which streamlinesthe DFM analysisacrossal do-
mainsand providethetransparency of the method
and metricto the designer. It involves specifying
generic DFM tasks and the sequenceto perform
them.

3) Deveop aprototype systemto demondtratetheca
pabilities, flexibility and customizability of the pro-
posed framework.

4) ldentify different typesof manufacturing knowledge
and devel op thewaysto represent and apply them.
Build aninformation model asthebackbonetoin-
tegrate existing toolsinto theframework. Develop
schemesto check the consistency of the manufac-
turing knowledge.

THE MANUFACTURING INFORMATION
MODEL FOR DESIGN FOR
MANUFACTURING

Themanufacturinginfor mation model

Ingenerd, threetypes of modelsmay be needed to
support manufacturing eva uation: product modds, pro-
cessmodels, and cost models. A product model needs
to model geometry, manufacturing features, and some
non-geometry information such astolerance and sur-
face finish at different abstraction level of
manufacturability analysis. A process datamodel de-
scribesaprocessactivity, itssub-activities, and theas-
sociated data. A manufacturing process model encodes
the capabilities of amanufacturing processincluding
shape producing cgpabilities, dimensions, toleranceand
surface quality capabilities, geometric and technol ogi-
ca congtraints and manufacturing cost. Traditionally,
there are two methods for process shape producing
capability modeling: process-based methodsand part-
based methods. In a process-based method, machine
toals, fixturedevices, cutting toolsand kinematicsmo-
tionsaswel| asoperation precedencein manufacturing
processes are utilized to capture the capability of the
process. In a part-based method, feature types, at-
tributesand numbersinameachining processare adopted
to defineits capability. The capability of amanufactur-
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ing process can be a so expressed in theform of con-
graints. Constraintscan beclassifiedintothreelevels:
universd level constraints, shop level congtraints, and
machinelevd congraints. Manufacturing resourcesare
defined asthe equipment which enablesindustry toturn
raw materia sinto marketable products®. Different rep-
resentationsof manufacturing resources havebeenem-
ployed by avariety of softwaretools, which perform
varioustasks. Resourcemode shouldinclude: tooling/
materia's, resource descriptions, equipment/labor, ma:
terialsknowledge, and so forth*%, Several manufac-
turing resource modelswere developed in MO sys-
tem*, and NIST rapid response manufacturing (RRM)
project!*d, Jurrenset al.1¥ proposed the requirements
specification for the manufacturing resourceinforma:
tion modeling. Aninformation modd for themanufac-
turing resourceisavailable®. Themode isin EXPRESS
and developed for the NIST Rapid Response Manu-
facturing Intramural Project. Cost modelscanbeclas-
sfied asactivity-based cost models, scaling cost mod-
elsand statistical cost modelS** 14, Activity-based cost
mode decomposesthe cost into eementary cost items
and then respective costs of theseitemsare estimated.
It givesrelatively preciseresultsbut detailed product
and manufacturing processinformationisneeded. The
task of gathering all therequired dateistime consum-
ing. Scaling cost mode estimatesthecost by interpola
tion or extrapolation of historical datafor closely re-
lated product. It assumesthereisasimplerelationship
between the considered parameter and thefinal cost.
Statistical cost modd isconstructed based on statisti-
ca relationshipsand operatesasablack box. Cost es-
timation formulaplays an important rolein the cost
models. Theformularel atesthe cost as adependent
variableto oneor moreindependent cost drivers.
Industry and academialong for astandardized data
format that isplatform and gpplicationindependent. The
recent effort on AP2401*% reflects the trend that the
product model, manufacturing process and resource
mode will become standardized inthenear future.

Manufacturinginformation model express

A semantic network isalabeled directed graph rep-
resenting objects/entities, their propertiesand their re-
lationships. Thestructure of asemantic netisshown
graphically in thetermsof nodesand the arcs connect-

ing them. Nodes are often referred to as objects/enti-
tiesand thearcsaslinksor relationship between two
nodes. Figure 1 shows an example of application of
semantic network to modd theobjects/entitiesand their
relaionshipsinDFM anaysis.
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Figurel: A semantic network example

Thethreeitemsof objectg/entities, attribute, and
vaueoccur so frequently in modeling DFM informa-
tionthat itispossibleto build asmplified semantic net
usingjust them. Anentity-attribute-vaue(EAV) or triplet
could beused to characterize thepart model, materia
library and manufacturing resource. The EAV triplerep-
resentation isconvenient for listing knowledgeinthe
form of atableand thustrand ating thetableinto com-
puter. Someexampleof an EAV tripletableisshownin
TABLE 1.

TABLE 1 : Entity-attribute-value triplet example of
parameters

Entity Attribute Value
Parameter Diameter 8
Parameter length 10

Thefirstrow inTABLE 1 representsthat diameter
isaparameter and hasavalue of 8. EAV triplesare
especidly useful for representing facts, and the patterns
to match thefactsin the antecedent of arule. Another
exampleisgiveninTABLE 2.

TABLE 2: Entity-attribute-valuetriplet exampleof ahole

Entity Attribute Value
feature name Hole
feature ID 1
feature Parameter-name diameter
feature Parameter-value 6

However, to makethedesign of EAV tripletable
more conciseand unambiguouswhen modeling the part
mode, materid information, operationinformation, re-
sourceinformation and so on, Entity-Reationship-Dia-
gram (ERD) has been chosen astheinformation mod-
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eling methodin thiswork. Information modeling meth-
odsinclude Entity-Rel ationship method (ER), Function
M odeling method and object-oriented method (OO).
Function M odeling approach focuses on decomposing
system functionaity and theinformation flow between
different objects; O-O approach definesthe object as
the basi ¢ e ement which contains both dataand func-
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parent itemto the current item, whichisused asapointer
tohigh-leve entity. Figure 3 showstheschemeto modd
the part attributetempl ate. Every featureisawesk en-
tity of both entity user and entity manufacturing pro-
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Figure2: Hierarchal natureof manufacturinginfor mation

tions, thusit iseasy to modd complex objectsand pro-
vides good extensibility. ER approach emphasizeson
identifying theentities, their attributesand therel ation-
shipsamong theentities. Asdiscussed above, eachtype
of manufacturinginformation hasentities, attributesand
relaions, thusER isappropriateto modd themanufac-
turinginformation.

Another desired characteristicisto mode thehier-
archy andinheritanceof themanufacturinginformetion,
asFigure 2 shows.

Such arepresentation can be achieved by adding

to different manufacturing processes and different ex-
perts. Figure4 show some parameter examplesrelated
to certain features. These parameters can be added,
modified, and del eted dynami cally through standard da-
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Figure3: Metamodd of part template
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‘ Feature ] Parameter I Practical Lirnit? [ Upper Limit | Lower Lirnit I Description | Insert D ate I
Part Batch Size - - The batch size of...  20040121110833
Fart Tolerance Y 013 0.05 tolerance 20040121110852

| Part Surface Finish W 3.2 0.8 Surface finish 200401 21110925

| Part Thickness W 5 0.1 There is arange f... 20040420115511

Figure4: Part Featuresand parameters

tabase operation.
Inasimilar way, thematerial, operation, resource,
cost/time structurescan be modeled.

MACHINABILITY EVALUATION

Machinability evaluationishierarchica, includes
qualitativeeva uation and quantitativeevauaioningen-
eral. Theformer only make an estimate of yes or no,
namey estimatewhether the designed featuresand parts
could be manufactured smoothly under the presently
environment. The latter make an optimized select,
namely if there arediversified equipments could meet
with the machining demands of current features, then
select themost economical one (tool, cutter etc.). For
qualitative evaluation, constraint-based rule could be
used on singlefeature and general feature of the part
respectively to validate machinability. For quantitative
evaluation, owing to select equipment isacomplicated
optimize processwhichinfluenced by diversified fac-
tors, multi-factorseval uation should be used to estab-
lish an optimized equipment select mode, inwhich the
weight valueof factor indicatethere aiveweightiness,
useexperts’ knowledgeto verify theresultinfinaly.

Manufacturing constraint-based machinability
evaluation

Manufacturing constraint is manufacturing
environment’s constrain on part attributes, such aspart
structure, dimension, precision. . .etc., partswhich sat-
isfied thedemand of manufacturing constraint could be
manufactured conveniently and economicaly under the
presently manufacturing environment. Partiscomposed
of features by aproper way, and each feature have a
corresponding manufacturing method and equi pment,
thusmanufacturing environment’sconstrain on part con-
vertinto constrain on singlefeatureand total feature of
part. Constrain could adopt an expression of ruleand
deduction, which save constrain by rulein constrain
base, inthe meantimeadd morecongrainsin constrain

base to perfect the system with the development of
manufacturing experience and technology. The estab-
lishment of manufacturing congtrainruleisto establish
the rd ation between machining equipment and feature
by machining method, then confirm the corresponding
feature attribute val ue according to the machining ca-
pability of each equipment.

According to the relation of feature-machining
equipment, put variousfeaturesinto seriescorresponding
constrain rule oneby one, If thefeature could not sat-
isfy any congrain rulethen meansthat it’sattributevaue
have exceeded the range of manufacturing constrain;
whereas, if couplesof constrain ruleare satisfied then
meansthefeatureismachinable, but now themachining
method or equi pment isnot unique, theequipment which
could satisfy theconstrainwill formaequi pment candi-
date set (factor set), optimization should becarried on
by followingtwo-levd fuzzy syntheticdly evauation.

Theanalytichierar chy process(AHP) methodolo-
gies

TheAndytic Hierarchy Process (AHP) wasorigi-
nally devel oped by Saaty inthe 1970’sand sincethat
time hasbeen applied to many areas. AHP decomposes
acomplex multi criteriaprobleminto asystem of hier-
archiesand convertsindividua preferencesinto ratio-
scadeweghts. AHPhastheability to incorporate intan-
gibleand subjectived ementsaswel asquantitatived-
ementsin the decision problem. According to Forman,
AHP hasthreeprimary functions: structuring compl ex-
ity, measurement, and synthesis. Structuring compl ex-
ity meansbreaking adecision probleminto ahierarchy
structurethat startsfrom themain goal to thecriteria,
and sub criteriadown to alternatives. Saaty suggests
using asimplenine point numerical scale. Thenjudg-
mentd preferencesof thedesgndternativesarepariwise
compared for each criterion and so doesthejudgmen-
tal importanceof thedecison criteria. Findly, therela-
tiveprioritiesareaggregated toarriveat apriority ranking
of thedesigndternatives. TheAHPmethodisbuilt upon
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severa axiomsincluding Reciproca axiom, Homoge-
neity axiom, Synthesi saxiom and Expectation axiom.
While other axioms seem consonant with real world
practice, the Synthesisaxiom (Theprioritiesof theele-
mentsin ahierarchy do not depend onlower level ee-
ments) failsin many applications. Saaty realized this
problem and proposed two basic ways to apply the
AHPIinthosestuationswherethesynthesisaxiomdoes
not apply. Another criticism about AHPisthat thenum-
ber of comparisonishuge. Moreover, adding or sub-
tracting oneaternative need to repesat adl the compari-
sonswhich isvery timeconsuming and may causerank
reversdl. Thenine-point scaeisaso suspected by some
researchersand they arguethat it may be more appro-
priate to ask the decision maker set up hisown data
scae.

Machinability quantitative evaluation based on
fuzzy synthetically evaluation

Heretakethe optimization of dow-feed grinder as
anexample.

Firstly, supposethat the number of candidategrind-
ersism, thecandidatesetis T ={t,,t,,...... 1.}, sup-
posethefactorswhichinfluencetheselect of dow-feed
grinder could bedividedinto twolevelsaccording to
atributeinthesametime. Quality, efficiency and cost
whichistheoptimized object of grinder sdlection should
bethefirstlevel influencefactors, thesecond level in-
fluencefactors should bethe dimension of waited ma-
chining festure, demanded roughness concentration and
materia characteristic.

When the optimized object isquality usethethird
factor of second level influencefactorsto carried on
machinability evaluation to candidate grinders. The
evadudionmatrixis.

qu r11q r.12q . r.1jq . r1mq

Rq= qu =14
R,

Fooqg - Tajq -

()

Fag Taq - Tajg - Tamg

Thereinto r,;, stand for when the optimized object is

quality (q), theNo. j grinder’sinfluence elementson
thefirst factor of the second level. To poisetheinflu-
ence elements’ reversely essentiality, establish the
weight distribution of factors, namely influence ele-
ments on quality of factors of the second level. Sup-
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pose: W, = (wlq, Waq wsq), then when the opti-

mized object isquality the eval uation set of candidate
grindersis.

Maq T12q -+ Tajq -+ Famg
S, =Wq qu(wlq,wzq,wsq) Fa1q Ta2q -+ T2 -+ T omg

Faig Ta2q - Tajq -~ Famg

=(Slq’ qua ceey qua cee qu) (2)
Herein:

Siq = qurqu +W2qrzjq +W3qr3jq (J :11 2, "',m).

Themode bear, which giveattentionto all theee-
mentsaccording toweight, bear obvioudy superiority
compared with other synthesized operation moddl.

According to the sametheory, when the optimized
object respectively isefficiency and cost, the candidate
grinders’ eva uation set respectivelyis.

Se = (Sle’ Sme)
Sc = (Slc’ Srm)

Suppose (uq v Ug, U )isthewei ght distributions

st for therdatively essentiality of poised quality, effi-
ciency and cogt, thenthe m candidates’ total eva uation
stis

Syer oy S

jer e

Syer +-es S

jor eee

S Sy Siq Smq
S:(uq, u,, uc) Se Sze -+ Sje -+ Sme

Sic Sz -+ Sic - Sme
=(s;, s5 v S, o Sn) ©)

if s, =maxs (i =1~m), then the No.k of the
candidatesisthe sdlected grinder. Thereinto theweight
of could beconfirmed by level anaysis.

CONCLUSION

Atal timesmanufacturability of partisahot point
inthefield of manufacturing and animportant research-
ing content of concurrent engineering, butinactua prod-
uct designing course, confliction between design and
manufacture is hackneyed due to short of
meanufacturability andys sand corresponding applicable
tools, causesiterative modification of designanditera-
tive harmoni ousness between design and manufacture.
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An evaluation system of Design For Manufacturing
(DFM) accordingto CE ideasand the eval uation meth-
odsfor part manufacturability feature-based are put
forward which are actual used in the project of
“manufacturability eva uation of close-tolerance cast-
ingturbineair-cooling blade”, greatly improved thede-
sign qudity and efficiency and obtained asatisfying re-
ault.
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