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ABSTRACT

It is important to consider every possible alternative
during the design process since design decisions will
determine the feasible manufacturing processes and the
final product costs.  Determining feasible combinations
of material and manufacturing processes during
conceptual design is impeded since the requirements
and product characteristics are only imprecisely known.
It is becoming increasingly clear that the tremendous
number of materials and manufacturing processes
precludes an iterative single point search for
alternatives.  This paper presents an integrated material
and manufacturing process selection procedure.  A set-
based approach is proposed where materials and
processes are organized into a hierarchy.  Sets are used
to represent material group properties.   A relational
algebra capable of supporting imprecise queries on the
database is introduced.  This method allows the early
identification of material and process alternatives.  The
alternatives are ranked enabling the designer to
concentrate on those alternatives that have the greatest
potential for balancing the product’s functional
requirements with the economic concerns realized in
manufacturing.

Keywords:  Manufacturability evaluation, concurrent
engineering, material selection, possibility theory.

INTRODUCTION

The design of a product and its processes must be
simultaneously pursued in the competitive markets of
today.  Some of the most important decisions, those
with the greatest effect on overall cost, are made in
preliminary engineering design [Whitney, 1988].  In
mechanical engineering design, the designed artifact’s
geometry, material, and manufacturing process are
tightly coupled [Dixon, 1986].  Once a certain material

is selected, this decision often precludes many
manufacturing processes and strongly suggests others.
Existing systems tend to make these decisions in
isolation, rather than simultaneously considering all the
life-cycle issues.

Spending more time on analysis and evaluation during
conceptual design has the potential of reducing the
overall time-to-market by reducing the number of
design changes [Boothroyd et al., 1992].  Furthermore,
it is indicated that upwards of 70% of a product’s cost
is determined during the preliminary design stages
[Ullman, 1992].  This is when most of the information
is characterized by imprecision. Imprecision is the
vague and incomplete description of design
requirements and design parameters.  Unfortunately,
most material selection and manufacturing evaluation
systems can only work in a domain of well defined
features where the parameters are precisely known.
This scenario only exists during the later stages of the
design process [Pahl and Beitz, 1988].  Thus, even
though evaluation is being performed, it is often a post-
design review.  At this stage of the design process,
designers are pressured to optimize an inferior
alternative rather than make large modifications to the
product specification.  Possibly superior alternatives
were eliminated early on due to insufficient analysis
and evaluation.

RELATED WORK

Boothroyd, et al., (1992) have studied the problem of
selecting material and primary processes during
conceptual design.  Material selection is performed
using three predefined queries at different levels of
inclusion: “approximately”, “precisely”, and “more or
less”.  Process selection is performed using production
rules and pattern matching.  Dixon and Poli (1995) use
a guided iterative search methodology for performing
material and manufacturing evaluations throughout the



design process.  This is a formalized handbook
approach that extensively uses charts and tables to
evaluate designs and select materials.

Commercial software products exist for the selection of
materials when the properties are well defined and the
criteria are exact [Ashby, 1992].  However, selection
for difficult to quantify criteria, such as corrosion
resistance, is more troublesome, and existing
techniques are inadequate [Abel, et al., 1994].  The
systems also do not provide concurrent evaluation of
multiple criteria.  Rather a sequential decision making
process is adhered to, that does not support trade-off
between requirements.

Most existing manufacturing evaluation systems do not
integrate the material and process selection task and are
post-design review systems which cannot operate with
imprecise information.  Yet, it is critical to provide
material and manufacturing knowledge at early product
development stages to ensure that manufacturing
concerns are being considered.

INTEGRATED MANUFACTURING PROCESS AND

MATERIAL SELECTION

The material and manufacturing process selection is
performed early in the product development process.
At this stage it is inappropriate to select a single
material or process without evaluating all the
alternatives.  The selection of sets of possible candidate
materials and processes allow for greater flexibility in
the product development process.  The more
alternatives, the greater the manufacturing flexibility.
This is called “least commitment” [Dixon and Poli,
1995] and a variant is reported to be practiced at
Toyota [Ward, et al., 1994].  The strategy proposed
here follows this concept by identifying sets of feasible
materials and sets of feasible manufacturing processes.

The system architecture is shown in figure 1.  There are
three primary modules that work together.  The
material selection module and the process selection
module are order independent.  Both material first and
process first selection schemes are supported.  Each
module accepts design requirements from the user and
outputs a partially ordered set of feasible alternatives
that satisfy these requirements.  The aggregation
module performs a join on the two datasets and ranks
the alternatives as to how well they satisfy the product
requirements.  The ranked feasible material and
manufacturing process alternatives are then feed back
to the designer.

Mtl Selection
Module

Ranked Set of Feasible Mtls

Process
Selection
Module

Ranked Set of Feasible Processes

Aggregation 
Module

Figure 1.  System Architecture

DATA REPRESENTATION

Trapezoidal fuzzy numbers (TrFN) provide a robust
representation scheme for both material properties and
manufacturing process capabilities.  A TrFN is a
generalization of a crisp interval that has imprecise
boundaries.  It is represented by a quadruplet as:

~ , , ,x a b c d→ (1)

The notation above can be used to represent crisp
numbers when all the vertices are equal, i.e. a = b = c =
d.  Crisp intervals are represented when a = b and c =
d.  Figure 2 shows a TrFN ~ .4, . , . , .x → 2 2 5 2 6 2 8 Gpa-

g/cm3 representing the stiffness/density ratio of cast
aluminum alloys.
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Figure 2.  Stiffness/density ratio for cast aluminum
alloys

Material properties are characterized by ranges of
values.  Some difficult to quantify properties are based
on linguistic descriptions such as the expert
designations of machinability being “good”.  These
linguistic terms divide the unit interval into subsets
using expression (1).  Other difficulties involve
selection based on the environmental characteristics of
materials.   This is a growing area of concern and many
environmental properties still remain ill-defined or
undefined.  In this scenario, rarely will the designer be
able to find a standard material which fully satisfies all
of the requirements.



HIERARCHICAL REPRESENTATION OF MATERIALS AND

PROCESSES

The number of material alternatives is tremendous
(over 100,000), and new materials are continuously
being developed [Waterman and Ashby, 1991].
Evaluation of all the potential materials during
conceptual design is a computationally intensive task at
an unnecessary level of detail.  The problem can be
significantly reduced by organizing the materials and
the processes into sets at different levels of abstraction.
The materials are organized into two levels, a group
level and a material level.  The group level represents
the properties of all the materials in that group.
Example groups are cast aluminum alloys, magnesium
alloys, thermoplastics, etc.  The material database
stores the information using the set-based
representation of expression (1).  In each group are
specific materials, for example nylon 6/6 is in the
thermoplastics group.  The material properties of
individual materials are also represented with
expression (1) although it is likely that they will be
more precise.

MATERIAL COMPATIBILITY EVALUATION

The material selection module enables the selection of
candidate materials based on the product profile. The
material selection module must be able to assess how
well the material satisfies each requirement.  The
materials and their associated properties are stored in a
relational database.  Product requirements are
formulated as queries on the database.  Material
selection is then the process of querying the database to
find materials that satisfy the query.  A relational
algebra based on a Θ-selection query retrieves the n-
tuples satisfying a single requirement [Dubois and
Prade, 1988].  A selection query on relation R with a
requirement a is denoted by, σ(R; a).  Queries in the
domain of material selection are of the form "A Θ a"
where the attribute A will be some material property
and the requirement a is a preference for a particular
value.  The comparator, Θ∈ { <, >} is composed with a,
and represented by a membership function.  The
membership function denotes the degree of
compatibility between an attribute value and the
requirement expressed by the query.   It is a mapping
from the domain D into the interval between 0 and 1.

[ ]µ θa D
o

: ,→ 0 1 (2)

The membership function denotes values in D that
"strictly satisfy" i.e. µ(d) = 1, “strictly violate” i.e. µ(d)
= 0, and “partially satisfy” i.e. µ(d) ∈  (0, 1) the query.

Consequently, we are able to represent soft and hard
requirements.

The Θ-selection query uses possibility theory [Dubois
and Prade, 1988] to evaluate the degree to which each
material record satisfies the product profile
requirement.  Two measures, possibility and necessity
are used to accomplish the evaluation.

Possibility assesses to what extent the material satisfies
the query, or equivalently the extent the material
property is consistent with a oΘ .  The degree that
attribute A of material record x possibly satisfies the
requirement defined by a oΘ  is,

( ) ( )Poss a A x
d D

d da Ao
o

Θ Θ( ) sup min ( ), ( )=
∈

µ µ (3)

where D is the domain of attribute A and a oΘ is the
requirement. Calculation of the possibility measure is
shown graphically in Figure 3.
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Figure 3.  Possibility Measure of material property
A(x) under requirement a oΘ

Necessity assesses to what extent the material certainly
satisfies the query.  It performs this by measuring the
impossibility of the opposite event.  The opposite event
is the complement, 1 − µ A x( )  of the material attribute.

The necessity of material record x certainly satisfying
the requirement is defined with the complement of µA

as,

( ) ( )Ness a A x
d D

d da Ao
o

Θ Θ( ) inf max ( ), ( )=
∈

−µ µ1   (4)

Calculation of the necessity measure is shown
graphically in Figure 4.

The two values obtained from the possibility measure
(3) and the necessity measure (4) are combined using a
factor β that represents the level of optimism or
pessimism of the decision maker [Young, et al., 1996].



( ) ( )
µ

β β
mtl

Poss a A x Ness a A x

=

+ −o oΘ Θ( ) ( ) ( )1

2

 (5)

An optimistic decision maker would use β = 1, and the
other extreme, β = 0 when the decision maker is
pessimistic.  A balance between these two extremes is
attained for β∈] 0, 1[.
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Figure 4.  Necessity Measure of material property
A(x) under requirement a oΘ

MANUFACTURING PROCESS CAPABILITY EVALUATION

Manufacturing process capability is the ability of the
selected process to fabricate the product profile within a
certain level of precision and accuracy.  The objective is
to identify feasible manufacturing processes and rank
them according to the compatibility of the product and
manufacturing process capabilities.

The process capabilities of many manufacturing
processes are not well defined.  Information on
manufacturing process capabilities is commonly
presented as characteristic applications and atypical
applications.  This is illustrated in Chang and Wysk
(1985) for the surface roughness of die casting.
Average applications range between 0.8 µm and 1.6
µm, but some less frequent applications range between
0.4 µm and 3.2 µm.  Generally, products with features
near the boundaries of a process’s capability are more
difficult to fabricate than features well within the
process capabilities.  Consequently, manufacturing
process capabilities may be represented using
expression (1).

Product profile requirements relevant to manufacturing
process selection are categorized as geometric,
technological, and production properties.  Geometric
properties include overall dimensions, weight, shape,
presence of undercuts, minimum wall thickness and
maximum wall thickness.  Technological properties
include surface finish and tolerances.  Production
properties include production rate, production volume,
and time-to-market.  During the early design phases
some of these product profile requirements may not be

precisely known.  For example production volume may
only be estimated.  It can be represented using
expression (1) where b and c enclose the most likely
values, a is a lower possible bound and d is an upper
possible bound.

A compatibility measure between the product profile
and a manufacturing process capability is determined
using possibility theory [Dubois and Prade, 1988].
Possibility and necessity measures assess the ability of a
manufacturing process to produce the part defined by
the product profile requirements.  Expressions (3) and
(4) are rewritten in the context of manufacturing
process capability evaluation.  The process capability
~
C  is possibly compatible with the product profile

requirement 
~
R  to a degree defined as,

( ) ( )Poss R C
d D

d d
R C

~ ~
sup min ( ), ( )~ ~=
∈

µ µ (6)

Possibility measures the overlap between the product
profile requirement and the manufacturing process
capability.

Necessity expresses to what extent a manufacturing
process capability is certainly compatible with the

product profile requirement.  The process capability 
~
C

is necessarily compatible with the product profile

requirement 
~
R  to a degree defined with the

complement of µ ~
C

 as,

   ( ) ( )Necc R C
d D

d d
R C

~ ~
inf max ( ), ( )~ ~=
∈

−µ µ1   (7)

Values from expressions (6) and (7) are combined
using expression (5) to obtain a degree of compatibility
for a manufacturing process with the product profile
requirement.

AGGREGATION OF SELECTION CRITERIA

The previous two sections showed how to determine the
degree of compatibility for a single criterion in either
material or manufacturing process selection.  Material
and process selection is a multi-attribute problem which
requires an aggregate to determine overall joint
satisfaction of these individual requirements.  Each µi

is satisfaction of a single requirement and was
determined by expression (5). The likelihood of a
material fully satisfying all of the requirements is very
small.  The aggregation metric is used to rank the
overall satisfaction of the materials and the
manufacturing processes under all the specified product
profile requirements.



The product profile is comprised of requirements which
must be exactly met and requirements which are
flexible.  This breakup of requirements has been
observed by Dubois, et al., (1995) in scheduling and by
Otto and Antonsson (1994) in design.  The hard
requirements cannot be relaxed, they must be strictly
satisfied.  Otto and Antonsson (1994) reviewed
different methods of aggregating imprecise attributes
for mechanical design and found that design problems
require the additional axiom of annihilation to account
for hard requirements.  The axiom of annihilation
states that when one requirement (expression (5))
evaluates to 0 then no trade-off occurs and the entire
alternative is evaluated to 0.  A geometric mean is used
to aggregate the individual ratings.  This method obeys
the aggregation axioms of monotonicity, continuity,
symmetry, idempotent, boundary, and annihilation
[Klir and Yuan, 1995].  It is,

h n i
i

n n
( , , .. ., )µ µ µ µ1 2

1

1

=










=
∏  (8)

Expression (8) is termed a compensatory operator since
higher satisfaction of one objective will partially offset
a lower satisfaction of another objective.  This
aggregate treats all the objectives as if they are of equal
importance.  Often this is not the case and decision
makers desire to assign weights to represent the relative
importance of one objective relative to another.  The
incorporation of weights into the decision making
analysis using this metric was first examined by Yager
(1977).  The geometric mean with weights is,

h n i
ri

i

n
( , , ..., )µ µ µ µ1 2

1
=

=
∏ (9)

The importance or weights of each objective are
specified using linguistic terms of importance. These
terms are: “very important”, “important”, “medium
importance”, “low importance”, and “very low
importance”.  The importance of an objective is relative
to the other objectives being considered and for this
reason the weights must be normalized.  The user
assigned weights are represented by a numeric rank wi

for objective i.  The normalized rank r for n objectives
is,

r
w

w
i

i

ii
n=
=∑ 1

(10)

Expression (9) evaluated for different sets of materials
provides a partial order on all the materials being
considered.  The alternative that has the highest rank is

the best candidate based on the product profile
requirements.

EXAMPLE

This example shows the use of the relational algebra
and aggregation function to select and rank material
alternatives.  The selection criteria and weights are
shown in Figure 5.

Figure 5.  Material Selection Criteria

For example in Figure 5 the first product profile
requirement is hardness with θ = “>“ , a = 15, and
expression (2) is µ θa d

o
( ) . , , ,→ ∞10 5 15 15 .  The

hardness property of each material is assessed against
this product profile requirement using expressions (3),
(4), and (5).  This provides the compatibility µ1 for
hardness.  Similarly each product profile requirement i
is assessed to obtain µi.  Expression (9) is used to
obtain an aggregate for each alternative.  The aggregate
values for the material alternatives are shown in Figure
6.  Six of the materials fully satisfy all the requirements
and seven materials partially satisfy the requirements.
Similar queries would be formulated based on the
product profile requirements to select a manufacturing
process.

CONCLUSION

Many concurrent engineering and design for
manufacturing systems concentrate on speeding
information flow between functional groups.  The
approach described here is to simultaneously explore
more manufacturing process and material alternatives
using a set-based approach.  The problem is formulated
as a multi-attribute decision making problem in an
imprecise environment.  Material properties and
manufacturing process capabilities are represented in a
relational database.  A relational algebra was presented
to allow imprecise queries on the database.
Compatibility of a process with the product is assessed



using possibility theory.  The degrees of compatibility
for the requirements are aggregated to produce a final
ranking.  This information presents multiple
alternatives satisfying the product profile requirements.
This strategy allows a more efficient search of the
design space by identifying material and process
alternatives early in the design process when it is easier
to make design changes.

Figure 6.  Material Selection Results
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