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Abstract

Analysis of assembly properties of a product is needed during the initial design stage in order to identify potential
assembly problems, which affect product performance in the later stages of life cycle. Assemblability analysis and
evaluation play a key role in assembly design, assembly operation analysis and assembly planning. This paper develops
a novel approach to assemblability and assembly sequence analysis and evaluation using the concept of the fuzzy set
theory and neuro-fuzzy integration. Assemblability is described by assembly-operation difficulty, which can be repre-
sented by a fuzzy number between 0 and 1. Assemblability evaluation is therefore fuzzy evaluation of assembly
difficulty. The evaluation structure covers not only the assembly parts’ geometric and physical characteristics, but also
takes into account the assembly operation data necessary to assemble the parts. The weight of each assemblability
factor is subject to change to match the real assembly environments based on expert advice. The approach has the
flexibility to be used in various assembly methods and different environments. It can be used in a knowledge-based
design for assembly expert system with learning ability. Through integration with the CAD system, the developed
system can effectively incorporate the concurrent engineering knowledge into the preliminary design process so as to
provide users with suggestions for improving a design and also helping to obtain better design ideas. The applications
in assembly design and planning show that the proposed approach and system are feasible.

Keywords: Assemblability; Design for assembly; Integration; Intelligent CAD; Neuro-Fuzzy Approach

1. INTRODUCTION neous engineerin@oothroyd & Dewhurst, 1989; Boothroyd
& Alting, 1992; Zha, 1999
It has long been recognized that the decisions made during The essence of DFA is to evaluate and rationalize the
the design stages have a great impact on the total cost ofggarts and assembly processes. It integrates the specific do-
product. Design for assemblyDFA) techniques not only main knowledge of product design, manufacturing and as-
help to rationalize a product design from the perspective ogembling, and decision-making automation in the assembly
its assemblability but also result in substantial savings improcess. The analysis of assembly properties of a product is
the total manufacturing costs, provided that the techniqueseeded during the initial design stage in order to identify
are implemented at the early conceptual stages of a produpbtential assembly problems affecting product perfor-
design. The benefits of DFA include simplification of a mance in the later stages of a product’s life cycle. To pro-
product design, lower assembly and manufacturing costsjuce a low-cost product, designers need to know whether
reduced overheads, improved quality, and reduced timehe designed product can be assembled and what the assem-
to market. By extending DFA to include consideration of blability of its components is. Assembly evaluation is the
manufacturing difficulties for each individual part, this meth- means to recognize design quality in terms of assemblabil-
odology can provide the necessary foundation for simultaity or feasibility. The information feedback from such an
analysis and evaluation process in the early design stage is
a key to improving design quality for better assemblability.
. L On the other hand, an effective and efficient evaluation
Editor's Note: Due to communication difficulties, the proof copy for . L
this article was not reviewed by the authors. Every effort has been made tmethOd for assemblab'“ty should indicate the cause of de-
eliminate errors, but the publisher cannot assume responsibility for thesign weakness by identifying the tolerances, form features,
accuracy of this article. _ _and geometries of assembly parts, rather than simply pro-
Reprint requests to: X.F. Zha, School of Mechanical and Production . .
Engineering, Nanyang Technological University, 50 Nanyang Avenue, Sin-Vlde an evaluation score for the assembly parts or assembly
gapore 639798. E-mail: Mxfzha@ntu.edu.sg operations. During the assembly design process, a set of
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solution alternatives is evaluated, and a solution is sugeguences, performs limited feature recognition for assembly,
gested based on the degree of satisfaction resulting frorand interactively obtains the nongeometric information that
selection of alternative functional requirements. In view ofwill affect the assembly. The final result is a table similar to
assembly design as “generate and test,” the most importaatmanual assembly worksheet. It is argued that assembly in-
step in design decision making is comprehensive evaluaformation developed quickly and in a proper format will give
tion and justification to develop a final solution from a set the designer enough input to perform further analysis for de-
of alternatives determined by multiple factors or suggesteign modification.

by many evaluators. The Hitachi Assemblability SystertMiyakawa et al.,

This research aims to provide a methodology to quanti1981) has served as a basis for the development of an au-
tatively evaluate assemblability and assembly sequence faomated assemblability system. It is based on the principle
design. In the following sections, related work on assem-of one motion per part, with symbols for each type of as-
blability or feasibility analysis will be first reviewed, and sembly operation, and penalties for each operation based
then a novel fuzzy-set-based approach to assessing the ass its difficulty. The method computes an assembly evalu-
semblability and assembly sequence of a product will beation score and assembly—cost ratio. An assembly—cost ra-
presented. The approach will be implemented in a neurdio gives an indication of the current assembly cost to the
network through neuro-fuzzy integration. previous cost. The methodology is common for manual,
automatic, and robotic systems.

Miles and Swift(1992 also developed an assembly eval-
2. REVIEW OF RELATED WORK uation method in which parts are grouped according to func-
Up to now, related work into assemblability or feasibility tional importance: “Category A” parts are those required to
analysis using detailed design information is fairly exten-fulfill the design specification, and “category B” parts are
sive, but research into assemblability analysis during thehe accessories. The goal is to eliminate as many type-B
initial design stage is limited. The related work on assem®arts as possible through redesign. Analyses of feeding and
blability analysis and evaluation methods can be classifieditting were carried out on the parts, with both results com-
into three categories: design heuristics, design ratindined into a total score. This total is then divided by the
methods, and assembly geometric analysis. Based on thesamber of type-A parts to obtain a final score. A proposed
methods, there have been many systems developed for amssembly sequence is used to perform fitting analysis. War-
semblability analysis and evaluation. In what follows, wenecke and Bassld1988 studied both functional and as-
give a review on the related work of both assemblabilitysembly characteristics. Parts with low functional value but
analysis and evaluation methods and systems. But this isigh assembly difficulty receive low scores, while parts
not a complete survegtim et al., 1995; Zha et al., 1998  with high functionality and low assembly cost receive high

Most of the early work in the analysis of assemblability scores. The scoring is used to guide the redesign process.
was rule based. The design attributes of the component#n effective, efficient evaluation method should indicate
the assembly operations and relationship between compdhe cause of design weakness by identifying the toleranc-
nents were used to estimate the ease or difficulty of thex(s), form feature$s), and geometrgies) of assembly parts
assembly. This was a breakthrough concept. Plan-based evé#fhat cause the problem, rather than simply provide an eval-
uation systems were later developed to address the effectstion score for the assembly parts or assembly operations.
of sequencing of assembling components on assemblabil-iu and Fishen1994 used a PDESSTEP-based mechan-
ity. The pioneering work of Boothroyd and Dewhu($989 ical system data model as the assembly evaluation informa-
in developing the design-for-assembly guidelines has retion source. This organizes the assembly-related information
sulted in several automated assembly evaluation and advin a feature-based fashion. The proposed general-purpose
sory systemsgJakiela, 1989; Jakiela & Papalambros, 1989 assembly evaluation method is built by adopting the basic
Swift (1981 also presented a Lucas knowledge-based DFAconcepts of multiattribute utility theory. The feature of this
technique with procedures similar to that of the Boothroydmethod is the linkage of the PDESTEP product defini-
and Dewhurst approach. Sturges and Kilgk992 devel-  tion to the assembly evaluation method. Jared €18i94)
oped a semiautomated assembly evaluation methodologyresented a DFA system that performs geometric reasoning
that attempts to overcome some of the limitations of thebased on mathematical models for the assembly operations.
scheme proposed by Boothroyd and Dewhyi€89. Al- This reduces the user input requirement. Their system cal-
though lacking geometric reasoning capabilities, their syseulates a manufacturability index for individual compo-
tem serves as an interactive environment to study the effectents and a fitting index between the components.
of various design configurations on assembly difficulty. The need for the integration of assemblability knowledge

Li and Hwang(1992 developed another semiautomatedwith current CAD systems has been motivated by the fact
system which closely follows the Boothroyd—-Dewhurstthat DFA methods have the greatest impact on a product
methodology. Their assembly difficulty analysis and cost-design when they are incorporated into the preliminary
estimation modules were direct computer implementationslesign stage. In these integrated CAD-DFA systems, a pro-
of the DFA rules. Their method considers the multiple as-posed design is evaluated and recommendations for im-
sembly sequences, calculates the time for all feasible sggrovements are presented based on the results of the

https://doi.org/10.1017/50890060401155010 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060401155010

Neuro-fuzzy comprehensive assemblability 369

evaluation. Al techniques, such as knowledge-based expepbrtance in the decision. We defifi¢ and q as linguistic
systems, fuzzy logic, and case-based reasoning, and theiariable matrices composed by the evaluated values of each
hybrids may be used for the integration of DFA and CAD. factor and its item, respectively.

Several methodologies and systems such as IDARRE- o _ )

grated design for assembly evaluation and reasoning sys-2-1. Fuzzy linguistic variables and consistence

tem; 1993, intelligent CAD-DFA (1993, and DFAES function

(design for assembly expert system; Zha et al., 1988ve The evaluated value is alinguistic variable in the fuzzy set
been developed for integrated intelligent design for assemFS)- Therefore, we should first quantify itin terms of fuzzy
bly (IIDFA). IDAERS can provide feedback on the esti- S€t theory. In natural language, a singte multiple) fre-
mated time required for assembling a product. Some of th@uency word, also called mood operator, is often combined
problems in the integration of CAD systems with DFA meth- with a attributive qualifier word to represent the positive de-
ods were also highlighted. Automatic identification of as-9ree. By this way, the original word can be changed into a
sembly attributes from a CAD description of a componentew word. For example, if a basic linguistic variableNs
have been investigaté®osario, 1988; Li & Hwang, 1992  then the following new words such as “mast” “very W,”
Jakiela and Papalambrd3989 developed an intelligent “quite W,” “somehowW,” and “more or les§V" can be ob-
CAD system by encoding the Boothroyd DFA knowledgetained by using the corresponding mood operators, such as
with feature-based representation. The system has been ab[B0st.” “quite,” “somehow,” “more or less,” and so forth. If

to provide users with suggestions in order to improve ahe consistency function of the originélis u, then the con-
design and also to help obtain better design ideas. They alsStency fu4nct|ons o;the abovlesnew Worgs750an be d%SSC“bed
concluded that concurrent engineering knowledge can b8S#1 R Mo = MY g Ty Mg = M s = LT
effectively incorporated into the preliminary design pro- 46 = &~ respectivelf Zimmermann, 1982

we assume that the consistency functiois constant in the

course of evaluation. For the design process, we select the
3. FUZZY JUSTIFICATION AND EVALUATION following linguistic variables in the fuzzy set, that BS=
The multiorder fuzzy justification and evaluatigMFJE)  (very important, important, medium important, almost not
has been applied to a wide variety of decision problemsmportant, no relationas an evaluation value set. Consider-
(Bellman & Zadeh, 1970; Kickert, 1978The major steps ing thatu > 1, butu; is required to be less than(L; < 1),
of MFJE are: ] set up performance evaluation index andthe consistency functions set of its relative valug.a$ em-
evaluation factors; Rdetermine the fuzzy linguistic vari- ployed as follows:
ables, weights matrix, and voting matrix) &llect the ad-
vice of domain experts, and check the consistency of expert C= (#*® =1 =1,u%°=1,u%°=1,u%%-1,0. (1)

opiljions; anq Jcalculate the evaluation matrix. In the fol- Generally, in engineering,“almost not important’ means
Iow'lng, WZ (.ZiISC.l];I'SS the procedures of multiorder fuzzy evaly .: the effect on a whole is less than 5%, that is, its weight
uation and justification. is less than 0.08Bellman & Zadeh, 1970 Hence, we have

3.1. Evaluation factor set Ms po®—1 ~005 (2
Ml.25+ n + #0.75+ N0.5+ MO.ZS_ 5 - !

To carry out the evaluation of an object performance, the i ,
first step is to set up the performance evaluation index and =1
decision factors. Suppose that there arfactors(u;,i =
1,2,...n) to describe the performance of an object. Then
we can define a finite set) = {u;,i = 1,2,...n}, as an
evaluation factors set. If each evaluation faatphasm,
(m=1) items, then the evaluation-factor item setptan

be expressed ag = (u;y, .. .,Um;). Thus, the classification
of evaluation factors can be described as

and then we obtaip = 1.2. Substituteu = 1.2 to C, we
'haveC = (0.32,0.20,0.15,0.10,0.046,@\fter normalizing,
C = (0.38,0.25,0.18,0.12,0.056,0

3.2.2. Criteria for expert opinion consistency

As the value of each factor id is crucial for the evalu-
ation, we should check again the criteria for the consistency
of expert opinions suggested by domain experts or expert-

.
U1a Uz1 Una simulator systemse.g., expert systemso as to avoid the

U=|u u; Un wrong evaluation caused by too large a difference between
Uim, Uzm, Unm,, expert decisions. The consistency checking criteria is mainly

dependent on the statistical results of expert opinions.
Suppose that; is a consistency function value of thid

item, w; is the evaluated value ath item given byjth

Suppose that the value matrix is composed of the evaluatedbmain expert; then we have

value of each performance index or factor, which is deter- .

mined by the domain expert according to its degree of im- v = 0/ i, 3

3.2. Linguistic variables and weights matrix
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where

E:_Elﬂij/nr D =X [(uj —m)¥(n=1], o =+D.
i<

X.F. Zha

1,...1)andz; (i =1,...,n;j =1,...,]) of the evaluated
values of each factor and its item with respect to the eval-
uation linguistic variable matrig.

If v; > %, then the difference between opinions is consid-3-4- Calculation of the evaluation matrix
ered to be too large, and the expert or expert system shoulcet an evaluation vector b&, weight vector beQ, and

rediscuss or renegotiate internally, and revotep, If< 3,

evaluation matrix beéR; thenZ = Q o R. As there may be

then the opinions on thieh item factor is considered to be many hierarchical-level factors to be considered in a com-

consistent.

plex design problem, it is reasonable to adopt a multiorder

Using the consistency function, the evaluated values ofnodel to comprehensively evaluate the performance of an

each factor and its item in evaluation factorsidet {u;,i =

object. This is dependent on the hierarchical classification

1,2,...n} u = (Uy,...,um) can be determined. Then, of the evaluation factors as described in Section 3.1.

correspondingly, the linguistic variable matric®sand q

From the evaluation factors set above, we can define

can be obtainedQ andq are also called the second-order two-order evaluation models as such that are composed of
and the first-order weight matrices. It is noted that suchy = (u,,i =1,2,..n) andu; = (uy,j=1,2,...m). Forthe

value matrices for a problem can be obtained from the prefirst-order model, the value matrix and its voting matrix are

vious work or from the similar work by allocating the rel- ¢, = (g;,j =1,2,...,m) andr
ative values of each factor item through similarity.

3.3. Determination of the linguistic evaluation
variable set

The linguistic evaluation variable sEt E = (v4,v,, ...
is used for describing the goodness or weakness of object

ij» respectively. Based on the
definition of evaluation matrix, we have

Zi=Giof 4

and

7z =0% (g Ory)(i=12,..., n), 6)

performance under the evaluation. It is determined base@here ] and 0 are union and intersection operators. For
on whether the problem is simple or complex. For instanceexample, typical operators in the fuzzy set theory are max-

E = (good, medium, bador E = (very good, better, good,

imum and minimum, %" (addition and “—="(minus. For

worse, bad, very badThe voting matrix can facilitate eval- - the second-order model, considering the first-order evalua-
uating each factor or factor item for object performance intion results, its voting matrix and value matrix can be rep-

terms of evaluation linguistic variable matri It can be

resented aR=(z,i=1,2,..n)andQ=(q;,i =1,2,..,n),

described by a form, of which each expert has one. Theespectively. Thus, the final evaluation results are deter-

second-order and first-order voting matric&andr, can

be shown as follows, respectively:

U1 U2 e U
U [ Z11 Zp2 Zy)
Uz | Zo1 Zp2 2
R= ,
un Zn Zn2 Zn
U1 . v,
Uy 11 e (&1
Uiz 21 . I
Uz,
Uzy
Uz2
r =
Un1
unrrh r(m1+m2+...mn)1 r(m1+m2+...mn)l

After carrying out the statistics of expert replies, we can
obtain the percentage (i =1,...,(m + my+ ...m;); | =
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mined as follows

Z=Q-R (6)

To illustrate the above procedures of fuzzy justification
and evaluation, we give a simple but typical example for a
weapon performance justification and evaluation.

The evaluation factors of a weapon performance can be
defined as a set) = {killing ability, shooting accuracy,
shooting distance, cdsfThe evaluation was carried out by
using linguistic variables, which can be described by a five-
point system, that isE = (1 point, 2 points, 3 points, 4
points, 5 points The statistic results of expert consultation
are as follows. For killing ability, no one gave 1 point and
2 points, 30% of the experts gave 3 points, 60% of
the experts gave 4 points, and 10% of the experts gave 5
points. Then, the evaluation vector can be described as
(0,0,0.3,0.6,0.1 Similarly, we can obtain the evaluation
vector of shooting accuracy, shooting distance, and cost as
(0,0,0.7,0.2,0.% (0,0,0,0.1,0.% and(0,0,0.4,0.5,0.1 re-
spectively. Hence, the evaluation matrix can be written as

0 0 03 06 0T
0 1 07 02 01
1o 1 0 01 09
0 0 04 05 01
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If we only consider two factors, killing ability and shoot- ence the assembly process, only those which impose ex-
ing distance, and the weight vectorgs= (0.5, 0, 0.4, 0.}, plicit constraints are investigated.
then the comprehensive evaluation veaor this weapon The assemblability factors are selected to be suited for
can be described &= q°r =(0.5,0,0.4,0.1-r. Ifweuse manual, robot, and automated assembly. Such a selection
the operators, such &, —, X, for o, thenz= (0, 0, 0.19, is based on the strong correlation between the degree of
0.39, 0.42, whereagz = (0, 0, 0.3, 0.5, 0.4for the opera- assembly difficulty and the mode of assembly; and be-
torsmax-minfor . From the calculation, it can be seen that cause market demand can change the production mode,
the probability of 4 points and 5 points for this weapon isfor example from manual to automated. The major param-
high (=80%). That is to say, this weapon is satisfactory eters that affect the degree of difficulty of the assembly
with good performance. operations are related to the part's geometry and to the

mating operations.

From the above assumptions, the factors that affect the
4. FUZZY EVALUATION OF ASSEMBLABILITY assemblability are classified into two categories: geometry-

Fuzzy-evaluation theory described in the previous sectioff@se€d parameters and nongeometric parameters. Four types
can be used to evaluate the design through value measuref characteristics of the parts and operations involved are
ment in decision analysis. In this section, we will discuss inOf significance: geometry characteristigslated to parts’

detail the fuzzy evaluation of assembly difficulty. geometry, physical characteristics, connection characteris-
tics (related to the type of contact between the compo-
nentg, and operation characteristics. They are described as

4.1. Assemblability factors an evaluation factor trefiu & Fischer, 1994. In practice,

these parameters are defined in terms of fuzzy linguistic

To adopt a fuzzy set theory for assembly evaluation, thedescriptors, which can correspond to a range of actual pa-

Ef;;ﬁ:?loafb:g;ﬁﬁgi r\r/w:rsyt rzigasé;dpeen;gfﬂ' osr:r;ﬁi gzzgmfameter valuege.g., length, or to a qualitative description
bly environment, the following assumptions need to be made(z)f avalue of the parametée.g., interferende
before considering the assemblability fact¢ksu & Fis-
cher, 1994 4.1.1. Geometry-based factors
The geometry-based factors considered in this research
1. Designers use design guidelines to avoid parts’ nestor evaluation include shape, symmetry, and ease of assem-
ing and tangling. bly form feature. They will be discussed as follows. The
2. Only the assembly time or cost is considered. shape of the mating objects is particularly important. In
general, any assembly operation with irregular or asymmet-

3. The method does not consider the feedability and gripPical shape requires a high degree of difficulty. There are

ping characteristics, because th_ey are sen_smve to thf?/\/o main families of shapes: cylinder-type and prism-type.
ahssembly rkr:lethod and part configuratigrertinent to The family of cylinder-type shapes can be described by
the assembly system four linguistic parameters or featurasylinder, spline ta-

4. The method does not consider the material-handlingerandkey(Fig. 1). When defining the shape of the mating

equipment. components, the user specifies the degree of membership
5. All part quality is in the acceptable range for assem-of the shape to one of the above major shape elements. For
bly operations. example, a component with the shape of an eccentric cyl-

inder can be defined as “cylinder” with a qualifier of “me-
In addition, the effects of dimensional and geometric toler-dium” (linguistic variable similarity. The prism-type shape
ance are only considered in the assemblability and assens further defined using two feature parameters: the number
bly operation difficulty analysis and evaluation, but neglectedof feasible orientations and the directions of the mating
in assembly sequence generation by geometric reasoniraperations. The former parameter can exist as two possible
(Zha, 1999. For nongeometric factors which may influ- values: single orientation and multiple orientations. As be-

— 1
. e — —
ﬁ ‘‘‘‘‘
Spline Key Taper

Fig. 1. Cylinder type.
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Fig. 2. Symmetry of a part.
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fore, the user can specify the degree of acceptance of one
these two linguistic values. The latter parameter is furthe
discussed below.

As Boothroyd and Dewhurstl989 defined, the sym-
metric features of the part are classified into two types
a-symmetry andB-symmetry as shown in Figure 2. An

X.F. Zha

defined assembly operatioiBen-Arieh, 1994. The first
parameter can take one of the following values, such as
position contact, snap contact, spring contact, gear contact,
clamp fit, belt contact, and so on. Each of such parameters
has specific properties associated with it such as the spring
tension in a spring contact, and a different degree of diffi-
culty is associated with the different values. The different
contact types carry different degrees of difficulty, for exam-
ple, gluing is considered easier than welding. The other
parameter, fit-type, can affect the force needed to perform
insertion operations. There are five symbols used to repre-
sent the different types of fitLiu & Fischer, 1994: RC
(running or sliding fi}; LC (locational clearance fit LT
Qpcational transition fit LN (locational interference fit

and FN(force or shrink fi}.

4.1.4. Operation factors

Generally, the operation factors include number of op-
erations, positiortassembly spaggeorientation, mating di-

a-symmetry is defined as the rotational symmetry of arection, translation, rotation, for¢eorque, alignment of

part about an axis perpendicular to the axis of insertion

component, and so on. These factors will be discussed as

a B-symmetry is defined as the rotational symmetry of afollows.

part about its axis of insertion.
An assembly aid, such as lead-in chamfifiy. 3), can
assist the assembly operations. For ease of assembly,

The more operations needed for an assembly process, the
higher the degree of assembly difficulty. As a general rule,
ggrmanent connection and assembly methods that do not

least one of the mated parts should have one such assemBl§® auxiliary parts are more economical that disassem-

aid.

4.1.2. Physical factors

The physical factors considered in this research for eval
uation only include the size and weight of assembly part

The sizes and weights of assembly parts definitely affec
the assembly cost. Because of the uncertainty of the assem-

bly method and auxiliary devices, it is difficult to measure

the assembly difficulty based on the sizes and weights o

parts. We use linguistic variables such as very(bidheavy,
medium big(or heavy, medium, medium-smallor light),
and very small(or light) to describe the size and weight
effects.

4.1.3. Connection factors

blable connections that employ auxiliary assembly parts.
This factor also takes into account additional operations to
assemble the mated parts in space, if the parts do not pro-
vide interlock or self-contained features.

Adequate assembly space must be available in the assem-
ply position of the base part in order to assemble the parts
without obstruction.

Assembly direction of parts should preferably be in a
Yertical straight line, and specifically the assembly pro-
cess should include press-in or press-on operations. Hori-
zontal operations can be performed without difficulty, if
the required assembly forces are low. Nonlinear operations
are necessary when obstacles occur in a linear assembly
operation.

The mating direction has two different value families
based on the shape values of components. For cylinder-type

In some cases, an assembly operation cannot be Clear%mponents, the following four values exist: axial, axial

specified by the components geometry, and additional p
rameters have to be defined. To accommodate this nee

eccentric, radial, and radial eccentric. These possible val-
es are described in Figurda). The values that the user

two parameters, contact-type and fit-type, were defined agtssigns, as before, describe the membership value of the

connection factors, which can be used to specify a pre

Fig. 3. Assembly form feature.
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selected linguistic value. For examplagh for axial eccen-
tric means a distance between 50 and 60 mm between the
holding point and the insertion point. The prism-type shape
elements have four possible values for these parameters:
axial access, axial and one-side access, axial and two-side
accesqparalle), and axial and two-sidéperpendiculay.
These possible values are described in Figuiie),4and
again, have a fuzzy qualifier associated.

The cost of operational translation of an assembled part
is proportional to the energy and time spent to perform the
operational movement.
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(m—
""" O
O o ©

______

Axial access Axial eccentric Radial Radial eccentric

(a) Cylindrical mating direction
Axial access Axial and one Two sides Two sides
side access parallel access perpendular access

(b) Prismatic mating directions

Fig. 4. Mating direction.

Operational rotation is necessary to assemble threade@meter reflects the degree to which the assembly is self-
features. The screwing operation requires rotation of theontained or stable without additional support. An example
threaded part and needs a certain torque to fasten the pakistwo similar assemblies with low and high value of this
together. The degree of assembly difficulty is proportionalparameter is shown in Figure 6. The left side figure has
to the required amount of rotation and torque for the threadlower level stability than the right side one. The amount of
related operations. support required reflects the necessary fixturing and use of

The forcg/torque parameter defines the amount of forcesupport tools in order to perform the assembly. Figure 7
required to complete the assembly operation. Its linguistichows an example for an assembly with high support re-
values range from “very low” to “very high.” Each such quired. The last parameter reflects the degree of interfer-
value corresponds to a range of force values. For examplence and obstacles that restrict the access of the mating
the valuehigh means force requirements of 5-15 kg. component to the assembly position. Once again, these pa-

The parameter alignment of component defines the typeameters are defined in terms of fuzzy linguistic descrip-
of alignment necessary to complete the assembly, and hasrs. These fuzzy values can correspond to a range of actual
three possible values: fit to any location, fit to a specific parameter valueg.g., length, or to a qualitative descrip-
location, and fit to a mechanical stop. These values are alstion of the parameters’ valug.g., interference
represented as fuzzy values using linguistic qualifier or vari-
ables. A graphical description of this parameter is shown in
Figure 5. 4.2. Weight of parameters

Other parameters related to the components geometry,
and sequence of assembly operation are: length of compd-he various parameters used above have different degrees
nents mating, length of components intersection, ratio obf importance, meaning that they have various degrees of
length to width(diametey of the mating component, ratio influence on the overall difficulty. The acquisition of fuzzy
of the mating component’s weight to the mated one, stabilguantities or knowledge is mainly referred to as acquiring
ity of the resultant assembly, amount of support requiredhe weights of assemblability factors. The fuzzy contribu-
for the assembly operation, interferengeachability to  tion of each parameter can be acquired based on expert
the assembled component, and so forth. The stability paadvice, a time study analysis, or even on experimentation

Fig. 5. Alignment of components.

Any location Mechanical stop Specific location
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ﬂ ’—‘ scribed as:(u,,u,,uz,u,) = (geometric factor, physical
factor, connection factor, operation factofhe degree of
Lﬂi LE importance for the first-order factors on assemblability can
be described using a linguistic variables ggtry impor-
tant, important, medium important, almost not important,
no relatior), while the degree of importance for the second-
— order factors on assemblability is described as a linguistic
variables settalmost not important, medium important, very
‘ EE— importany. Then, the expert advice on each factor for as-
Fig. 6. Assemblies with different levels of stability. semblability evaluation can be collected using the follow-
ing tables(Figs. 8. Using the consistency function above,
the relative values of linguistic variables can be determined
. ] ~and normalized as shown in the Figure 8. The final weight
with the various values of each parameter and analysis Qft each parameter is the average of weights from the advice
the added difficulty. of every expert. Hence, the weight of each first-order factor
To describe these parameters, fuzzy values are used. Thes&, pe obtained af.0875, 0.0875, 0.175, 0.080, 0.040,
values of the parameters are represented by linguistic varb_l& 0.065, 0.133, 0.042, 0.065, 0.048nd the weight of

ables with corresponding membership functions. For examg5.n second-order factor @35, 0.12, 0.18, 0.35
ple, the amount of interference expected in the assembly

can be described as “low,” “low-medium,” “medium,”

“medium-high,” and “high.” Each such descriptor implies a 4.3. Additive aggregation model for fuzzy

certain degree of difficulty that is described as a triangular  assemblability evaluation

fuzzy number. For example, a fit of type “pressure fit” with

“high” amount of force required implies a basic difficulty Based on the weight of parameters, the allocated score of
of (26,35,55. A “push fit” with “low” force required con- each parameter can be obtained if the total score is sup-
tributes difficulty of (16,20,26 to the assembly operations. posed to be 100. This means that the allocated score of the
The range of difficulty levels is from 0 to 100 with 100 first-order and the second-order factors @€&’5, 8.75, 17.5,
representing an impossibly difficult operation. 8.0, 4.0, 18.0, 6.5, 13.3, 4.2, 6.5, #ahd(35, 12, 18, 3%

The widely used methods to find the relative importanceFor a specific design or in a specific assembly environment,
of each parameter are: pairwise comparison, block distanceach assemblability factor has a reasonable range. Specify-
model, and rank reciprocal rul@en-Arieh, 1994. In this  ing a reasonable range for each factor constrains the eval-
research, a new fuzzy justification and evaluation methodiation method to provide a better response. For example, a
is proposed as follows. As there are many factors involved20-kg part may be considered heavy for manual assembly,
multiorder(2-ordey model is required in ranking them for but light for robot assembly.
comprehensive fuzzy evaluation and justification for assem- In fuzzy logic, a variabler can belong to more than one
bly. The first-order factors set can be described(asg;,  set, according to a given membership functg(v). The
Uy, Uygy Ung, Uso, Ugg, Ugq, Ugs, Ugg, Ugas Ugs) = (@ Symme-  possible values of a linguistic variables are not numbers but
try, B symmetry, number of ease of assembly form featuresso called “linguistic terms,” such &(small), M (mediun),
size, weight, fit type, position, orientation, translation, ro-andL (large). Standard membership function types such as
tation, force'torque. The second-order factors set are de-Z, A, 7, and Stypes can be mathematically represented as

Support —/{ Assembly
E direction

i i B e
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Ist-order
Expert actors o Symmetry B Symmetry Force/Torques
Advice
Very Very
1 Important Important Important
2 Very Important Medium
Important Important
n Very Medium
Important Important Important Important
2nd-order Geometric Physical Connection Operation
Expert Factors
Advice Factor Factor Factor Factor
| Very Important Very Important Very Important Important
Medium
2 Very Important Important Important Important
n Medium
Very Important Important Important Important

Fig. 8. Expert advice on the first and second-order factors for assemblability.

piecewise linear functions. In Figure 9, the variable 2.5  joint are considered: fastener joifwith agent, e.g., screw,
belongs toS with a membership gradgg(v) = 0.75 and  pin, bolt, and nutand operation joinfwithout agent

to M with u\,(v) = 0.25. As such, the acceptable range For an operational joint, the secondary part is mated into
of each assemblability factor can be categorized by thehe primary part, and the assembly difficulty score as an
grade. The grade of each assembly factor is subject tdssembly Evaluation IndekAEl) is calculated using the
change for refining the resolution of an evaluation. Thefollowing equation:

membership function of each assemblability factor is shown

in Figure 10. Considering this, Figure 11 lists assembly 1 n

factors, their acceptable ranges, and grades for a specific AEIQJ) = ﬁ)zlds(xi), (7)
environment. B

After the allocated difficulty scores are obtained, theywhereds,(xi) is the relative difficulty score of the joint for

can be easily used to evaluate the assemblability in designh : . L
. . . -~ theith assembly factolAEI(J) is the assembly difficult
This can be accomplished by evaluating the assemblablllt)éCore of jointJ ywhich is r(eg)arded as an asysemblab?{ity

of a joint (Liu & Fischer, 1994; Zha, 1999 Two types of evaluation index of joind.

For a fastener joint, the primary part and secondary parts
are mated together first, and then the agens used to join
the mated parts. Assuming all the assembly characteristics
A among the mated parts and the agents are equally impor-

tant, the assembly score for a fastener joint is calculated as
| S M L follows:
0.75 1 P /0
0.25 / AEI(J) = mp;l(;l[ds(xi )]j>, (8)
>
2 4 6

wherep is the total number of secondary parts and agents

Fig. 9. Membership function oé. involved in the fastener joint.
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Fig. 10. Membership functions of assemblability factors and assembly difficulty.
4.4. Comprehensive fuzzy assemblability represented by the membership function defined in the
justification and evaluation universe of discourse of linguistic variable &t (v4, v,,

vz) = (Low, Medium, High. Then the voting matrix or
To evaluate the assemblability of a design, each assenevaluation matrix can be derived as a form shown in
bly factor makes a different contribution. This can be Figure 12.
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Trained . Allocated
Assemblability Acceptable | Weight Total Assemblability Membershlp Difficulty
Factors Ranges (W) Scores Factor Fuzzy Levels | Function Values |~ (adsy)
() '
<45 (Small) (0.067) (0.586)
45<0<135
o -symmetry 0-360 0.0875 .75 (Medium Small) (0.133) (1.164)
(urr) ’ : 135=a<270 (0.267) (2.336)
(Medium Large) i )
a=270 (Very large) (0.533) (4.664)
B<4 (Small) (0.067) (0.586)
45<p<135
Geometry Mo difm Sl (0.133) (1.164)
B- symmetry 0-360 0.0875 8.75
(w) (ur) 133<4<270 (0.267) (2.336)
(Medium Large) ) )
B=270 (Very Large) (0.533) (4.664)
0 (Small) (0.600) (10.500)
Number of ease
of assembly 0-2 0.1750 17.50 1 (Medium) (0.300) (5.250)
form features
(u3) 2 (Large) (0.100) (1.750)
0-1(Very Small) (0.400) (3.200)
Size 1-5 (Small) (0.080) (0.640)
() 0-100 0.0800 8.00 5-15(Medium) (0.040) (0.320)
15-40(Large) (0.120) (0.960)
Physical 40-100(Very Large) (0.360) (2.880)
(1) 0-0.2 (Very Light) (0.200) (0.80)
Weight 0.2-2 (Light) (0.100) (0.400)
() 0-100 0.0400 4.00 2-10(Medium) (0.050) (0.200)
10-35(Heavy) (0.150) (1.800)
35-100(Very Heavy) (0.500) (2.000)
RC (Very Easy) (0.063) (1.125)
. . LC (Easy) (0.063) (1.125)
Connection Fit type 0,1,23,4) | 0.1800 | 18.00 LT (Medium) (0.125) (2.250)
(us) (ua1) LN (Difficult) (0.250) (4.500)
FN (Very Difficult) (0.500) (9.000)
Position Clear (Easy) (0.000) (0.000)
0,1,2) 0.0665 6.65 Unclear (Medium) (0.330) (2.190)
(ua1) Difficulty (Difficult) (0.670) (4.460)
. . Vertical (Easy) (0.125) (1.663)
Orientation 0,1,2) 0.1330 13.30 Others (Medium) (0.250) (3.325)
(u2) Horizontal (Difficult) (0.625) (8.312)
Translation 0-10 (Small) (0.143) (0.600)
) 0-100 0.0420 420 10-50 (Medium) (0.286) (1.200)
Operation (u43) 50-100 (Large) (0.571) (3.400)
(W) 0 (Very Small) (0.000) (0.000)
Rotation 0.1-10 (Small) (0.143) (0.600)
(uss) 0-100 0-0665 6.65 10-50 (Medium) (0.286) (1.200)
50-100 (Large) (0.571) (3.400)
0 (Very Small) (0.000) (0.000)
Foree/torque 0.1-2 (Small) (0.1000) (0.420)
(tss) 0-100 0.0420 4.20 2-10 (Medium) (0.2000) (0.840)
10-50 (Large) (0.3000) (1.260)
50-100 (Very Large) (0.4000) (1.680)
Fig. 11. Acceptable range of assemblability factotsu & Fischer, 1994.
M ) .
U v; (Low) v, (Medium) v3 (High)
Schemes 1 11 1 11 I 11
Upg v
u
ups v
U3 14
uy U v Fig. 12. Assembly evaluation voting form.
Uz2 v
us Us v
Ug| v
Ug2 v
Ua Uy3 v
Uy v
Uys Y
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For the first-order model, the following voting matrices blability analysis(Zha 1999. Two algorithms, DIMEN-

are used as SION and SYMMETRY, were developed to calculate the
i overall dimensions and rotational symmetrigs-angle,
rin riz ris B-angle of the part datgRosario 1988 Information from
ri=| 713 13 ri a CAD system is first translated into a wire-frame represen-
Lrd rd g tation and a solid CSG representation scheme before it is
. processed by the algorithms. The syst@fg. 13 imple-
c_| o mentation in this research consists of two main modules:
2= i r3, 13 r3 the preprocessor and the assembly analysis module. The
preprocessor reads part data from a CAD system and the
rg=[rin riz ris] assembly description from the user. The part data is trans-
0 lated into a suitable format for the assembly analysis mod-
fa Tz Iis ule. The analysis module contains two algorithms and
4 4 4
ra I Izs analyzes all assembly components as translated by the pre-
=14 15 13 processor. These algorithms are based on topology relation-
rd 14 ris ships and a palindrome search. Different CAD system
Lrdy rd, rdg representation schemes can be translated into the wire-

frame scheme. The overall part dimensions are defined as
The first-order value matrix ig; = (04, 012, 0;3) = (0.0875,  the dimensions of the smallest prism with sides parallel to
0.0875,0.175 0, = (0,1, 9o,) = (0.080, 0.04D g3 = (q3,) = the part orthogonal axes. The part rotational symmetries
(0.18, Ay = (041, Us2: Qazs Gaas Gas) = (0.065, 0.133, 0.042, are measured with respect to the part insertion axis and an

0.065, 0.042 Thus, axis perpendicular to the insertion axis. The rotational sym-
metries and overall dimensions are used in the design for
Z3=Gheol,  Zp=0°T2,  Zg=(0z°ls,  Zg=0a°ly assembly analysis procedure for assembly cost analysis.

Similarly, for the second-order model, the corresponding
linguistic variables set for assemblability can also be de5. NEURO-FUZZY LEARNING FOR
scribed as(Low, Medium, High. The evaluation matrix ASSEMBLABILITY EVALUATION

R = (21, 2, 23, 2,) can be described as Due to the complexity and uncertainty of the assembly

problems, the above additive aggregation model and com-
o Zos Zom prehensive fuzzy evaluation meth_ods require fgrther im-
R= Zoy Zer Zan prc')\'/ement..One qf the aspects of improvement is learning
ability. In this section, we propose a neuro-fuzzy approach
to analyze and evaluate the assembly.

211 Ziz Zi3

Za1  Zaz  Zs3

and, the value matrix & (Q;, Q,, Q, Q,) = (0.35, 0.12, In the pro_posed neurq-fuzzy approach_, a fu_zzy evalugtor
0.18, 0.35, and is reflected in three basic elements: fuzzification, fuzzy in-
ference, and defuzzification. The fuzzification in the input

Z=QoR= (24,75, Zs). (9) interfaces translates analog inputs into fuzzy values. The

fuzzy inference takes place in rule blocks which contain the
Therefore, the final evaluation results can be obtained froninguistic control rules. The output of these rule blocks is
Eq. (9) as Z,, Z,, Z5. It means that the membership linguistic variables. The defuzzification in the output inter-
function of assembly difficulty with respect to the linguis- faces translates them back into analog variables. It can be
tic variable set(Low, Medium, High is Z,, Z,, andZ;.  easily implemented and adjusted by using neural networks.
Using the max-min principle, the evaluation result is The fuzzy rule block is the kernel of the whole fuzzy neural
max(Z,,2Z,,2Z3). network model. It forms the basic scheme of knowledge

representation exploited in the fuzzy controller. These rules

4.5. Integration of CAD and assemblability appear as

evaluation IF: (inputl= S and input2= M)

The primary goal of integration between CAD and assem—THEN: output= S

blability evaluation is to extract characteristics informationlfHEN_ (Ic?lﬂgtjlt; ::/l/l and input2= L)
of a part from the CAD database for design for assembly. ’
With this information and other nongeometric information, The computation of théF part uses minimum operator
the time and cost for assembling the part can be determinefdr AND aggregation and maximum operator f@R

by assemblability analysis. Generally, the integration is caraggregation. To implement using neural network, a degree
ried out by the use of three steps: assembly model fronof support (DOS) in the range 0-1 is introduced,

assembly modeling system; feature recognition; and assemer,en = e - DOS because neural training methods usu-
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-Entity type
-View no.
-Endpoint coordinates |

1 N * ! l% (,.‘wel axi.s of ) (_ieom.et.ric
! msertion ana]}sn;
3D solid model | ASCII file DIMENSION
(RAPID) i
ALPHA -Shape: rotational/non-rotational
. -Envelope size and weight
subroutine .
-Rotational symmetry
a a.ndﬁ | { and ,B] Assemblability
degree | + Evaluation

BETA / Data format

subroutine SYMMETRY transformation

Fig. 13. Integration of CAD and assemblability evaluation.

ally use error gradients to heuristically find the best search The optic lens product assembled by eight parts which
direction and a gradient cannot be calculated when disare, respectivelyD,-doublet 1,0,-spacer,0O5-doublet 2,
crete rules are used. The output of the fuzzy evaluator is ®,-lockring, O5-subassembly lcomposed o$p,, sp,, Sp;,
fuzzy set of evaluation. As an assembly under evaluatiomndsp,) is taken as an example to illustrate the feasibility
requires a nonfuzzy value, a defuzzification stage is neede@nd efficiency of the proposed approach and system. Fig-
Hence, we use a method suitable for the problem of pature 16 is a solid model of this product. Figure 17 evaluates
tern recognition and classification: mean of maximuma joint operation for the design of optic lens. After all joints
(MOM), which calculates the crisp output value only with are evaluated, the total assembly difficulty score can be
the maximum value of each term. If the maximum is notobtained by summing all evaluated scores of these joints.
crisp unique(like a w-shaped membership functigprthe  As a different assembly sequence, the required assembly
mean of the maximum interval is computed. The neuralbperation is different. The total assembly difficulty score is
network uses the error back propagation algorithm to leartherefore different. This will be discussed in the next sec-
from the data sets, and find a suitable fuzzy evaluator. Irtion. For the sequencéockring — double2 — spacer—
this research, competitive learning is used to increase théoublefl — subassembly, the total assembly difficulty score
training capacity. Each time only update the connectiorand assemblability evaluation indéAEl) after training
weight of the “winner neuron.” and learning are 14.81 and 0.14®115), respectively. Using
Based on the discussion above and other assembly knowlhe comprehensive fuzzy assemblability justification and
edge, we can obtain many fuzzy rules to describe the effeavaluation, the evaluation result(i3.41, 0.63, 0.8 which
of each parameter on assemblability. For example, Figmeans that assemblability is HIGI85%).
ures 11 and 12 can be represented as many fuzzy rules, for
which the inputs are one or more combined assembly fac: 5 ASSEMBLY SEQUENCE EVALUATION
tors and their linguistic values, and the output is an assem-
bly difficulty score, as shown in Figure 14. These fuzzy The choice of the assembly sequence in which parts or
rules may constitute many rule blocks. All these fuzzy rulessubassemblies are put together can drastically affect the
can be represented by a four-layered fuzzy neural networkfficiency of the assembly process. For example, one fea-
as shown in Figure 15. The input layers are assemblabilitgible and reasonable sequence may require less fixturing,
factor variables, and the output layer is an assembly diffiless changing of tools, and include simpler and more reli-
culty score or assembly evaluation index. The network camble operations than others. Assembly sequence generation
automatically tune the membership functions of assemblabilplays an important role in designing and planning the prod-
ity factors so as to adjust the assembly difficulty score.uct assembly process and assembly system. To select the
Using the neuro-fuzzy approach, the relationships betweeaptimal assembly sequence that most nearly meets the needs
product definition data, assembly factor, and assemblabilityor a particular purpose within the available resources, it is
can be formulated, and the sensitivity analysis can be peressential to develop some procedures to reduce the se-
formed to predict how a design parameter change will af-quence count. The generation of assembly sequence and its
fect the assemblability. econotechnical justification and evaluation was discussed
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S S S VS VS VS LO LO 0.50 LO
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Fig. 14. Fuzzy rules block.
Fuzzificaton Inference Defuzzification
Fig. 15. Neuro-fuzzy assemblability evaluation
learning.
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Optic lens

Doubletl

Spacer

Subassembly 1

in detail (Zha & Lim, 1998; Zha, 1990 Using the pro-
posed integrated knowledge-based approach, all the feagiepresented by the assembly difficulty scates n;, + n;,,
ble assembly sequences can be generated, and the optinmglis the number of operational joints in sequencandn;,
assembly sequence can be obtained by Petri net modeling the number of fastener joints in sequemgds(x;) is a
and simulation. In the following, fuzzy evaluation of assem-relative difficulty score of the joint for théth assembly
bly sequence will be discussed.
In Sections 4 and 5, we discussed the fuzzy assemblabilavolved in the fastener joint. Based on HG0), the pre-
ity evaluation based on the degree of difficulty of assemblyferred sequence is the one with the lowest SEI.
operations. As a matter of fact, once the mating operation is Using the approach proposed in Zha & Liit998 and
evaluated, the entire sequence of operations can be evalidha (1999, all the feasible sequences for the optic lens
ated. The evaluation of the entire sequence needs to supp@ssembly can be generated by Petri net modeling and sim-
comparison and selection of a preferred one; therefore, thelation. The Petri net graph for representation of the gener-
aggregate measure of difficulty for the entire sequence isted assembly sequences of the optic lens is shown as
represented as a crisp nhumber.
Suppose that the following notation is usesl:= se-

quencei, i = 1,...,n; n; = number of operations in se-

quenceS; §; = operationj in sequencd, j = 1,...,n;
ds; = assembly difficulty scoréfuzzy numbey that repre-
sents the degree of difficulty of operatipin sequence.
For the entire sequence, the assembly difficulty score fosis and design for assembly analysis should be carried out
the sequenceis calculated using the following equation:

1
SEIS) = M{

> ds(x) +

=1

5

ni—n;,

% [ds (x;)]«
i=

381

Fig. 16. Optic lens product.

where SEI(S) is the sequence evaluation index which is

factor; p is the total number of secondary parts and agents

Figure 18, in which there are 12 feasible assembly se-
quences for linear assembly. The subnet models of the as-
sembly sequence Petri net can also be shown in different
colors in this figure. One of subnet modelsds — O, —

0; —> 0, — Os. Itisin fact one of the assembly sequences.
To obtain the total assembly time or cost, motion time analy-

for evaluation(Zha & Lim, 1998. To be in line with fuzzy
evaluation of assemblability, the fuzzy evaluation of diffi-
culty score was carried out for assembly sequences. Effects
of four different assembly sequencgs; —» O, —» O3 —
0,—->050;-50,-50,-50,-50;0,>50;-50,—>

(10 O; —» Og, Og — O3 —> O, —» O; — O,4) on the minimum
Assembly )
Factor Ui ui2 uis U21 U22 Uus1 U41 U42 Ua43 U44 U4as
Mating Data 360 0 2 Scm 21b LN clear | vertical 4cm 0 0
Operation Score 4.66 | 0.59 | 1.75 0.64 0.40 4.5 0.0 1.67 0.60 | 0.0 | 0.0

Total assembly difficulty score=14.81, assembly evaluation index=0.15
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(Doubletl)

(Spacer)

(Doublet2)

(Lockring) (Subassembly 1)

Fig. 18. Assembly sequence Petri net.

assembly difficulty score are shown in Figure 19. Henceijt is a value evaluation of design. Hence, the proposed as-

among four assembly sequences, the optimal o1 is>

0,—>0;,—->0,— 0s.

7. DISCUSSIONS AND CONCLUSIONS

sembly evaluation method uses the riskless outcome stim-
uli. It is important to note that the methodology developed
does not use certainty factors or uncertain reasoning. The
fuzziness is a property of the degree of difficulty assigned
to the operation, but it is not a property of the decision
process.

The nature of assembly evaluation is not a decision-making The assembly operations were evaluated based on vari-
analysis, which involves risk or probability estimation; rather gys criteria, such as the time and the equipment required;

0.51

0.4
0.3
0.2
0.1

1-2-3-4-5 3-2-1-4-5 4-3-2-1-5 5-3-2-1-4

however, this article focuses on analysis of the difficulty of
operation. Assemblability is described by assembly opera-
tion difficulty, which can be represented by a fuzzy number
between 0 and 1. The operation difficulty is an important
factor that can be translated into time, probability of quality
failure, and other significant factors. In addition, this pa-
rameter can serve as a useful tool for design evaluation.
This article presented a novel fuzzy-set-based approach
to assessing the assemblability and assembly sequence of a
product. The approach was implemented in a neural net-
work, hence the name “neuro-fuzzy.” It can be used as an
alternative to the Boothroydewhurst approach of a straight
numeric(linear) metric. The approach is designed for gen-

Fig. 19. Assembly difficulty score under different assembly sequences. eral purpose assembly evaluation. It can find wide applica-
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tion in developing a knowledge-based expert system opreliminary design process through the use of the devel-

design for assembly with learning ability. The evaluationoped system. However, the developed system itself is not
structure covers not only the assembly parts’ geometric and complete system, and requires further development and
physical characteristics, but also takes into account the asefinement. The applications in assembly design and plan-
sembly operation data necessary to assemble the parts. Thing show that the integrated intelligent approach and sys-

weight of each assemblability factor is subject to change tdem are feasible. The results from this research can also be
match the real assembly environments based on expert adsed in other similar applications such as manufacturabil-

vice. This approach has the flexibility to be used in variousity evaluation.

assembly methods and different environments. The fea-

tures of this novel approach can be summarized as follows.
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