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Abstract

Reconfigurable assembly fixtures are major components of a reconfigurable assembly system. They are precision components
which require an intensive design process due to their usage and interaction with other components in the assembly system.
Concept selection is a time consuming activity in the engineering design process, because it involves decision making and
consideration of multiple factors. A computer aided design approach of four concepts was developed for a reconfigurable
assembly fixture, based on functional requirements, cost, and manufacturability. The weighted decision matrix and analytical
hierarchy process was used to compare these concepts. The decision criteria and evaluation technique used during this concept
selection process is novel thus calling for its application in design of engineering components. The results of the two methods are
presented graphically and the variations in the results obtained are used to judge the suitable method among both processes for

the optimal design.
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1. Introduction

The demand of a product variety within a part family
requires reconfigurable assembly systems. Reconfigurable
assembly fixture (RAF) is an enabling equipment in a
reconfigurable assembly system. RAFs are used to uniquely
locate and support varying work-pieces during the assembly
process. The variation in dimensions of the products is within
the reconfigurable range of the fixtures. RAFs are precision
equipment requiring effective design and planning because of
its long term use and functional requirements. The two major
phases involved in engineering design of any equipment or
machinery are the conceptual and the detail design phases.
The tasks in the conceptual phase are specifications of
functional requirements, generation of design concepts using
drafting tools, and selection of concepts. In the specification
stage, the functional requirements of the product are analyzed
alongside with the financial and manufacturing requirements,
as shown in Figure 1. Once the specifications are defined, the
next stage is to draft different concepts of design using
Computer aided design and drafting tools. Concept selection is
an important task that is done before detail design is done [1],

(21, 3]

In this article, two concept selection methods were used to
compare and evaluate four concepts of a reconfigurable
assembly fixture as shown in Figure 2. The concepts are
analyzed in each case using the selection methods differently
and the same functional requirements. The results obtained
from the methods are compared in order to determine which
method gives the best variation between the concepts.
Concept selection is a vital and important stage in product
development. It is often carried out multiple times using
different methods throughout the design process to ensure that
the most effective product is developed [4], [5]. Selecting an
optimal concept from alternative designs is a time consuming
activity [6]. This is because selection of the best concept can
be done satisfactorily by considering the customer’s needs
and probability of production [7], [8]. In order to reduce
human reasoning and computation during selection of
concepts different methods of concept selection have been
developed [9], [10]. These methods can be summarized as
shown in Figure 1. In engineering design, different options are
used to select concepts.
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All options span from the identification of the design
structure and formulation of personalized methods [11], [12].
Regardless of whatever option is chosen, there are two
perspectives of thinking. These perspectives are the manifest
and the latent approach. Investigation of latent and manifest
approaches proves that they are implicit and explicit
approaches respectively. In order to prove both quantitative
and qualitative research in investigation of designs both
methods are linked and compared together [13].
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Fig. 1. Concept Selection Methods and Requirements.

An improved version of Fuzzy information axiom (FIA)
incorporating interval-type-2 fuzzy sets (IT2FSs) was
proposed by [3]. The article illustrated through an application
to an adhesive tape dispenser selection problem. The main
strength of the method is the ability of capturing potential
uncertainties of linguistics words by using IT2FSs. However,
the aggregation of information content was not fully captured
by the weighting scheme using an OWGA operator, because

the method only averages information content of the concepts
which may be biased. FIA methods are based on IA, which
operates on the smallest information content on the design
concepts [14], [15].
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Fig. 2. Concepts and Functional Requirements.

The simplest form of the information is related to
functional characteristics customers want from the product.
The behavior of customers to product requirement varies,
comparing the aggregation of information from the design. A
value-oriented concept selection in aero-engine sub-systems
design was proposed by [16]. The article uses a method
named EVOKE (Early Value Oriented design exploration
with Knowledge maturity). The method is based on value
dimensions and drivers communicated by the system
integrators, and uses them to rank early design concepts using
value as metrics as described by [17]. The method is most
suitable in aero-engine equipment, because of the required
functions of the equipment.

However, the value driven design methodology tends to
link the end users expectation to the technical requirement.
This makes the method cumbersome because user’s
expectations are a stochastic entity which tends to increase
value of the product and time to realization, because more
technical requirements are considered.
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A new method was described by [18] to enhance the Pugh
concept selection method. The step includes, identification of
constraints as opposed to objectives, recognition of the
concept risks, methods to reduce concept risks, use of
estimates and calculations for design objectives, and guided
criteria for selection criteria weights. The drawbacks of the
method are; the assumption of a linear relationship for
parameter weights, manipulation and misjudge of weights and
scores, and inclusion of unreasonable designs in comparisons.

2. Weighted Decision Matrix

The percentage score of the functions required from the
fixture was determined using a five levels scale, which are;
Highly important, Important, Very necessary, Necessary, and
Not necessary. The levels scale is awarded grades from (5) to
(1), with a decrease from highly important to not necessary.
The concepts were also compared using the same scale. The
percentage weight score of the functional requirements is
presented in Figure 3. If n,m,p,q,rand s, represents the
factors considered in reconfigurability (R), clamping force
(C), assembly and disassembly (A), damage to workpiece
(W), manufacturing (M), and durability (D) respectively,
with a maximum rating of My, M,,, M,,, My, M, and M then
the total score of each concept can be obtained from equation
1. Similarly, the total rating of each concept can be obtained
from equation 2. The results obtained from the comparison
using WDM is presented in table 1.

Cs
n=>5 m=3 p=3 q=3 r=3 s=3
= R, C,)A, )W,) M) D (@8]
n=1 m=1 p=1 gq=1 r=1 s=1
Cr
ErsiRn Ersiom (Z54)p (BisiW)e
=Z M, ' My oM, M, (2)
=M (B2iD)s
M, M
Each concept was compared with the functional

requirements, as presented in Figure 4. Similarly the functions
of each concept was also analyzed and presented in Figure 5.
The concepts were rated based on the results obtained from
comparison and the results are presented in table 2 the third
concept was chosen as the best concept, because it has the
highest score rating of the functional requirement as shown in
figure 5. Considering the results presented in table 2, the
rating of each concept with respect to the functional
requirements is higher than the score weight of the concepts
because the rating represents how each concept responds to
the functional requirements. The score weight is a
representation of how the concepts respond to the functional
requirements, considering the usefulness or importance of the
functions to the overall need of the product.

3. Analytical Hierarchy Process

Priorities for concepts and functional requirements of the
reconfigurable assembly fixture were determined with respect
to the functional needs of the fixture. The fundamental scale

of pairwise comparison and random consistency index was
used as the basis to quantify the comparisons between the
concepts and the functional requirements [19], [20]. The
concept with the highest priority is the best concept. This
method is used in order to determine the overall score or
priority of each concept relative to other concepts, and
functional requirements. Comparison matrices of the concepts
based on 'n’ functional requirements were generated using the
general matrix form in Table 4. The priority for each concept
is equal to the principal right eigenvector.

In order to establish a basis for comparison between the
results obtained from weighted decision matrix and analytical
hierarchy process, the priorities of the concepts and functional
requirements are used to formulate the table of results
presented in Table 3. The results also yield that concept three
is the suitable concept considering the functional
requirements. For ease of analysis and understanding the
results in Table 3. are shown in the bar chart of figure 6.
There are two separate bars for each concept. The first set of
bars for each concept represents the priorities of that
particular concept relative to other concepts. The second set
of bars represents the relationship of the concept to other
concepts considering the relative importance of the functional
requirements to the overall needs of the fixture. The increased
height of the bars in first column of every concept implies that
the functional requirements of the fixture are available in all
the concepts relative to each other. The bars in the second
column have reduced heights because the availability of the
functional requirements in all the concepts has been compared
with the level of importance of the functions.

B R
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0 Required Functions
Fig. 3. Weight Score of Functional Requirements.
Table 1. Results of Concept Comparison.
Functions
Concepts n=>5 n=3 n=3 n=3 n=3 n=3
R Z C Z A w M D
n=1 n=1 n=1 n=1 n=1 n=1
(c1) 16 09 11 10 10 10
(c2) 16 06 07 07 11 7
(C3) 20 12 12 12 10 13
(c4) 16 10 08 10 10 10

4. Results and Discussion

The results obtained from the two methods show that concept
three is the optimal design for the reconfigurable assembly
fixture. However the outputs in each case are different. The
discrepancy in outcome of the two processes can be expressed
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Table 2. Results of Comparison using weighted decision matrix.
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Fig. 5. Function availability in each concept.

Concept 1 Concept 2 Concept 3 Concept 4
Functional Requirements % Score Rating Score Rating Score Rating Score Rating Score
Weight Weight Weight Weight Weight
Reconfigurability 22.70 3.2 0.726 3.2 0.726 4.0 0.908 3.2 0.726
Clamping force 18.18 3.0 0.545 2.0 0.364 4.0 0.727 33 0.599
Assembly and disassembly 13.64 3.7 0.505 2.3 0.314 4.0 0.546 2.7 0.368
Manufacturability 13.64 33 0.450 3.7 0.505 33 0.450 33 0.450
Durability 13.64 3.3 0.450 2.3 0.314 4.3 0.589 3.3 0.450
Damage to work- piece 18.18 3.3 0.599 2.3 0.418 4.0 0.727 3.3 0.599
Total 19.8 3.28 15.8 2.64 23.6 3.95 19.1 3.19
Ranking ond 4t ™ 31
choice No No Yes No
700
Table 3. Comparison Matrix for Concept using AHP. 600
Cly=156 C2p=156 C3h=1-6 C4p-1-¢ Priorities 500
Cln=1—>6 Clln=1—>6 Clzn=1—>6 613n=1—>6 Cl4’n=1—>6 P15n=1_,5 400
Czn=146 C2 1n=1ﬂ6 622n=1ﬂ6 C23n=1A6 624‘11:1%6 P25n=1—>6
C3n=1—>6 C31n=1—>6 C32n=1—>6 C33n=1—>6 C34’n=1—>6 P35n=1a6 300
Cln=156 C41lp=156  C42p2156  C43p=156  C44n=156 Pas,_q g 200
v Ls L. b
0
| | | | l | | | |
ConLept 1 Con!:ept 2 Con!:ept 3 Concept 4
Fig. 6. Results obtained using AHP.
Table 4. Results of comparison using AHP.
Functional Requirements Concepts
s Concept | Concept 2 Concept 3 Concept 4
g & Concept Concept Concept Concept Concept Concept Concept Concept
‘5 §  Priority Priority with  Priority Priori Priority Priorit Priority Priorit
5.9 y y y Y
Functions g "g (Cy) respect to (C,) withrespectto  (C3) withrespectto (C,) with respect to
= E function function function function
priority (yC;) priority (yC;) priority (yC3) priority (yCy)
Reconfigurability 0.512 0.125 0.064 0.125 0.064 0.625 0.320 0.125 0.064
Clamping force 0.178 0.127 0.023 0.047 0.008 0.609 0.108 0.217 0.039
Assembly and Disassembly 0.044 0.303 0.013 0.043 0.002 0.559 0.025 0.095 0.004
Manufacturing 0.044 0.167 0.007 0.500 0.022 0.167 0.007 0.167 0.007
Durability 0.044 0.165 0.007 0.048 0.002 0.621 0.027 0.165 0.007
Damage to Workpiece 0.178 0.169 0.030 0.036 0.006 0.625 0.111 0.169 0.030
Summations Yy=1.0005%C, = 1.056 XyC, =0.144 3C, =0.799 3yC,=0.104 3C; =3.206 3yC;=0.598 C,=0.938 3 yC,=0.151
Decisions Third Choice Fourth Choice First Choice Second Choice

in terms of final values of the availability of functional
requirements in each concept. More so, there is a difference

in the final values of the concepts when the functional

requirements are rated with their relevance or needs in the
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optimal design. The variation in results of concepts
comparison from weighted decision matrix without
functional requirements in optimal design compared to
analytical hierarchy process is large. This is because
weighted decision matrix solely considered the availability
of the functions in each concept without weighing other
concepts relative to it. On the other hand, the variation in
results of concepts comparison from analytical hierarchy
process is small because the process did not just consider
the availability of the functions in the concept but also
weighs it with the availability of the same functions in other
concepts. In essence there is a reduction in the final value of
each concept when comparison is made using the analytical
hierarchy process. This is the same when the concepts are
considered with functional requirements in the optimal
design. The results of the two processes are presented in
Table 5. The results of outcomes from the two processes are
also presented in figure 7.

Although the variations of final values in the analytical
hierarchy process is small compared to the weighted
decision matrix, the percentage outcome of the concept
chosen is high compared to the other concepts. This implies
that the use of analytical hierarchy process for concept
selection may result in smaller values of outcome but the
difference in outcome of the selected concept will be high
compared to the other concepts. The reverse is the case for
weighted decision matrix. More so, the use of weighted
decision matrix did not show the difference in percentage
outcome of the concepts when comparison is made with and
without functional requirements. Conversely, the use of the
analytical hierarchy process shows that there is a slight
difference in concept outcomes when comparison is done
with or without functional requirements. More importantly,
the use of analytical hierarchy process shows that there is a
slight increase in the percentage outcome of the optimal
concept when a comparison is done with the functional
requirements. This is an indication that there is a difference
between when the concept is considered with all the
available functions to when it is considered with relative
importance of functions to the optimal design. This
important condition is not captured in the weighted decision
matrix. In essence, the use of weighted decision matrix
gives an optimal concept at a glance with little difference in
the percentage outcome of the concepts results. It also
yields the same result when comparison is made with
reference to functional requirements of the optimal design.
The analytical hierarchy process gives an optimal concept
with significant difference in percentage outcomes of the
concepts result. More so, it yields a different result when
to functional

comparison is made with reference

requirements of the optimal design.

5. Conclusion
A reconfigurable assembly fixture (RAF) is a major

enabling equipment in a reconfigurable assembly system.
Different CAD design concepts of a RAF were evaluated in
order to select the optimal design. The functional
requirements for the optimal design were the major aspects
considered as the basis for comparison of the concepts. The
functional ~ requirements  include;  reconfigurability,
clamping force, manufacturing, assembly and disassembly,
durability, and damage to work piece. These functions were
considered because they determine the effectiveness of the
fixture in the assembly system. The two concept selection
methods used arrived the same result for the preferable
concept, but there is a difference in the results obtained. The
final result obtained is important in engineering decision
making. The novelty behind the decision criteria and
evaluation techniques used in this article is a proof that
analytical hierarchy process (AHP) produces a detailed
result compared to the weighted decision matrix (WDM)
technique. More so the demonstration of reduction in final
value, and the subsequent increase in the percentage
outcome of the concepts when functionality requirements
are prioritized is an indication that, optimal concept in
engineering design will always have the highest value
among other concepts when the functional requirement is
prioritized. In essence it has been proven that AHP provides
more accurate and detailed results than WDM (at least for
the considered case).

This article will serve as useful information for Designers
of assembly systems, for selecting optimal design of
assembly equipment before production. It will also assist
executive decision making in selecting efficient assembly
equipment during purchasing of off the shelf activities
particularly in assembly equipment.

-l e

WDM AHP WDM AHP

CCWOFIOD CCWFIOD
ECl mC2 C3 mC4

Fig. 7. Comparison of AHP and WDM.

Legend

CCWOFIOD- Comparison of Concepts without Function
Consideration in Optimal Design.

CCWFIOD- Comparison of Concepts with Function
Consideration in Optimal Design.



O.M. Olabanji and K. Mpofu / Procedia CIRP 23 (2014) 264 — 269

Table 5. Comparison of results for WDM and AHP.

Concept Comparison without Functional Requirement in Optimal Design

Concept Comparison with Functional Requirement in Optimal Design

Weighted Decision Matrix Analytical Hierarchy Process

Weighted Decision Matrix Analytical Hierarchy Process

Concept 1 19.8 4.0 25.3 1.05 0.26 17.6 3.28 0.64 25.11 0.144 0.04 1440
Concept 2 15.8 0.0 20.2 0.79 0.00 13.2 2.64 0.00 20.21 0.104 0.00 1043
Concept 3 23.6 7.8 30.1 3.20 241 53.6 3.95 1.31 30.25 0.598 049 59.98
Concept 4 19.1 3.3 24.4 0.93 0.14 15.6 3.19 0.55 2443 0.151 0.05 15.14
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