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Modularity in Design of Products and Systems

Chun-Che Huang and Andrew Kusialember, IEEE

Abstract—Modularity refers to the use of common units to
create product variants. As companies strive to rationalize en-
gineering design, manufacturing, and support processes and to
produce a large variety of products at a lower cost, modularity is
becoming a focus. However, modularity has been treated in the
literature in an abstract form and it has not been satisfactorily
explored in industry. This paper aims at the development of
models and solution approaches to the modularity problem for
mechanical, electrical, and mixed process products (e.g., electro-
mechanical products). To interpret various types of modularity,
e.g., component-swapping, component-sharing, and bus modu-
larity, a matrix representation of the modularity problem is
presented. The decomposition approach is used to determine
modules for different products. The representation and solution
approaches presented are illustrated with numerous examples.
The paper presents a formal approach to modularity allowing for
optimal forming of modules even in the situation of insufficient
availability of information. The modules determined may be
shared across different products.

Index Terms—Algorithms, design automation, modeling, mod-
ular products and systems, product development.

I. INTRODUCTION

HE TERM modularity is used to describe the use of
common units to create product variants. It aims at the

identification of independent, standardized, or interchangeable

units to satisfy a variety of functions. With wide-ranging
overall functions, the partitioning of the product irftonction-
oriented modules is important, while with a small number

or a system to other products or systems. The adaptive
modules handle unpredictable constraints.

« Nonmoduleimplementscustomer-specific functiorthat
do occur even in the most careful design development.
The nonmodules have to be designed individually for
specific tasks to satisfy the customer needs.

Based on the interactions within a product, three categories

of modularity have been defined [4].

« Component-swapping modularityccurs when two or
more alternativebasic componentgan be paired with
the same modular components creating different product
variants belong to the same product family.
Component-sharing modularitys the complementary
case to component-swapping modularity. With various
modular components sharing the sabssic component
create different product variants belonging to different
product families.

Bus modularityis used when a module with two or
more interfaces can be matched with any number of the
components selected from a set lofisic components
The module interfaces accept any combination of the
basic componentsBus modularity allows variation in
the number and location of the basic components in
a product while component-swapping and component-
sharing modularity allows only variation in the types of
basic components.

Design may be considered as the process of conversion

of overall function variants, @roduction-orientedresolution ; . . . . .
) . . ; of information [3]. The sufficiency of information available
is the paramount consideration [1], [2]. Function modules R s
) ; : . iS5 crucial in identifying modules. The type and amount of
help to implement technical functions independently or in . ; A )
S : : : Information available warrants the classification of modularity
combination with other functions. Production modules arge

designed independently of their function and are based on Eg%sed on the phases of the design process, e.g., conceptual

production based consideration alone. Function modules gr%sign or detailed design modularity. The modularity consider-
classified asasic, auxiliary adaptiveana nonmoduleg3]. ations may depend on the type of the product, e.g., mechanical,
« Basic modulds a module implementingasic functions

electrical, or software. The four main phases of the design
X X : ! s process for mechanical products are as follows [3].

The basic functions are not variable in principle and are

fundamental to a product or system.

 Auxiliary modulecorresponds t@uxiliary functionsthat A. Clarification of the Task Phase

are used in conjunction with the basic modules to createrpig phase involves the collection of information about the

various products. _ _ _ _ requirements to be embodied in the design and constrains.
< Adaptive modulés a module in whicladaptive functions

are implemented. The adaptive functions adapt a part
B. Conceptual Design
The conceptual design phase involves the establishment of

Manuscript received December 22, 1995; revised September 9, 1996 gn%ctions that make up a product or a system. The conceptual

April 7, 1997. This work was supported by the National Science Foundati H
under Grant DDM-9215259. elements of the products may correspondnrtechanismor
The authors are with Intelligent Systems Laboratory, Department of Indugyhsystemd he interaction between mechanisms (subsystems)
trial Engineering, University of lowa, lowa City, IA 52242-1527 USA (e-mail: . .
corresponds to the function inputs/outputs between mecha-

ankusiak@icaen.uiowa.edu). -
Publisher Item Identifier S 1083-4427(98)00126-X. nisms (subsystems).

1083-4427/98%$10.001 1998 IEEE



HUANG AND KUSIAK: MODULARITY IN DESIGN OF PRODUCTS AND SYSTEMS 67

C. Embodiment Design the interaction between product modularity and testability, are

During this phase of mechanical product (system) desigfiscussed in [8] and [9], respectively.
the designer, starting from the concept, determines the layout
and form of the product (system) in accordance with technical II. MODELING THE PRODUCT MODULARITY
and economic considerations. The embodiment element of . . .
products may correspond to a set of parts (components). Thén this section, modular products are represented with

interaction between components corresponds to the IocatF matrices, an mteractlpn mat'rlx and a suitability matrix.
and size of components, spatial compatibility, etc. Ifferent types of modularity are interpreted based on the two

matrices. The matrix formulation has been applied broadly in
manufacturing, e.qg., in the group technology, process planning,
and scheduling problems [10].

In this phase, the arrangement, form, dimensions and surface
of all individual components are finally laid down and ally
components are formally identified. o ) )

It is desirable to form modules early in the design process,Modularity is viewed by Ulrich and Tung [4] as depending
e.g., at the conceptual design phase. However, the informatfJh WO characteristics of design:
to identify the modules might not be available at the early 1) similarity between the physical and functional architec-
design phase, e.g., the definition of the suitability matrix  ture of the design;
discussed in Section II. This may cause that modules generated) minimization of incidental interactions between physical
too early in the design process might not meet the constraints components.

D. Detail Design

Representation of Modular Products

that become apparent later in the design process. The characteristics above imply two types of relationships
Potential benefits of modularity include [3], [5], [6]: involved in the modularity concept:
e economy of scale; 1) similarity of the functional interactions within a module;
* increased feasibility of product/component change; 2) suitability of inclusion of components in a module.
* increased product variety; Based on the two relationships, the interaction and
e reduced order leadtime; suitability matrix are used to represent modular products.
+ decoupling risk; Let the row setl and the column sef correspond to the
* the ease of product diagnosis, maintenance, repair, affmponent se€’ = {1 --- m} in the two matrices.
disposal. The interaction matrix A = [aijlmxm, IS @ COMpO-

As companies strive to rationalize their manufacturing fasent—component incidence matrix, whetg represents the
cilities and to produce a large variety of products at lowenteraction between componeitand componentj; ¢ and
cost, modularity, due to its benefits, is becoming a focyse C.
of attention and frequently stated as a goal of good designThe suitability matrix B = [bij]mxm, IS @ compo-
practice [3]. However, modularity has not received sufficiement-component incidence matrix, wherg represents the
attention in literature [3], [4], [7]. It has not been exploreduitability of components and j for inclusion in a module;
in industry to the same degree as, for example, design foand ; € C.
manufacturing. Approaches to determine modules, representet A’ = [a};]mxm be the matrix with the rows and
modularity, optimize modular designs, and assess the impactofumns rearranged by the decomposition algorithm presented
modularity on the design process, manufacturing, and manageSection 11l for easy identification of modules.
ment needs to be explored. This paper aims at the developmeritet B’ = [b;j]mxm br the matrix with the rows and columns
of models and solution approaches to the modularity problesranged in the order as the rows and columnsiof
for mechanical, electrical, and mixed process products (e.g..The modularity matrixis defined agA’|B'],nx2m-
electromechanical products). The remainder of this paper is or-The modulescorrespond to the groups of entries identified
ganized as follows. Section Il presents a matrix representation 4’. The components that do not belong to any module
of the modularity problem and provides an interpretation of theeindependent componentadependent components may be
three types of modularity. Section Il defines the modularitgasic components that jointly with modular components result
problem. Section IV discusses the decomposition approachdifferent types of modular products.
for solving the modularity problem. The representation and Fig. 1 shows an example of the modularity matrix. The
solution approaches presented are illustrated with examptedumns and rows correspond to component numbers. An entry
for electrical, mechanical, and electromechanical products“at corresponds to the interaction between two components
the conceptual and detailed phases in Section V. Section afid “blank” indicates no interaction. An entry “a” implies the
concludes the paper and outlines further research directionsuitability of two components for inclusion in a module, and
The main contribution of this paper is in the developmerib” indicates nonsuitability. Three modules are identified in
of a formal approach for the definition of modules, represefig. 1. Components 7, 2, and 9 are the basic components.
tation of modularity, and the development of generic modular Due to the varying degree of information availability at
products, e.g., electrical, mechanical, and electromechanidédferent phases of the design process, the component set
products with the consideration of cost and size of the modulesnsidered may correspond to a subsystem (mechanism) set at
Other concerns, e.g., performance attributes of a module, ahd conceptual design phase or a part set at the detail design
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1 6 1 1 11 1 7 2 9 1 3 1 6 1 1 1 1.1 7 2 9 1 3
3 1 2 4 3’ 0 3 1 2 4 3 0
13 + 1 1 +
6 1 + 1 1 + a [
11 1 + 1 + [
12 1 1 + 1 1 1 +
14 1 + 11 + a
1 1 + 1 +
13 1+ +
7 1 + 1 +
2 1 + +
9 1 + +
10 1 ¥ r—
3 1 + +
The new interaction matrix A' The new suitability matrix B'
Fig. 1. Modularity matrix.
TABLE |
SUMMARY OF APPLICATIONS OF THE MODULARITY MATRIX
Interaction matrix Suitability matrix
Design Product type | Entry interpretation | Column Entry value: value | Entry value: value
phase name interpretation interpretation
Conceptual | All Function flow Mechanism/
phase Subsystem a: strongly desired
Electrical Electrical flow Integer number: e: desired
Detailed Mechanical [ Force flow, thermal, frequency of o: strongly
phase function, etc. Component | application undesired
Force flow, thermal, u: undesired
Mixed function, etc.
123
1 2 3
7 M 111
M M
@) (b)

Fig. 2. Example of component-swapping modularity: (a) modular products and (b) matrix representation.

phase. The entries in the interaction matrix may be generalized | 2
to integer numbers representing, e.g., the frequency of appli- [ oo 5 3 ) :
cation of any two functions at the conceptual design phase, or | 344 £
two components at the detailed design phase. The summary|== g Mi

2

of entry values, their interpretation, and the meaning of the | =L
column and row labels in the modularity matrix applied to prssor M2
different types of products and at different design phases are @ (b)
summarized in Table I.

Fig. 3. Example of component-sharing modularity: (a) modular products and
(b) matrix representation.

B. Interpretation of Different Types of Modularity

The modularity matrix allows the representation of the Example 1: An example of product variants generated
different types of modularity that are interpreted next. through component-swapping is provided in Fig. 2(a). The
Axiom 1 interprets the component-swapping modularity. multifunctional office desk lamp in Fig. 2(a) is assembled
Axiom 1: Let C; be the set of columns corresponding ten a base (M). Different product variants are produced by

entries “1” of row: [e.g.,C7 = {1, 2, 3} in Fig. 2(b)]. changing the fixture (basic components 1, 2, and 3).
If In the automotive industry, by using different audio cassette
1) row ¢ corresponds to a module, and decks, windshield glass, and wheel types with the same base

2) columns; € C; do not correspond to any other modulébody of the car, different models of cars are generated.
then the modularity is referred to as themponent-swapping In computer industry, the component-swapping modularity
modularity e.g., moduleM and the set’; = {1, 2, 3} in manifests itself through matching of different hard disk types,
Fig. 2(b) form the component-swapping modularity. monitor types, and keyboards with the same frame board.
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RAM 024 K [Ft-wl.'-:- K| CPU
DATA BUS | | DATA BUS
ROM 140 24 K RAM 110 24 K ROMIOME| | RAMID24K
AN 1M 22 K RO 1A 24 K FEAM 103 I4 K U 2
DATA BUS TATABUS |
L o RAM L0 24 K REIM 1 24 K RAM 'O 24 K
(@)

123
4 11
5 M 111

(b)

Fig. 4. Example of bus modularity: (a) modular products and (b) matrix representation.

Axiom 2 is used to interpret the component-sharing mod- If

ularity. 1) the set of rowsR; corresponds to a module, and
Axiom 2: Let C; be the set of columns corresponding to 2) all columnsj € C; do not correspond to any other
entries “1” of row [e.g.,Cs = {1, 2} in Fig. 3(b)]. module
If then the modularity as referred to is thas modularity e.g.,
1) row ¢ corresponds to a basic component, and module M and basic components 1, 2, and 3 in Fig. 4(b) form
2) each column irC; corresponds to a module the bus modularity.

then the modularity is referred to as teemponent-sharing Example 3: An example of product variants generated

modularity, e.g., modules\/1 and A2, and component 3 in through the bus modularity is provided in Fig. 4(a). The same

Fig. 3(b) form the component-sharing modularity. type of data bus (M), and different types of CPU and memory
Example 2: An example of product variants generatedinits (components 1, 2, 3) in Fig. 4(a) form different types of

through component-sharing is provided in Fig. 3(a). Th@ata processors with RAM/ROM of different capacity.

different types of frame boards and monitors/{, M2) Other examples of bus modularity are computer and circuit

in Fig. 3(a) sharing the same microprocessor (componentt@paker systems, gantry robot systems, and storage/retrieval

make up different types of computers. systems, which use auxiliary components of different types to
The component-sharing modularity in automotive manufapandle variety of objects.

turing leads the uses of same brake shoes, alternators, or spark

plugs in different product families. In consumer electronics,

component-sharing arises when a common power cord or a Ill. M ODULARITY PROBLEM

common tape transport mechanism is used in different producin this paper, modularity refers to the decomposition of the

families. architecture of a product family into distinct building blocks
Axiom 3 interprets the bus modularity. (modules) used to meet various functions of the products. The
Axiom 3: Let C; be the set of columns corresponding tarchitectureof a product is the scheme by which its functional

entries “1” [e.g.,C5 = {1, 2, 3} in Fig. 4(b)] andR; be the set elements are arranged and interact.

of rows corresponding to entries “1” [e.g?4 = R; = {4, 5} The modularity problem represented with a the modularity

in Fig. 4(b)]. matrix is formulated next.
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Decompose a component—component interaction matrix into
mutually separable submatrices (modules) with

1) the minimum number of nonempty high value entries

6
outside the block-diagonal interaction matrix, and 10
2) the maximum number of strongly desired entries (de- = 9

noted asz) and minimum number of strongly undesired
entries (denoted a9 included in the submatrices of the 2
block diagonal suitability matrix |

subject to the following constraints:

Constraint C1: Empty modules of components are not aI'-:
lowed, and;

Constraint C2: The number of components in a module
cannot exceed the upper bouid,, and the total cost of the
components duplicated cannot excegd Step 6. Classification/Analyze the modularity matrix to

Constraint C1 is trivial. Constraint C2 limits the sizeclassify the modules based on the three axioms presented in
of a module compromised due to several factors, e.g., thection Il.
panel size, performance requirements, cost, or testability. For Step 7. Termination:Stop and output the results.
aerospace products weight, rather than cost, might be a factofondition 1: Remove a component, say if the following
to be considered. conditions are satisfied.

1) Component: and any other componert, in the same
module are strongly undesired for inclusion in the mod-
ule, i.e., an entry in the submatrix of matr&’ is set

-a— Interaction of force
— Flow of clectrical signal

ig. 5. The schematic representation of the desk lamps from Fig. 2.

IV. DECOMPOSITION APPROACH

to “o".
The decomposition approach presented in this section trans2) Component: interacts with the remaining components
forms the interaction and suitability matrices into matex in the module to a lesser degree than compobhgeing.,

and B’ (defined in Section Il), analyzes the modularity matrix, the total of row entries corresponding to compongnt
and detects modularity in a product set. Some research on s smaller than the total of row entries corresponding to
the application of decomposition in engineering design has  component in the submatrix of matrix4’.

been reported in the literature [11]-[15]. As the interaction 3) None of the submatrices violates constraints C1 and C2.
matrix is a square matrix, the triangularization algorithm [16] ~qndition 2: Duplicate the component if the following con-

is applied to identify the modules. The constraints imposggions are satisfied.

by the suitability matrix and other factors are considered.
Decomposition allows one to explore potential modules among
components and to analyze various types of modularity. The
challenge is to group components into modules that are of
acceptable size or cost.

1) The component that is used and strongly desired for
inclusion in two modules simultaneously, i.e., some
entries in the submatrices of matriX’ are set to “a”.

2) None of the submatrices violates constraints C1 and C2.

Note that in Step 4 the components that are undesired in

a module are removed (see Example 6). Step 5 produces a
A. Algorithm solution of better quality by duplicating some components. Du-
Step 0. Initialization: Initialize the interaction and suit- Plicating the overlapping components in the modularity matrix

ability matrix. Specify the upper bountf;; on the number of MaY lead to mutually separable modules. The benefits resulting
components in a module and budget from the duplication of elements in matrix decomposition are

Step 1. Triangularization:Triangularize the interaction discussed in [17].
matrix A into matrix A’ with the algorithm presented in Kusiak

et al. [16]. V. ILLUSTRATIVE EXAMPLES

Step 2. Rearrangemen®Rearrange the suitability matrix . .
B into matrix B’ so that sequence of columns and rows in Depending on the design phase and the product type, the

o : - interpretation of the rows and columns of the modularity
matrix B’ is same as in matrixd’. . ) . : . ) )
. ) o matrix varies. In this section, examples illustrating modularity
Step 3. CombinationCombine the matrixA™ and the representations at the conceptual and detailed design phases
matrix B’ into the modularity matrix fi’| B’]. Identify modules P P gn p

corresponding to the groups id'. are provided.
Step 4. Deletion:Remove a component from a module i
that satisfies Condition 1, and place it in the last column of tHe Conceptual Design Phase
modularity matrix. Repeat this step until no more componentsThe conceptual design phase leads to a design object de-
can be removed. scribed schematically with a graph of functional elements and
Step 5. Duplication:Duplicate a component that satistheir interconnections [18]. The interaction matrix represents
fies Condition 2, and repeat this step until no more componetitg functionality of subsystems (mechanisms). A functional
can be duplicated. element corresponds to a subsystem (mechanism), and in-
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1 2 3 4 5 6 7 8 9 10 11 1 2 3 4 5 6 7 8 9 10 11
1 + 1 + u
2 + 5 +
3 1 + 1 5 2 2 2 a +
4 1 + + u
5 5 + 5 + a
6 1 + + u
7 5 + a +
8 5 + 5 a +
9 + + u
10 i + + u
11 5 5 + +

Fig. 6. Two matrices for the components of the lamp in Fig. 5.

11 5 3 7 2 8 6 10 9 1 4 11 5 3 7 2 8 6 10 9 1 4
11 1+ 5 5 +
5 5 + 5 a +
3 5 + 2 2 2 1 1 + a
7 5 + + a
2 + 5 +
8 5 5 + a +
6 1 + u +
10 1 + u +
9 1 + u +
1 1 + u +
4 1 + u +

Fig. 7. The modularity matrix for the lamp in Fig. 5.

terconnections correspond to function flows in the function- ¢;

oriented modularity _representation. _ L 6 = 1A 12— 7
Example 4. Electrical ProductsConsider a conceptual de-
sign of the desk lamp in Fig. 5. 2

C3
H -
e components 1 and 4 are the different covers of the Iamp,4 > i -l T UT-R 9
9

+ components 2 and 7 are internal and external electrical
cords, respectively; T — 3
» component 3 is an internal connector; B Py - mj 12— 2
e component 5 is the lamp stand;
e components 6, 9, and 10 are different bulbs;
e component 8 is the switch;
e component 11 is the base. , _ o
Note that the force interaction is considered as bidirection'g?' 8. The set of electrical components with Inputs and outplts.
and the electrical flow as unidirectional. The interaction matrikhe feature similarity is represented by the interaction matrix
and the suitability matrix for the components of the lamp iat the detailed design phase.
Fig. 5 are defined in Fig. 6.

4

Ce c7 Ccs
4—:5[:81>7 4
9

—E:5'|:8]_>7
2

33— 10— 33— 7

Note thata; 3 = “5”, which means that the force from C. Electrical Design
component 5 to component 3 appears in five different designsa, ejectrical product, whether it is a simple transistor radio
of the lamp. or a complex supercomputer, consists of two basic elements:

Applying the decomposition approach presented e electronic components and the interconnections between
Section 1l to the modularity problem of the desk lamp, thgsmponents. In the modularity problem for electrical prod-

resulting modularity matrix 4’| B'] is as follows (Fig. 7). (s, the inputs/outputs of the components and the interaction
In the modularity matrix in Fig. 7, two modules are 'de“among the components are considered.

tified: M1 = {11,5 3} and M2 = {7, 2, 8}. Module  pyample 5. Electrical Circuits:Consider the set of elec-
M1 and components 1 and 4 form a component-swappiggq) componentg’1, C2, C3, C4, C5, C6, C7, and C8 in
modularity. ModuleA/2 and components 6, 10, and 9 forrq:ig_ 8.
also component-swapping modularity. The interaction matrix and the suitability matrix of the
component set are defined in Fig. 9.
Entry a; ; = “1”, which means that the electrical signal
flows from output 5 to input 1. Applying the decomposition
The functional space (conceptual design) maps into physiegdproach presented in Section Ill to the modularity matrix in
components (detailed design) with specified features. Basedrig. 9 results in matrix £/|B’] in Fig. 10.
the features, six types of similarity (callédature similarity Four modules have been identified in the matrix in Fig. 10:
are considered in the identification of modular parts: geomét-3, 6, 11, 12), (13 14, 1), (10, 3), and (4, 5, 8). Based on
ric, temporal, force, electrical, thermal, and photometric [3lhe definitions presented in Section I, module (6, 11, 12, 13)

B. Detailed Design Phase
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1 2 3 4 5 6 7 8 9 1 1 1 1 1 1 2 3 4 5 6 7 8§ 9 1 1 1 1 1
1 2 3 4 0 1 2 3 4
1 + 1 +
2 + + o a
3 + 1 1 +
4 + 1 1 + a
5 1 + 1 1 + a
6 + 1 1 o + a
7 + +
8 1 1 + +
9 1 + +
10 1 + a u +
11 1 + 1 o+
12 1 1 1 + +
13 1 + 1 +
14 1 + +
The interaction matrix The suitability matrix

Fig. 9. The interaction matrix and the suitability matrix for the eight components in Fig. 8.

1 6 1 1 1 1 1 7 2 9 1 3 4 5 8 1 6 1 1 1 1 1 7 2 9 1 3 4 5 8
3 1 2 4 3 0 3 1 2 4 3 0
131+ 1
6 1 1 + a o
11 1+ 1 + o
12 + 1 1 1 +
14 + 1 + a u
1 + 1 +
13" 1 + +
7 1 + 1 +
2 + +
9 + +
10 + + a 0
3 1 1+ +
4 1 + 1 + a
5 1 1 + 1 + a
8 1 1 + +
Matrix A' Matrix B'
Fig. 10. The transformed modularity matrix.
1 6 1 i 1 T 7 2 9 1 3 4 5 8 1 6 1 1 1 1 7 2 9 1 3 4 5 8
3 1 2 0 3 1 2 4 0
131+ 1 1 +
6 + 1 1 + a [
11 1 + 1 + o
12 + 1 1 1 +
14 + 1 + a u
111 + +
7 1 + 1 +
2 + +
9 + +
10 + + a o
3 1 1 + +
4 1 + 1 + a
5 1 1 + 1 + a
8 1 1 + +
Matrix A’ Matrix B'

Fig. 11. The transformed modularity matrix without duplicating 13.

and components 7, 9, 2 form component-swapping modularify2) and (14, 1, 13 = 5/16 + 3/9 = 93/144 in Fig. 10 (see

Module (13, 14, 1), (10, 3) and component 7 form componerif9] for the detail of the efficacy measure).

sharing modularity. Module (4, 5, 8) and components 2, 7, 9 Examples of the designs based on the modules identified

form bus modularity. in Fig. 10 are shown in Fig. 12. The shadowed components
Note that in order to obtain a solution of better quality, inpdP™™m the modules.

13 duplicates 13. The modularity matrix without duplicating

13 is presented in Fig. 11. Three modules are identified: (13, Mechanical Design

6,11, 12, 14, 1), (10, 3), and (4, 5, 8), where the submatrix gesjdes the functional interactions, the geometric interac-

corresponding to module (13, 6, 11, 12, 14, 1) is a low-densifsns need to be considered in mechanical design. According
matrix. The group efficacy of module (13, 6, 11, 12, 14=1) to Kameyama [20], the shape, properties, and manufacturing
8/36 is lower than the group efficacy of modules (13, 6, 1process data should be considered for the geometric interaction
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Fig. 12. Example of five electrical circuits.

and components 7, 9, 2 form the component-swapping mod-

A ularity. Module (4, 5, 8), (10, 3) and component 2 form
21 W D the component-sharing modularity. Module (4, 5, 8) and
components 2, 7, 9 form the bus modularity.
E:' A |£| I_fT“ Note that component 14, a fuzzy component that may be
in module (12, 6, 11, 12) or (1, 7), is excluded from module
EEI (13, 6, 11, 12) due to inconsistent characteristics of material

between components 14 and 13 (see Fig. 16). In step 4, the
Fig. 13. The shapes of mechanical components. use of deletion based on the suitability matrix aims at the
determination of the module size.
among components. In the mechanical design, the geometri€xamples of the resulting product structures are shown in
interaction matrix represents the coupling of components big. 17. The shadowed components are the modules identified
different shapes. The suitability matrix represents the suitabit Fig. 15.
ity of distinct components for inclusion in a module.
Example 6. Mechanical ProductConsider the 14 mechan-
ical components in Fig. 13.

The interaction matrix and the suitability matrix of this In some areas of engineering design, e.g., design of electri-
component set are defined as in Fig. 14. cal circuits, formal representations exist for the artifacts used
The components are to be assembled into different produdts design which capture their important physical, functional,
Components 6, 11, 12, and 13 are made of material A, aadd logical attributes. A fundamental concern in mechanical
components 4, 5, and 8 are made of material B. Materiahd electro—mechanical design is that complete representations

A cannot be glued to material B. Components 7, 2, arb not exist for mechanical artifacts [21].
9 can be glued to any material. In the modularity matrix, The general definition of feature is such as “a feature is
the entriesbg 4, b11 5, b12,s, are set to “0”, and the entriesany entity used in reasoning about the design, engineering, or
bii,12, b1 7, bioo are set to “a”. The entryn;4; = “2” manufacturing of a product” [22]. The similarity of features of
represents that components 14 and 1 appear in two differentmponents in a mixed-type product is used to determine the
assemblies. modules. For the detailed design of mixed-type products, the
The transformed modularity matrix4[|B’] at the detailed six types of feature similarities are considered in the interaction
design phase is presented in Fig. 15. matrix. Based on each type of feature similarity, an interaction
Four modules have been identified in the matrix in Fig. 14natrix is constructed, e.g., the electrical interaction matrix is
(13, 6, 11, 12), (7, 14, 1), (10, 3), and (4, 5, 8). Basetbnstructed based on electrical similarity. The final interaction
on the definitions from Section Il, module (6, 11, 12, 13jnatrix is obtained by combining the single feature matrices.

E. Electromechanical Design
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1 2 3 4 5 6 7 8 9 1 1 1 1 1 I 2 3 4 5 6 7 g8 9 1 1 1 1 1
0 1 2 3 4 0 1 2 3 4
1 + 1 21+
2 + 2 1 +
3 + 2 +
4 + 3 2 +
5 2 3+ 3 1 a  +
6 + 3 3 a o +
7 1 1 + 1 1 1 a a o +
8 3 1 a o +
9 2 1 + 1 a a +
10 2 1 + a a +
11 3 + 3 o o0 a o +
12 1 1 1 3 + 3 a o o a o a a +
13 3 3 0+ 2 o o a o +
14 2 1 2 +]a a a o +
The interaction matrix The suitability matrix

Fig. 14. The interaction matrix and the suitability matrix of 14 mechanical components.

1 1 1 6 1 1 7 2 9 1 3 4 5 8 1 1 t 6 t 1 7 2 9 1 3 4 5 8
3 1 2 4 0 3 1 2 4 0

13 + 3 312 + a a o o o

11 + 3 3 + a o o o

12 3 2+ 1 1 1 a + a a a o o o

6 3 2 + + o

14 2 + 2 1 [5) + a a

1 2+ 1 +

7 1 1 1 + 1 1 1 a + a [

2 1 + 2 +

9 1 + 2 1 a + a

10 1 + a + a

3 2+ +

4 2 + 3 +

5 2 1 3 0+ 3 a a +

8 1 3+ o 0 a  +

Matrix A’ Matrix B'
Fig. 15. The modularity matrix for 14 mechanical components: (a) matfixand (b) matrixB’.

| 1 I 6 1 1 7 2 9 1 3 4 5 8 1 1 1 6 1 1 7 2 9 1 3 4 5 8
3 2 4 0 3 1 2 4 0

13 + 3 2 + a a o 0 o

11 + 3 3 + a o o o

12 3 2+ 1 1 1 a + a a a o o o

6 32 + + o

14 2 + §2 1 0 + {a a

1 2+ 1 +

7 1 1 1 + 1 1 1 a + a [}

2 1 + 2 +

9 1 + 2 1 a + a

10 1 + a + a

3 2+ +

4 2 + 3 +

5 2 1 3+ 3 a a +

R 1 3+ [ [} a +

Matrix A' Matrix B'

Fig. 16. The modularity matrix before Step 4, deleting component 14: (a) mdtriand (b) matrixB’.

Example 7. Electric Motor DesignConsider the following ¢« component 14: side cover plate;

components of the electric motor: e component 15: rotor;
e component 1: base frame; e component 17: winding cover;
e component 2: rotor lamination; » component 18: stator housing;
e component 3: terminal box; « component 19: shaft.

« components 4, 13: different types of top cover plate;
« components 5, 8: different types of winding;
e component 6: bearing;

Fig. 18 illustrates the components of the electric motor.
The interaction matrix of the electric motor is produced

« component 7: stator lamination; by combining the force, electrical, and thermal interaction
« components 9, 10: different types of support frame; matrices as followss{ the force interactiorvn: electrical inter-
« component 11: stator winding; action; ¢: thermal interaction; integer number: the frequency

« components 12, 16: different types of ventilation grid; of application) (see Fig. 19).
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Fig. 17. Example of the modular products with 14 mechanical components.

Also moduled/ 1 and parts 12, 16, 9, and 10 form component-

1
<t swapping modularity. Modulé/ 3, parts 5, 8, and parts 4, 13
i I | form bus modularity. The combination of different types of top
17, I and side cover plates, windings, and ventilation grids produces
12 3 = various types of three-phase motors, specifically with different
: output powers.
5.8 L,
12, 16 2 ‘:[[| F. Discussion
ST Thus modular product design is an important form of
14 10 strategic flexibility[23], i.e., flexible product designs allow

a company to respond to the changing markets and technolo-
gies by rapidly and inexpensively creating product variants
derived from different combinations of the existing or new

Fig. 18. Electric motor. modular components. Modular product design supports the
goals of the concurrent engineering aiming at the reduction

Two examples of entries defined in the suitability matrix o?f the product development time _and cost by dgveloplng the
the electric motor are shown next. modules concurrently. The matrix representation presented

. o in Section Il offers flexibility in terms of subsystem and
1) The electrical windings (components 5 and 8) must in the f . f dul d Table |
be isolated from the side and top cover plates (Corg_artsdm the o_r_matlon 0 T]O Jlar: pro ucts _(seeh a ed).
ponents 4, 13, 14), and the base frame (compone e decomposition approach aims at separating the product

. : . Althitecture into modules to be developed concurrently. In this
.l) t(.) av0|d_ a poss!ble_ !eak Of. electricity. _The Ia.tte\r/vay, products can be designed more effectively. As soon as the
implies that in the suitability matrix the following entries

must beset as o's (strongly undesireld)s. b - modules are formed at the conceptual phase, detailed design of
; ; b and sogoyn &), b8, b5, 14 modules should be initiated. The frequency matrix may have
5,145 75,13, U5, 4 ' a profound effect on eliminating inconsistencies (see Table I),

2) The rotor lamination, shaft, and rotor are strongly dee'.g., assembly of inconsistent material or geometry constraints,

?L:r::(giotr?alb ﬁ]t'er:ggt?::, ;r;n?e rgodllij‘leed ?oe(t:r?sssetagr 35:2%% the components with high degree of interaction are likely
' bp 0 be included in the same module.

9. .stat_(?r Iamlnz_itlon, and stato_r housmg_. _ . The distributed collaborative design through the Internet
_The suitability matrix of the electric motor is defined INappears to be feasible in a modern design environment. To
Fig. 20. o _ speed up the product design process, it is not necessary to
Note that at the detail design phase, the entries of thgsign each individual module but rather use the modules
suitability matrix are easier to identify than in the conceptughat have been created. The distributed collaborative design
phase as more information is available. This causes that iemodular products provides an effective way to respond to
suitability matrix in Fig. 20 is more dense than the suitabilithe changing market requirements. The matrix representation
matrix in Fig. 6 at the conceptual design phase. provides a structure for the exchange of modularity data

Applying the decomposition approach from Section Il Qccording to a standard protocol, e.g., Standard for Exchange
the modularity problem represented in Fig. 20 results in thg product Data (STEP) [24].

interaction matrix (matrix4’) and suitability matrix (matrix
B’) in Figs. 21 and 22, respectively.

Three modules are identified in the matrix in Fig. 19:
M1 = {base frame, terminal box, side cover plat&/2 = In this paper, the matrix representation of the modularity
{stator winding, stator lamination, stator windin@ndM3 = problem and the interpretation of three different types of
{winding cover, shaft, rotor lamination, bearing, rgtoMod- modularity were presented. A decomposition approach was
ule M1 and parts 4, 13 form component-swapping modularitysed to solve the modularity problem. The representation and

VI. CONCLUSIONS
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 + s24 s24
2 + s24 s12 s24
3 + 524
4 + s12 s12
5 s12 + ml2 4 t4
6 524 s12 + s12 s24 524
7 + m24 s24
8 512 + mi2 4 t4
9 + s12
10 + s12
11 ml2 ml2 ml2 + s24
12 + s8
13 s12 + s12
14 524 s24 sl12 s24 s12 sl2 s8 s12 + s8
15 524 + s24 524
16 s8 +
17 s24 +
18 s24 524 m24 +
19 524 524 +
Fig. 19. The final interaction matrix of the electric motor.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 +
2 +
3 +
4 e +
5 o e [ +
6 e +
7 +
8 [ o +
9 a u u +
10 e u u +
11 o u a o o +
12 +
13 e o e [ o] +
14 e a e [J a [ [ e e o e e +
15 a e +
16 e +
17 e e [ a +
18 a +
19 a a a +
Fig. 20. The suitability matrix for the electric motor.
1 14 3 18 7 11 17 19 2 6 15 8 13 16 5 10 4 9 12
1 + s24 s24
14 s24  + s24 s24 st2  s8 s12 s12 s12 s8
3 24 +
18 s24 + s24 524
7 24  + m24
11 s24 m24 + ml2 ml2
17 + s24
19 + s24 524
2 + s24 524 |sl12
6 s24 s24 524  + sl2 s12
15 s24 524 524 + s12
8 m1l2 s12 + t4 t4
13 s12 s12  sl2 +
16 s8 +
5 mil2 s12 t4 + t4
10 s12 +
4 s12 s12 +
9 s12 +
12 s8 +
Fig. 21. Matrix A’ for the electric motor.
1 14 3 18 7 11 17 19 2 6 15 8 13 16 5 10 4 9 12
1 +
14 e + a e o a o e o e e e e
3 +
18 + a
7 +
11 o a + o o u o
17 + e e e e
19 a a + a a
2 +
6 + e
15 a +
8 [ € + [
13 e e o + [
16 e +
5 o € + 0
10 e u u +
4 e +
9 a u u +
12 +

Fig. 22. Matrix B’ for the electric motor.
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solution approach presented were illustrated with examplgs] S. D. Eppinger, D. E. Whitney, R. O. Smith, and D. A. Gebala,

for electrical, mechanical and electromechanical products at ‘Organizing the tasks in complex design projects, Piroc. 1990 ASME
. . Conf.—Design Theory Methodology, R. Rinderle, Ed., 1990, pp.
the conceptual and detailed design phases. 39-46.

Modules should be ideally formed early in the desigfi4] A. Kusiak and K. Park, “Concurrent engineering: Decomposition and

process, e.g., at the conceptual design phase. However, the igg%‘i‘i'é%%oggggign activities/ht. J. Prod. Res.yol. 28, no. 10, pp.
information to identify the modules might not be availableys) r. p. Smith and S. D. Eppinger, “Modeling design iteration,” Sloan

This may cause that modules generated too early in the design School Manage., Mass. Inst. Technol., Cambridge, working paper 3160-
; ; 90-MS, 1990.

process might not meet the constraints that become appagggt » "\ ,diak. T. Larson, and J. Wang, “Reengineering of design and man-
later in the design process. Forming modules for different * ufacturing processesComput. Ind. Eng.yol. 26, no. 3, pp. 521-536,
types of products is crucial in agile manufacturing. The paper, '1A9?<4- Ak and 3. Wang. D ion of the desi o
develops a formal approach for effective design of m_odulé]r] D'esil;;snli/oinn;'s', o 12, SS??SP;’_S(';%%T O esian procezsylech.
products even in the situation of insufficient availability ofi8] K. Ulrich and W. P. Seering, “Synthesis of schematic descriptions in
information. mechanical design,Res. Eng. Designjol. 1, no. 1, pp. 3—-18, 1989.

. . .E19] C. S. Kumar and M. P. Chandrasekharan, “Group efficacy: A quantita-

In the future, more comprehensive approaches to optimize" e criterion for goodness of block diagonal forms of binary matrices in

modular designs, and the assessment of the impact of modu- group technology, Int. J. Prod. Res.yol. 28, no. 2, pp. 233-244, 1990.

; ; ; K. K. Kameyama, “Real-time constraint checking in the design process,”
larity on the design process, manufacturing, and managemgm in Concurrent Engineering: Automation, Tools, and Techniqués,

need to be explored. Besides the interactivity factor, other Kusiak, Ed. New York: Wiley, 1993, p. 117. _ _
factors, e.g., the panel size, performance requirements, costl2ék S. Finger and J. R. Dixon, “A review of research in mechanical

o : : : engineering design. Part Il: Representations, analysis, and design for
testability should be considered as multiple design goals. The = cycle.”Res. Eng. Designiol. 1, no. 2, pp. 121-137, 1989,

exchange of modularity data in the distributed collaborativie2] J. J. Shah, “Conceptual development of form features and feature
design environment needs to be studied. models,”Res. Eng. Designyol. 2, no. 2, pp. 93-108, 1991. _
[23] R. Sanchez, “Strategic flexibility, firm organization, and managerial
work in dynamic markets: A strategic options perspectivegt. Strat.
Manage.,vol. 9, pp. 251-291, 1993.
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