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ABSTRACT

Goal: The purpose of this study is to identify the driving factors that affects modular product design
and development and to determine the contextual relationships between the identified factors.

Design / Methodology / Approach: This research study adopted both qualitative and quantitative
methodologies. In qualitative part, an extensive literature review is conducted along with interviews
with the experts experienced in product design and development in order to identify and sorted out
the driving factors for product modularity. In quantitative part, all the identified factors were analyzed
through Interpretive Structural Modeling (ISM) method. MICMAC (Matrice d'Impacts Croisés
Multiplication Appliquéeaun Classement (cross-impact matrix multiplication applied to classification)
analysis is carried out to determine the relative driving and dependency power of the factors.

Results: The contribution of this paper is the identification of the factors associated with developing
a modular product. Through the use of ISM diagraph, the identified factors were clustered into
different layers based on their driving and dependency characteristics. The ISM diagram also
presented the relationship between one factor over others and the reason for such relationship. Such
a diagram offers decision maker better visibility on the factor that they need to consider or strategy
they need to implement to improve their modular product design and development architecture. The
results from this research study encompass organizational managers for handling multiple design
views, controlling design related interfaces and ranking the status and progress of product
modularity and design completeness.

Limitations of the investigation: The outcomes from this research may not be generalize
sufficiently due to subjectivity of the interviewers.

Practical implications: The study outcomes support product designers to optimize their product
development processes, especially to develop modular products. The presented methodology can be
used extensively used by the product designers/planners/managers to find the driving factors related
to modular product design and development.

Originality / Value: The originality of this research study is to deploy the ISM approach, which can
be used by the organizational managers and/or product designers to plan product development
strategies. Such strategies help to them to make necessary decisions on resources allocations.
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Identification and analysis of the driving factors for product modularity by interpretive structural modelling

1. INTRODUCTION

Global manufacturing industries are undergoing a major shift from the traditional
manufacturing process to the flexible manufacturing process. This flexibility offers
manufacturing companies to rapidly respond to all changes in the global market environment
by rationalizing its manufacturing facilities and producing a large variety of products at a lower
cost and time. However, it is not an easy task to develop product variety with limited resources.
To stay competitive in today’'s market segment, it is crucial to develop product variety due to
the increased level of customization. Global customers are more selective than ever, which
creates extra pressure on manufacturing companies to develop variety of products. In such
circumstances, modular product development and product family strategies provides a way
to produce a variety of products to satisfy mass customers (Baylis et al., 2018; Zhang et al.,
2019; Loureiro et al., 2020). The modular product design and development strategy provides
crucial agile manufacturing through the combination of distinct building blocks (modules). This
strategy is receiving serious attention in the current manufacturing processes (Colombo et al.,
2020). Modular product design and development process refers to a product, the components
of which fulfills various functions through the combination of distinct building blocks or
modules (Peng and Mu, 2018; Sun and Lau, 2019). The modules are the combination of certain
components allowed by the specified standard interfaces of a modular product. Through the
combination of mixing and matching of modules, a potentially large number of different
products can be generated in a modular product architecture. Such a combination of modules
offers distinctive product variants with different functionalities, features and/or performance
levels of the developed products to satisfy major customers' requirements successfully
(Shamsuzzoha et al., 2018; 2020; Kim et al., 2020). Therefore, a modular product development
strategy is an important source of strategic flexibility.

Even though adoption of modularity in the product design and development process is a
way forward to survive in today's competitive business environment, (Clemente et al., 2019;
Kim et al., 2020), it is not an easy approach to adopt. This is due to the reason that so many
inherent factors affect the design decision to adopt product modularity. To identify such
responsible factors of product modularity and their interdependencies with each other an
interpretive structural modeling (ISM) tool is implemented in this research study. TISM is an
interactive learning process in which some unique and straightforwardly related factors are
organized into a model which is concise enough to get the overall view of a complex system.
It is the structural depict of a convoluted problem or issue in a sophisticatedly structured
pattern. ISM also identifies the priority level of factors and shows the directions of the
elements (Agrawal et al., 2019; Piya et al., 2020a; 2020b).

Based on the above requirements, this study focused on two objectives, which are tried
to fulfill within the scope of this research study. The objectives are stated as below:

(1) To identify and investigate relevant driving factors and their interrelationships to
adopting product modularity;
(2) To formulate necessary guidelines to develop successful modular product.

The rest of the paper is organized as follows. Section 2 highlights existing literature
related to modular product development strategy, while Section 3 outlines the research
methodology along with the description of ISM method. Various driving factors that affects to
develop modularity are collected from literature review, and are presented and briefly
explained in Section 4, whereas, Section 5 illustrates the analysis of modularity factors using
ISM. Practical importance of this research study is presented in Section 6 and necessary
discussions and conclusions on research outcomes are stated in Section 7.

2. LITERATURE REVIEW

Nowadays, product modularity is a buzzword in the industrial arena. It is considered as
an important principle of product design and development architecture. Product modularity
can be considered as the relationship between a product’s functional and physical structures,
where there is a one-to-one or many-to-one relationship between the functional and physical
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structures. This concept consists of decomposing a system into independent parts or modules
that can be treated as logical units (Bruun et al., 2015). The basic idea of modularity is to break
the system into discrete modules through ensuring that the modules can interchange with
each other and provide well-defined interfaces. Decomposition, standardization and
interchangeability are the critical issues for product modularity. The developed modules
enable to form the basis for the configuration of product families. The configuration of product
families offers more customized products at lower costs. Product customization through
make-to-order production policy is a growing trend in the market to attract customer and
satisfy their needs (Piya et al., 2016).

Product modularity is the best approach to deal with the product development
complexity (Baldwin and Clark, 2000). Ulrich and Tung (1991) defined modularity in terms of
product design, which is based on two categories: (1) similarity between the physical and
functional architecture of the design and (2) minimization of identical interactions between
physical components (Gershenson and Prasad, 1997). Modularity has several benefits
including cost optimization, reduced lead time, imparting a large product variants, simplicity
of product analysis, upkeep, upgrading, renovate and reuse, even often increasing product life
cycle (Pahl and Beitz, 2013).

Modular product development strategy focuses to produce an independent,
standardized and interchangeable product to achieve added functionalities at lower cost
(Zhang et al., 2019; Loureiro et al.,, 2020). The strategy also supports parallelism in design
activities and collaboration between a diversity of disciplines in companies. It has been
considered as a good design practice in the concurrent engineering area. Distributed
collaborative design of modular products supports to respond quickly in changing market
demands (Kim et al., 2020). Such an environment is used to create, utilize and manage product
development systems to enhance communication and cooperation among partner companies
in an integrated and coherent fashion. Therefore, before designing modular products, it is
important to develop necessary knowledge and then manage information flow within the
company and among the partner. This knowledge development process specifies relevant
components and their interactions. In essence, a modular design must be based on knowledge
about relevant components specifications.

Modular design plan has an explicit direction in the process of sustainable product
development. Increasing concerns about environmental impact have driven companies to
reconsider product design processes from the sustainability point of view. It has attracted
significant attention from both academia and manufacturer to blend the concepts of
modularity and sustainability (Rennpferdt et al., 2019). It has been used to integrate different
design parties in a single platform and supports to construct common or standard parts for
creating product varieties. This standardization of parts enhances the controllability and
observability of testing, thus reduces complexity in companies, especially in design
engineering

In order to be successful in modular product development, it is crucial to identify the
associated factors that drives product modularity. These factors can be defined as the criteria’s
behind modularization along the entire product life cycle (Erixon et al., 1994; 1996). Examples
of modularity factors can be as component interfaces, standardization, manufacturability,
assemble ability, information exchange, product design knowledge, etc. The factors that drives
the product modularity and their interrelationships or interdependencies among the factors
can be analyzed using the interpretive structural modeling (ISM) method (Malek and Desai,
2019). Besides, the use of ISM method, the relationship among the factors can be analyzed
through the Matrice d'Impacts Croisés Multiplication Appliquéeaun Classement (MICMAC)
method (Rajagopal and Ramasamy, 2020). This cross-impact matrix multiplication method
used to detect and to scrutinize the relative driving and dependency power of the identified
factors (Ansari et al., 2013).
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3. RESEARCH METHODOLOGY

This research study is conducted by adopting both qualitative and quantitative
approaches. In the qualitative part of the study, a rigorous literature review and experts
opinions were collected to identify and prioritize the factors responsible to develop modular
product. During literature survey several keywords such as product modularity, variables for
modular product, modular product design, limitations for product modularity, etc., were
searched to find out the drivers that affecting product modularity. The reviewed articles were
collected from various publication databases such as web of science, JSTOR, PubMed, EBSCO,
ProQuest, etc., from 1994 to 2020. From the literature, the most critical and commonly
available variables were considered for this study.

In case of experts opinions, in total 8 experts from various business domains (energy,
electronics, furniture and ship industry) were interviewed to prioritize the identified factors as
done through literature review. In addition to the interviews with the experts, three
consecutive brainstorming sessions were arranged with the product designers/planners in
three case companies, where the collected drivers for product modularity were discussed. At
the end of such sessions, 18 factors were selected from the collected 27 factors based on the
experiences of the experts and criticality and commonality of the factors. Table 1 highlights
the working sectors, designations and working experiences of the experts. Based on the
extensive literature survey 27 factors were identified, which were then verified and analyzed
by the experts attended the three brainstorming sessions and 18 factors were finally selected
as the most important factors that impacts over the decision to develop the modular product.

Table 1. Demography of experts for brainstorming sessions

Business sectors

- Energy industry: 39.5%
- Electronics: 35.5%
- Furniture:15.5%
- Ship industry:9.5%
Designation of the experts

- Product manager: 40.5%
- Product designer: 22%
- Transportation manager: 14.5%

- Managing director: 23%%
Working experience of the experts (in years)
- 10 to 15: 50%

- 16 to 20: 35.5%

- Over 21: 14.5%

In the quantitative part of the study, identified and prioritized factors were analyzed by
adopting an interpretive structural modeling (ISM) method. The ISM is a well-known
methodological approach for identifying the relationships among factors or variables of a
specific problem. This method has been deployed by many researchers and practitioners to
find out the interrelationships among various factors (Attri et al., 2013). At this approach, it is
necessary to first identify the factors associated with the issue or problem. At the second
phase, contextually relevant subordinate relation is chosen, from which a structural self-
interaction matrix is eventually developed depending on the pairwise comparison of the
identified factors. Afterwards, a reachability matrix is achieved after checking the transitivity
of the reachability matrix. Finally, a matrix model known as ISM is derived which is achieved
after partitioning of the identified factors.
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The ISM method first asserted by Warfield in 1973, is the most effective method to deal
with complex issues (Ansari et al., 2013). According to Vinod et al. (2019) and (Moberg et al.,
2002), ISM concept is based on the utilization of experts' practical experiences to establish a
structural model and show the elements hindering the execution of a specific system. ISM
method demonstrate whether and how the factors are related to each other in a structural
way (Mandal and Deshmukh, 1994). The procedural steps for developing an ISM model are
shown in Figure 1 (Eswarlal et al., 2011). Each of the steps are also briefly clarified as follows.
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. #  [dentification of factors affecting product modularity ]4*
23
5% r
= - -,
“ Establishment of contexual relations among factors
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Yy e
Development of a SSIM matrix based on contexual =
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inconsistency?

[ Depiction of ISM model ]

Figure 1. ISM procedural steps

Step 1: Identifying the factors
The factors responsible for adopting a modular strategy needs to be identified through a
careful review of the literature and expert opinion.

Step 2: Establish and interpret contextual relationships

The contextual relationships need to be established among the identified factors of
interest. At this step, a structural self-interaction matrix (SSIM) is developed based on the
interpretation of contextual relationships between the factors.

Step 3: Develop an initial reachability matrix

A reachability matrix is developed, which is formed from the pairwise relationship (SSIM)
between the identified factors. This relationship is transformed into a binary matrix 1 and 0
(yes =1 and no = 0).

Step 4: Develop Final reachability matrix

A final reachability matrix is developed from the initial reachability matrix, which is
formed by identifying the transitivity factors using transitivity theory. The transitivity theory
states that if factor A is related to factor B and factor B is related to factor C, then factor A is
also related to factor C. Both the driving and dependency power of each of the identified
factors are extracted from this matrix.
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Step 5: Level partitions in the reachability matrix

Level partition is done by using the reachability, antecedents and the intersection sets.
From these sets, all the factors are leveled. The leveling process is done iteratively and
continued until factors at all levels are determined.

Step 6: Develop the digraphs

A directed graph, which is an outcome of ISM model, is drawn based on the contextual
relationship of the identified factors within the reachability matrix and using the transitivity
links. The factors are arranged according to the levels and the most influential relations are
plotted in the digraphs. Level 1 is displayed at the top of the digraph, which follows down by
the other levels sequentially. The process is basically conducted on the basis of an interpretive
logic from the knowledge base of the influential relations.

Step7: Validate the digraph and construct the ISM model

The represented relations in digraphs are to be validated using a panel of experts. The
digraph representing prominent relations of the ISM model as already established is checked
for its conceptual inconsistency and essential steps are taken to reconstruct the model. The
relationships within the ISM model is then translated with statements.

The objective of using ISM method is to visualize and to analyze the relationships among
the identified factors responsible for developing modular product. Finally, an MICMAC analysis
was done to detect the relative driving and dependency power of the identified factors over
modular product development strategy.

4. DRIVING FACTORS CONTRIBUTING TO PRODUCT MODULARITY

Every decision making process goes through the consideration of some factors. These
factors have a direct or indirect impact on the decision. Similarly, to adopt a modular product
development strategy, there exist a plethora of factors. The factors are collected within the
scope of this research study through an extensive literature survey and experts’ opinions in
the field of modular product design and development. The driving factors that affect the
decision making process of adopting modular product design and development strategies are
summarized in Table 2. In addition, corresponding references from the literatures of each of
the identified factors are also cited accordingly.

Table 2. Identified drivers of product modularity based on literature review

Factor Driving factor Relation to product modularity

A higher level of component dependency restricts to develop

C t .
F1 dsrza?jr;i: modular product and vice versa (Gershenson and Prasad, 1997;
P y Sosa et al., 2004; Pashaei and Olhager, 2015; Mesa et al., 2020).
Standard More standard component facilitates product modularity and vice

F2 versa (Boothroyd, 1994; Jose and Tollenaere, 2005; Buergin et al.,

component 2018; Wilschut et al.,, 2019).
It is absolutely important to get approval from firms management before
Management . .
F3 decision proceeding towards modular product development strategy (Singh et al.,
2003; Peng and Mu, 2018; Zhang et al., 2019; Hackl et al., 2020).
Modular product development strategy also depends on the
F4 Customization customization level. More customization triggers more modularity
level and vice versa (Silveira et al., 2001; Zhang et al., 2014; 2019;

Shamsuzzoha et al., 2018).

Manufacturability affects heavily to develop a modular product.
Increased manufacturability promotes modular product design and
development strategy (Shamsuzzoha and Helo, 2017; Peng and Mu,

2018).

F5 Manufacturability
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Table 2. Continued...

Factor Driving factor Relation to product modularity
Modular product design promotes through an increased level of
F6 Assemble ability assemble ability. Lower assemble ability limits the modularity level
(Salvador et al., 2002; Shaik et al., 2015; Esterman et al., 2020).
More component lead-time restricts modular product development
Component lead . . .
F7 time strategy. Lower component lead-time facilitates product modularity
(Ulrich, 1994; Gershenson and Prasad, 1997; Buergin et al., 2018).
Fs Component More availability of component expedites the product modularity and
availability vice versa (Shaik et al., 2015; Shoval and Efatmaneshnik, 2019).
. It is critical to know about the developed product. Product design
Product design . .
F9 knowledge enhances product modularity and vice versa (Peng and
knowledge
Mu, 2018).
Modular product development strategy offers less inventory to
£10 Inventory manage. Developed modules are easily storable to less inventory
management space (Ben-Daya and Raouf, 1994; Mondragon and Mondragon,
2018).
In every step of the modular product development process, it is
Information necessary to ensure proper and on time information exchange
F11 i
exchange between the design and development related stakeholders to be
faster and economical (Moberg et al., 2002; Meissner et al., 2020).
Modular product usually attracts more customers due to its usability
F12 Market demand and maintainability, which ultimately increases the market demand
(Zhang et al., 2014; 2019).
Technology & Advanced and new technology and tools contribute to developing the
F13 &y modular product (Marion et al., 2015; Mondragon and Mondragon,
Tools
2018).
Modular product influences over its life cycle. Extended level of
F14 Product life cycle maintainability and replacement option of modules increases the
overall product life cycle (Kamali and Hewage, 2016).
In general, customer awareness is considered as an essential
Customer .7 .
F15 awareness indicator for product modularity. More customer awareness
promotes modularity (Servaes and Tamayo, 2013; Zhang et al., 2019).
The component interface has a direct impact on product modularity.
F16 Component Properly designed component interface contributes to promoting
interface product modularity (Gershenson and Prasad, 1997;
Shamsuzzoha et al., 2018).
More common component, easier will be to develop a modular
Component . . .
F17 commonalit product with reduced lead-time and developmental cost (Collier,
y 1981; Buergin et al., 2018).
Modular product development strategy offers higher product variety.
18 Prreslue: v It is relatively easier to develop variety by interchanging or replacing

modules from one product to another (Peng and Mu, 2018;
Zhang et al., 2019).

Each of the factors as listed in Table 2 are briefly described below:

Component dependency (F1): Component dependency can be defined as the
interdependencies between one component to another one (EIMaraghy and AlGeddawy,
2012). Such dependency contributes to the decision towards a modular product or not
(Shamsuzzoha et al., 2018). A high degree of interdependence can be created between
components and modules by implementing the strategy of standardizing interface
(Barbosa et al., 2017).

Standard component (F2): This type of component follows specific measurement and
standard. The standard component can be used successfully to develop a product variety
within a family of the product (Efatmaneshnik et al., 2020; Shamsuzzoha et al., 2018).
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Management decision (F3): This is an important factor related to top management to
decide whether to go for product modularity or not. Management has to ensure that all
the necessary resources such as skill, tools, technologies and other logistics support are
in place according to the need of a level of product modularization that the company
wants to achieve.

Customization level (F4): Modular product development strategy depends highly on
customization level. More modular products often support higher customization and vice
versa. According to Zhang et al. (2019), product modularity improves customer quality
integration through mass customization.

Manufacturability (F5): Generally, modularization of product is done without a complete
understanding of its implications on design and manufacturability. Modularity
necessitates understanding of various manufacturing processes associated with each
attribute of the component (Gershenson and Prasad, 1997). Level of manufacturability of
a company indicates whether it is ready to adopt a modular product or not. Ease of
manufacturability supports product modularity in general.

Assemble ability (F6): Assemble ability can be defined as the ability to combine different
components or modules to form a specific product or family of products. Higher level of
assemble ability can be achieved through designing the components/modules interfaces
in such a way that offers ease in assembly process with reduced lead-time and vice versa.
According to Asadi et al. (2019), in order to improve flexibility, product modularity must
be based on a common assembly sequence and module contents in the final assembly
across distinct product families.

Component lead time (F7): The time required from receiving an order of a product from
a customer to deliver it is known as lead time. It is a critical factor that affects the overall
decision process to adopt product modularity. Empirical research by Watanabe and Ane
(2004) shows that modular product architecture results into a higher degree of
manufacturing agility, which in turn leads to shorter lead time.

Component availability (F8): Availability of component denotes the flexibility or ease of
getting any component in the right place on the right time.

Product design knowledge (F9): It is essential to the prospective product designer to know
the ins and outs of the developed product. Once the manufacturer modularizes a new
product, the developer can design their assigned modules with various ideas. The
developer should focus on perfecting their technical knowledge on product design, which
is essential to support modularization strategy (Lau et al., 2011).

Inventory management (F10): To save costly storage space, it is critical to managing
inventory level optimally. Modular product architecture helps reduce safety stock level,
which in turn makes it easier and less costly to manage inventory (Herndndez et al., 2015).
For modular product design, it is necessary to ensure that required components/modules
are available on time during the manufacturing/assembly process.

Information exchange (F11): A proper flow of information can truncate the logistics cost
as well as enhance the value of the product to its customers. Exchange of accurate and
timely information within and out of the organization is essential to reduce complexity in
product development and improve organizational performance (Piyaetal., 2017).
Lau et al. (2010) has shown that organization that has a high level of product modularity
appear to be good at product co-development, organizational coordination and
information exchange.

Market demand (F12): As the market demands vary from region to region, it is important
that demand from the market should be accurately identified in order to fulfill customers’
demands. If there is an error to identify the proper market demand, there is always a risk
to reduce profitability and incur a loss. Many companies implement the concept of
product modularity to address the growing need for the symbiosis of various
technologies and to fulfill market demand (Marshall and Leaney, 1999).

Technology and tools (F13): To survive in today's competitive business world, it is
necessary to update/upgrade required technology and tools considering the associated
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costs. To develop a modular product, several tools, technologies and methods are
essential to support the process of planning, conceptualization and realization of
modular products (Breidert and Welp, 2003).

Product life cycle (F14): This is concerned with the study of the degree of acceptance of
the product by the market over various time periods. It is the actual study of the time
when the product is introduced, when it reaches its peak sale, when it starts falling and
when it disappeared. No product can satisfy its customer for an unlimited period of time.
The product life cycle can also be described in terms of sales and profit over time.
Cebon et al. (2008) argue that product modularization undermines the specific synergies
that drive the product lifecycle. Undermining of such synergies has impacts on
organizational structure and its economy.

Customer awareness (F15): The ultimate success of an industry depends entirely on the
awareness of the customer. The value of the product increases automatically for the
manufacturing firms, which are highly aware of their loyal customers. Firms with low
customer awareness experience a negative brand value. Sometimes customer awareness
can be compensated by advertising costs to a minimum level. Tu et al. (2004) emphasized
that the firm should keep close contact with customers and acquire feedback to know
their level of product awareness.

Component interface (F16): This is an important factor that concerns to develop a
modular product. Depending on the interface design, components can be tightly
integrated to form individual modules. Better specified interfaces make the components
easy to form the modules as required to develop a modular product (Buergin et al., 2018).
On the other hand, poorly designed interfaces create complexity in the product
modularity.

Component commonality (F17): More common the components in a product or product
family offer a higher level of assemble ability with reduced cost. In the case of product
modularity, component commonality affects the overall design decision. The increased
commonality of component parts in a product leads to a low level of modularity and vice-
versa (Asadi et al., 2019).

Product variety (F18): In order to meet customer demands, manufacturing firms need to
produce a lot of product variants. Generally, modular product development strategy
offers an opportunity to develop more product variants. However, the pertinent question
to the management is to know the number of product varieties to be introduced to meet
customer demand and to understand the number of modules required to support the
product varieties (Chakravarty and Balakrishnan, 2001).

5. ANALYSIS OF MODULARITY FACTORS USING ISM
At this phase, the identified factors as presented in Table 2, which affect the
implementation of product modularity are analyzed using ISM methodology.

5.1 Self-structure interaction matrix

For the analysis of identified modularity factor, the contextual relationships between the
factors need to be identified using expert's opinion. The relationships are presented using
symbols such as V, A, X, and O. The explanations of the symbols V, A, X, and O are given below:

V = factor i will drive factor j to achieve product modularity;

A = factor j will drive factor i to achieve product modularity;

X =factors i and j will drive each other achieve product modularity

O = factor i and j will not drive each other to achieve product modularity

In this paper, we first develop interpretive logic table based on expert's opinion, the result
of which are then presented in Table 3 in the form of self-structured interaction matrix (SSIM).
The interpretive logic table demonstrates why or how one factor affects others so that the
contextual relationship between the pair of factors can be identified. The interpretive logic
table for the factor F1 with other factors of modularity is as shown in Table 4.
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The relationships as shown in the table can be explained as an example as follows. F 1
(component dependency) as presented in Table 3 drives F10 (inventory management) to
achieve product modularity It means that if there are more dependencies among components,
it will increase the inventory level and vice versa. However, this relationship is not reciprocal
i.e., F10 does not drive F1 to achieve product modularity. Hence, the contextual relationship
between F1 with F10 is “V". Similarly, F9 (product design knowledge) drives F1 (component
dependency) to achieve product modularity, meaning that it is important to know necessary
design knowledge to develop modular product and the relationship between F1 and F9 is
represented as ‘A’ in Table 3. Again, the relationship between F1 and F16 (component
interface) is represented as “X”, meaning both the factors are drive each other to develop
modular product. In a same fashion, the relationship between F1 and F17 (component
commonality) is represented by “O", meaning that both factors are not driving each other to
develop modular product.

Similar to the relationship of F1 with other modularity factors as discussed above, we
have analyzed the relationships for all other factors using interpretive logic tables. All the pair-
wise relationships between F1 and other factors were analyzed and presented in Table 3 as
sample. In a similar way, all the170 pair-wise relationships between all the 18 factors between
each others are analyzed and are used to obtain SSIM, which is as shown in Table 4.

Table 3. Interpretive logic table for component dependency (F1) with other available factors
responsible to product modularity

Factor Compared If the comparison statement

(i) relationship Comparison statement T/F is true, why? Relation
Component dependency
F1 — F2 leads to standard F -
component
F1-F2 0]
Standard component
F2 — F1 leads to component F -
dependency
Component dependency
F1 - F3 leads to management Fo-
decision
Product development strategy
F1-F3 ;
Management decision (integral/modular) fully
depends on management
F3 — F1 leads to component T . )
dependenc decision, which also
P y determines the component
dependency.
Increasing level of
customization requires more
Component dependency ) .
L product variety, which
F1 > F4 leads to customization T . .
ultimately increases the
level . .
F1-F4 interdependencies between v
components and vice versa.
Customization level
F4 — F1 leads to component Fo-
dependency
Component dependency
F1 - F5 leads to Fo-
manufacturability
F1-F5 - 0]
Manufacturability leads
F5 — F1 to component Foo-
dependency
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Table 3. Continued...

Factor Compared

If the comparison statement

(i) relationship Comparison statement T/F is true, why? Relation
More component dependenc
F1 — F6 Component depende.n.Cy T  makes thepassemblel;bility ’
leads to assemble ability .
complex and vice versa.
F1-F6 \Y
£6 — F1 Assemble ability leads to o
component dependency
Increased level of component
Component dependency dependencies needs more
F1 — F7 leads to componentlead T  time to manufacture and/or
time assemble a product and vice
F-y versa. Y
Component lead time
F7 — F1 leads to component Fo-
dependency
Component dependency
F1 — F8 leads to component F -
availability
F1-F8 0]
Component availability
F8 — F1 leads to component F -
dependency
Component dependency
F1 — F9 leads to product design F -
knowledge
F1-F9 If the designer has thorough A
Product design knowledge of thg prodyct to
be developed, it is easier to
F9 — F1 knowledge leads to T .
component dependency fjetermlne the
interdependency of the
components.
If there are more components
Component dependency interdependencies, it is
F1 — F10 leads to inventory T  required to maintain a large
management amount of components
FlEe inventories. Y
Inventory management
F10 — F1 leads to component Fo-
dependency
Component dependency
F1 — F11 leads to competitor F -
action
F1-F11 0]
Competitor action leads
F11 - F1 to component Fo-
dependency
F1 o F12 Component dependency o
leads to market demand
F1-F12 @)
F12 - F1 Market demand leads to o

component dependency
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Table 3. Continued...

Faf:t'or Con!paret.i Comparison statement T/F If the cornpanson statement Relation
((F)] relationship is true, why?
Component dependency
F1 — F13 leads to technology & F -
tools
F1-F13 @)
Technology & tools lead
F13 - F1 to component F -
dependency
F1 — F14 o e dpEnsETey More interdependencies
. among components reduce
leads to product life T .
Table 3. CO”“&}H’Q"' the chance of long product life
F1-F14 cycle and vice versa. Vv
Product life cycle leads
F14 - F1 to component F -
dependency
Component dependency
F1 — F15 leads to customer F -
awareness
F1-F15 0]
Customer awareness
F15 — F1 leads to component F -
dependency
The higher level of
Component dependency interdependencies among
F1 — F16 leads to component T  components increases the
interface chance of more interfaces
among the components.
F1-F16 X
More interfaces among
Component interface components usually result in
F16 — F1 leads to component T  higher components
dependency interdependencies and vice
versa.
Component dependency
F1 —F17 leads to forecasting F -
error
F1-F17 0]
Forecasting error leads
F17 — F1 to component F -
dependency
To produce more product
variety, there always needs an
F1 5 F18 Component dependgncy T increased number of
leads to product variety components and
FUEE interdependencies among the Y
components eventually.
F18 - F1 Product variety leads to o

component dependency
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Table 4. Display of structural self-interaction matrix (SSIM)

Factors(i/) § & & & © & & T o @ @ D ¥® ©2 ¥ ooz
F1-

Component V O X O V O O O V A O V V O V A O
dependency
F2-Standard (y -y 5 5 0 0 A V A V O V A V A
component

F3-
Management V V Vv O O VvV A O V O V O O X V
decision

F4 -
Customizato X O O X O A X O V A O O A A

n level

F5 -

Manufaccura V= O V O O X O O O A O V V

bility

F6 -

Assemble V A A O O A O A O A O O

ability

F7 -

Component O A A O O A O A O A O

lead time

F8 -

Component O O O A O A A O X O

availability

F9 - Product

design vV VvV VvV O VvV O VvV 0 O

knowledge

F10 -

Inventory A A O X X O A O

management

F11 -
Information vV VvV V O O 0 O
exchange
F12 - Market

demand

F13 -
Technology v VvV VvV 0 V
& Tools
F14 - Product

life cycle

F15 -

Customer X O O
awareness

F16 -
Component O O
interface

F17 -
Component \'%
commonality
F18 - Product

variety
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5.2 Initial reachability matrix
The initial reachability matrix as developed from SSIM is displayed in Table 5. In this

matrix, a binary matrix (0 and 1) is used based on the following rules:

. If (i, j) entry in SSIM is V, then (i, j) entry in the reachability matrix will be 1 (for instance,
cell 1-4), and the (j, i) entry will be 0 (for instance, cell 4-1) (see Table 5).

. If (i, j) entry in SSIM is A, then (i, j) entry in the reachability matrix will be 0 (for instance,
cell 1-3), and the (j, i) entry will be 1 (for instance, cell 3-1).

. If (i, j) entry in SSIM is X, then both the (i, j) and (j, i) value will be 1 in reachability matrix
(for instance, cell 3-5 & cell 5-3).

. If (i, j) entry in SSIM is O, then both the (i, j) and (j, i) value will be 0 in reachability matrix
(for instance, cell 1-2 & cell 2-1).

5.3 Final reachability matrix

After developing the initial reachability matrix, the driving power and dependency power
of each of the factor were assessed. The driving power of a factor was calculated by adding all
1 in the row of that factor and the dependency power of that factor was calculated by adding
all 1 in the column of that factor. Table 6 displays the dependency and driving power of each
of the identified factors with their ranking. As an example, driving and dependency power of
factor 1 (component dependency)is 8 and 12 respectively as seenin Table 5. The driving power
of a factor determines how much it influences other factors, whereas, dependency power of
a factor determines how much it depends on other factors.

One of the important assumptions in using an ISM is the internal consistency between
the factors and their assigned relationships. Therefore, once the initial reachability matrix is
developed, for the internal consistency is checked based on the concept of transitivity. Table 6
shows the final reachability matrix after checking internal consistency. Symbol 1* in Table 6
represents the change in the relationship between drivers due to transitivity. From Table 6, it
is observed that factor 3 (F3) and factor 9 (F9) has the highest driving power. On the other
hand, factor 18 (F18) has the highest dependency.

Table 5. Initial reachability matrix

Factors

affecting 0 ~

Product = = = £ & 2 & © 2 o ® o~ 0w v @M~
Modularity

F1- Component
dependency

F2 - Standard
component

F3 - Management
decision

F4 -
Customization 1 0 O 1 0 ©0 1 0 1 0o 0 0 0O O 1 O 0 O
level

F5-

Manufacturability

F6 - Assemble

ability

F7 - Component
lead time

F8 - Component
availability
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Table 5. Continued...

Factors
affecting
Product
Modularity

17

16

15

14

13

12

11

10

F9 - Product
design
knowledge
F10 - Inventory
management

F11 - Information
exchange

F12 - Market
demand

F13 - Technology
& Tools

F14 - Product life
cycle

F15 - Customer
awareness

F16 - Component
interface

F17 - Component
commonality

F18 - Product
variety

Table 6. Final reachability matrix

Factors affecting
Product Modularity

18

17

16

15

14

13

12

11

Driving Power

F1- Component
dependency

F2 - Standard
component

F3 - Management
decision

F4 - Customization
level

F5 - Manufacturability

F6 - Assemble ability
F7 - Component lead
time

F8 - Component
availability

F9 - Product design
knowledge

F10 - Inventory
management

1*

'I*

-}

12

7th

3rd
9th

10th

8th

9th

F11 - Information
exchange
F12 - Market demand

F13 - Technology &
Tools

1

10

gth
7th

znd

F14 - Product life cycle

o

‘I*

10t
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Table 6. Continued...

b
Qv
Factors affecting E
Product Modularity by
£ x
= [
] ~N O n < [32] N - o A~ S
- - - - - - - - - ) -] N o n < m o~ - Q -3
FI>-Customer 4 5 9 17 1 0 1 0 0 0 1 0 0 0 1 0 0 0 6 6
awareness
F1 6 - Component 0 0 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 4 gth
interface

F17 - Component
commonality

F18 - Product variety 1 0 O 1 0 0 1 0 1 0 0 0 0 O 1 0 O 0 5 74

1 1 0o o0 O 0 o0 1 0 0 1 1 0 0 0O 0 1 0 6 6th

Dependency Power 12 6 8 3 7 3 6 2 9 1 10 9 7 4 11 2 6 4
t t t
Rank qst 7th gth gth gth gth Zth 1:’ 4th 1: 3rd  4th  gth gth  9nd 1:’ 7th  gth

5.4 Level's partitioning

Level partitioning of modularity factors is done with the objective to determine the
importance level of each identified factor. In order to get this importance level for each factor,
it is necessary to derive reachability set, antecedent set and intersection set from the final
reachability matrix as outlined in Table 6. The resultant level partitioning table is presented in
Table 7. The explanation of the data for each set as displayed in Table 7 can be explained as
follow:

. Reachability set: It includes the factor itself and the factors it assists to gain.

+  Antecedent set: It includes the factor itself and the factors that help it to achieve it.

. Intersection set: It includes the factors that are common in the reachability set and
antecedent set.

The level of each factor is determined by checking the factors in the intersection set with
the factors in the reachability set. The factors that have the same reachability and intersection
sets in the first iteration secure the top level in the hierarchy i.e., level I. In other words, factors
which show the minimum variance between reachability set and intersection set secured the
highest level, known as level | (Vinod et al., 2019). For instance, in the first iteration, it is noticed
that the factors within the reachability set and interaction set of factors 7, 8, 10, 14 are same,
which determines them as level |. After identifying the level | factors, all these factors are then
removed in the remaining reachability sets and intersection sets. Thereafter, the same
procedure is repeated to find the level Il factors in the next iteration and continue doing so
until the last factor remains in the sets.

The level partitioning or identification process helps in building the digraph and the final
ISM model (Singh and Kant, 2008). Table 7_displays the reachability set, antecedent set,
intersection set, and final levels of all the factors. The level evaluation process of all the 18
factors is completed in six iterations. In this study maximum level VI’ was found for factor 9
(Product design knowledge). The top level (level 1) factors are those factors that are driven by
others but won't drive others. The factors at the bottom levels represent more dominance,
while the factors at the top levels represent less dominance (Moberg et al., 2002).

Table 7. Level partitioning

Factors Reachability set Antecedent set Inte:::tion Level
F1 1,4,6,7,10,14,16,18 1,39,16 1,16 v
F2 2,4,6,8,10,16,17 2,3,5911,17 2,17 v
F3 1,2,3,45,8,10,12,13,16,17,18 35 3,5 \'%
F4 4,10,12,15,18 1,23,4,5,6,9,12,13,15,18 4,12,15,18 Il
F5 2,3,4,5,6,7,13,16,18 3,4,59,13 34,513 \Y
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Table 7. Continued...

Factors Reachability set Antecedent set Inte:::tion Level
F6 46,18 1,2,4,5,6,9,11,13,16,17 4,6 1]
F7 7.8 1,5,7,89,11,13,16,17 7.8 |
F8 7,8,10 2,3,7,8,10,12,13, 15 7.8,10 |
F9 1,2,4,5,6,7,9,12,14,16,17,18 9 9 VI
F10 8,10,14 1,2,3,4,8,10,12,14,17,18 8,10,14 |
F11 2,6,7,11,16,17,18 11 11 \
F12 4,8,10,12,18 3,4,9,12,15,18 4,12,18 Il
F13 4,5,6,7,8,13,14,16,17,18 3,513 513 \
F14 10,14 1,9,10,13,14,15 10,14 |
F15 4,8,12,14,15,18 4,15,18 4,15,18 Il
F16 1,6,7,16 1,2,3,59,11,13,16 1,16 \%
F17 2,6,7,10,17,18 2,3,9,11,13,17 2,17 \%
F18 4,10,12,15,18 1,3,4,5,6,9,11,12,13,15,17,18 4,12,15,18 Il

5.5 Formation of the ISM model

From the level partitioning table, a structural model is developed as sown in Figure 2. For
visualizing the directed link between the factors, an arrow is displayed from factor i to factor
J.and the generated diagram is called as the digraph or ISM diagraph. Such diagraph represent
the prominent relationships. The ISM diagraph in the figure is developed after removing the
transitivity links.

It is obvious from Figure 2 that factor 9 (product design knowledge) will be at the bottom
of the ISM model as it has the highest driving power and lowest dependency power. The
factors 7, 8, 10, 14 are set at the top of the model as they possess a minimum driving power.

(Ensures available component)

Component
lead time (F7)

Component
availability (F8)

Inventory
»|management (F10)

(Determines storage space
— =

Product life cycle

Infl (Requies storage facility) (Facilitates product life) €9
(Impacts on (Influences on (Demands more
Development time) Component numbers) storage space) (Fﬂ‘:cls ];: Level I
B T T T e T e, thife) - -----------
(Infl fon) (Depends on customer choice) (Facilitates product dEVEIOPme"t)?m et fife)
- by < e
Customization Market demand Product variety Customer
level (F4) (F12) (F18) awareness (F15)
(Defines (Depends on customer needs) (Determines number of products) (Impacts on customoer choice)
number ofpus(mw:l,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,@‘?t?f‘f’jf‘is,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,Iie,‘,’gl,ll
number of products)
Assemble ability (F6)
'Y y - A
(Impacts over (Defines ease (Defines Influences over Level I1I
- #ssemble abfity)p -~ - === oo oo oo oo o - oo g pgggEley T T rassemble ability)- - - === oo moooooooooo oo sserblaby)
(Impacts over dependency level) (Influences number of interfaces) (Impacts over standardization)
-—
—_
Component Component Standard Component
dependency (F1) y|interface (F16)[* Component (F2) | commonality (F17)
o . (Determines number of interfaces) (Dri\{es number (Decides (Determines number ofcumponculs)‘
(Determines R ofinterfaces) component type) (Impacts on Level IV
,,,,,, L _(Effeets of------------ Feamoonality level) ________
Influences over decision) (Supports ease of manufacturing) C type)
Management | Manufacturability [ Technology and Information
decision (F3) > (F5) ,|  tools (FI3) exchange (F11)
(Impacts over manufacturing level) (Improves by appropriate tools) (Facilitates Level V
| Swppottsto [technalogy adoption) - ______________
manufacturing)
Product design knowledge (F9)
’ Level VI

Figure 2. Digraph representation of the prominent relationship in ISM model

From Figure 2, it is noticed that most of the factors from level IV to level VI are strategic
in nature. Factors at level IV are mainly related to component interfaces and types, whereas,
factors in Level V are associated with organizational strategy. Factor in Level VI is the basis of
adopting the modular product development strategy, as the company cannot adopt modular
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architecture without having product design knowledge. The top levels of the digraph (Level |,
Level Il and Level Ill) consisted of the factors that are mainly associated with operational or
tactical issues. To manage these factors, planning or action is needed at mid or lower levels of
the management hierarchy. All the factors at Level |, Level Il and Level Il are related to the
dynamic business strategic domain.

In the figure, a short description between each of the links of the identified factors are
provided. The objective of such description is to explain briefly how this dependency or
interactions impacts or influences one factor on others. This helps industrial manager or
product designer to understand cause of linkage between the factors. For instance, factor
‘product design knowledge (F9) facilitates factor ‘technology and tools (F13) through
technology adoption. This factor also supports to improve factor ‘manufacturability (F5). The
relationships between the factor ‘manufacturability (F5) and factor ‘technology and tools (F13)
are in both ways as seen in Figure 2. This two-way relationship indicates that manufacturability
improves through appropriate tools, while technology and tools support to ease of
manufacturing process. Similar relationships and dependencies between factors are
highlighted in Figure 2.

5.6 MICMAC analysis

MICMAC analysis is carried out to scrutinize the impact of driving power and dependency
power of the factors (Ansarietal., 2013). Putting the driving power along X-axis and
dependency power along Y axis, the factors are divided into four classes namely, autonomous
quadrant, dependent quadrant, linkage quadrant and driver quadrant as shown in Figure 3.
Each of the quadrants can be explained as follows.

13 ] [ [ T ]
12 [—EFE3 Linkage quadrant
11 Driver quadrant
10 F13 —
9 F5
5 8 Fl
g 7 Fl11 i
o 6 F15 F17
=
E 5 F12 F4 F18 —
5 4 Fl6 F8
3 HAutonomous quadrant o Ko
2 Fl14 F7
1 Dependent quadrant —
[ T T T 7

1 2 3 4 5 6 7 8 9 10 11 12 13

Dependency power

Figure 3. MICMAC analysis based on driving and dependency power

Autonomous quadrant: The factors fall at this quadrant have less driving and dependency
power and usually termed as autonomous factors. These drivers are generally
disconnected from the system i.e., neither can they strongly drive other drivers nor will
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they be strongly driven by others. Figure 3 shows that factors 12, 15 and 17 narrowly lie
in this quadrant.

Dependent quadrant: Factors that fall under this quadrant have low driving power but high
dependency. From the present study, it is identified that seven factors (F6, F7, F8, F10,
F14, F16 and F18) fall under this quadrant. These drivers are strongly affected by the
drivers that fall under linkage quadrant.

Linkage quadrant. These are the drivers with high driving power, as well as, high
dependency power. They are presented in the third quadrant. They are very important
factors as any change in any of these factors has an influence on others. In this study,
only one factor (F2) narrowly fall under this quadrant, but also lie very close to the
boundary of driver quadrant.

Driver quadrant: This quadrant consists of the factors that has highest driving power but
weak dependency. In this study, six factors (F1, F3, F5, F9, F11, and F13) fall under this
category. The driver in this quadrant leads to the driver in the other quadrants.

6. PRACTICAL IMPORTANCE

Producing product through piece by piece or module by module is now the ultimate
target for all the industries globally to offer true customization with product variety and to
survive in today’s competitive business world. Customers are now much more aware of their
products and they want an increasing amount of customized products. Due to global
borderless market, customers have the opportunity to make a choice of products after a huge
comparison thus making the market very competitive. To fulfill such customization trend,
industries are aiming to produce a customized product for a specific target group and deliver
the product to its customers as fast as possible.

It is, however, quite expensive to produce a customized product if the product is
monolithic. The customization trend leads the industries to move towards modular product
development strategy. In this study, 18 crucial factors were detected for implementing the
product modularity strategy. After analyzing the identified factors, it is found that factors 7
(component lead time), 8 (component availability), 10 (inventory management) and 14
(product life cycle) possess the top place (Figure 2), as they have the least driving power and
the high dependency power. It indicates that these factors require a low level of consideration
to implement the product modularity strategy.

From Figure 2, it is noticed that factor 9 (product design knowledge) is the most
prominent factor and it possess the bottom level and has the highest driving power. It is also
obvious that factor 9 is driving all the other factors and it can affect other factors acutely. Any
change in it will reflect on all other factors. So it should be given the most priority while
considering product modularity. Other factors like as F3, F5, F11, and F13 should be given
importance just after factor 9. The rest of the factors can be given moderate importance
according to their levels. The importance level can be declined gradually from the bottom level
to the top level. This is the way to prioritize one factor over another to apply modular product
development strategy successfully.

7. DISCUSSIONS AND CONCLUSIONS

This research study mainly deals with to identify the factors that hinder the application
to design and develop a modular product. It shows the way out from detecting the obstacles
to developing a modular product. In this study, 18 factors were identified which are seen as
the obstacles to implementing modular product development strategy. The factors or
obstacles are analyzed based on their interrelationships with each other and depicted by
creating an ISM model. From this analysis, managers and product designers can get an overall
scenario of their product development strategies, especially to design and develop a modular
product. Product designers and organizational managers are able to identify the factors that
affect decision making process to develop modular product modularity. In addition, such

Brazilian Journal of Operations & Production Management, Vol. 17, No. 4, €2020909, 2020

19/24



Identification and analysis of the driving factors for product modularity by interpretive structural modelling

approach helps them to take necessary actions and allocate resources optimally to implement
a modular product development strategy.

The contribution of this paper is to identify the factors associated with developing a
modular product. The collected factors were categorized and presented in such a way to the
product designers/product planners to offer better visibility about their target products. Such
visibility provides the opportunity to the managers to find out the interdependencies among
the identified factors, which are ranked by the ISM tool. This tool also provides the relational
matrix of the identified factors that helps the product designers and organizational managers
to take necessary actions to eliminating potential bottlenecks/barriers to develop modular
products. The results from this research study encompass product desingers and
organizational managers for handling multiple design views, controlling design related
interfaces and ranking the status and progress of product modularity and design
completeness.

Furthermore, this research helps organizational managers and product designers to
investigate the bottlenecks of their product development processes and identify the
responsible factors. The factor analysis process contributes towards taking actions against the
product development bottlenecks. It saves companies from unexpected losses caused by
adopting the wrong strategic decisions during the product development process. From this
factor analysis procedure, several critical factors are found out based on their dependencies
and driving powers on each other. From the study outcomes, it is noticed that product design
knowledge is critical in addition to a management decision, manufacturability, technology and
tools and information exchange to adopt modular product development strategy. On the
other hand, it is also noticed from the study outcomes that some other factors such as
component lead time, component availability, market demand, product variety, customer
awareness, etc., have less driving power but higher dependency power to decide for modular
product.

Modularity in fact depends on the design to a large extent. The design decision alone can
simplify the whole processing system. The top management of each industry should have a
big role in the decision making process. Every decision related to product development should
be approved by the top management before applying it. The top management is responsible
to the entrepreneur for every situation of the business. So before implementing any kind of
new decision, it is obvious for them to get the process and the factors that are affecting the
process very clearly. The ISM tool as used within this study offers to solve any complex
situations in the industry easily through identifying the crucial factors that creates such
complexity. This tool supports the top management to get the whole picture or situation of an
industry at a glance. Even this tool helps the top management to get a clear idea about the
factors hindering the implementation of the new idea. The management team can then take
proper steps to eradicate the hindrances. From the developed ISM model, the top
management can prioritize the identified critical factors and allocate the necessary efforts and
resources accordingly.

Factor identification and analysis is drawing huge attention for the decision making
process. The ISM approach can be used for any kind of decision making process before
applying it. If the ISM model is applied before applying any decision, the decision will come out
more successfully. Moreover, the ISM model can be used for continuous development process
too. This model traces out all the new hindrances and analyzes in the same manner to suggest
the any new model depends on such kinds of factors analysis. This study does not consider
the light factors in consideration with the objective to avoid unwanted intricacy and the
possibility of the result to be misconstrued. Someone may find more or fewer factors based
on the case to be studied. But, the identified factors in this study are the most common factors
for any industry in case of the modular product development process.

In the future study, the results from this study will be tested in various industrial sectors
to validate the identified factors to implement modular product development strategy. This
approach can be used in other business sectors rather than only product modularity such as
modular organizational design, modular process design, modular assembly and layout design,
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etc. It can be noted that there may arise new factors responsible for product modularity if the
same approach is applied to other business sectors. In the new study, some of the identified
factors can be eradicated, while other new factors might be added based on different case
studies. In such situations, the ISM study should be repeatedly performed in order to improve
the overall processes.
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