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Abstract: To survive in the current competitive, unpredictable business environment, it is significant
for firms to search and enforce capabilities that lead them to adapt and cope with dynamic changes
of environment for their sustainability. We try to connect operation issues with sustainability in this
paper. From the perspective of the dynamic capabilities of the firm, this study suggests a conceptual
model that presents relationships among supply chain visibility, modular design, supply chain
flexibility, and agility. We do not focus on the module buyer but on the small and middle-sized
enterprises (SMEs). An empirical study is performed to verify the relationships proposed, using
datasets collected from 232 manufacturing SMEs as module suppliers in South Korea. We used
SPSS to analyze data and structural equation modeling to verify the hypotheses of the research
model. The important contributions of this study are as follows. Firstly, we suggest relationships
among supply chain visibilities and a modular design for supply chain flexibility and agility in
sustainable performance. Secondly, we show that supply chain visibility directly leads firms to
implement modular design in sustainable development. Thirdly, we verify the importance of supply
chain visibility, not for module buyers, but for module suppliers by switching views in terms of
SMEs’ sustainability. Lastly, this study shows that the suppliers’ modular design affects supply chain
flexibility and agility, which is consistent with the findings presented in the literature.
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1. Introduction

We live in an unpredictable dynamic environment. There are some changes in business environments.
Customers wants various types of products and services and product life cycles have been shortened.
These changes are great risks to firms. Fast-changing markets feature both high-level competition
and numerous uncertainties and operate in an unstable environment [1]. Every firm should produce
new high-quality products and services at a low price for survival and sustainability. In particular,
small and middle-sized enterprises (SMEs) are trying to search and enforce their core competencies and
capabilities for survival. It is not a game, but a war. Changes of environment make SMEs analyze, build,
and reconfigure their resources and organizational capabilities in order to achieve flexibility and agility
from the perspective of sustainability. The increasing product complexity and market dynamism has
forced the emergence of flexible and agile manufacturing [2]. Flexible and agile manufacturing enables
a firm to survive in the competitive environment of continuous and unpredictable changes to respond
quickly to customers’ dynamic demands [3]. Particularly, to sustain increased competitive pressure,
SMEs are continuously forced to rethink, reshape, and synchronize their existing competitive sources
and capabilities [4]. Flexibility and agility are the abilities to produce various types of products shortly
in a cost-effective manner. Additionally, sustainability refers to the minimization of the effect on the
environment [5]. Cost-effectiveness is important to the environmental side. Therefore, the achievement
of flexibility and agility are the key successful factors for sustainability.
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In this context, sustainable development has been highlighted as a central idea today [6].
For manufacturing operations, modular design is considered to be an approach that increases strategic
flexibility and agility [7]. Indeed, the origin of agility, namely, the capability that includes organizational
structure, information systems, and logistics processes, lies in flexible manufacturing systems [8].
The product architecture has important effects on the whole product life cycle, hence affecting
sustainable characteristics of a product [9]. In terms of the ability to influence the product life cycle
and sustainable characteristics, modular design has recently received great attention with regard
to sustainable design [10]. Sustainable design focuses on the development of sustainable solutions,
balancing private interests of the firms with environmental, economic, and social concerns [11].
The literature generally associates modular design with environmental concerns and benefits [10].
As a primary concern of sustainability, the element of cost savings has attracted increasing attention in
economic sustainability [12]. Many practical advantages of modularity have been examined in recent
research. Modular design has been shown to increase manufacturing efficiency and it can benefit the
supply chain by reducing inventory costs and saving on lead time [13]. Therefore, obtaining flexibility
and agility by modular design is a significant approach for a firm’s sustainability.

In past decades, a modular supply chain environment has been emphasized in which key modules
are outsourced to technically competent module suppliers [14]. SMEs as module suppliers also adapt
modularity to strive to obtain flexibility and agility and cope with rapid changes and customer needs.
Through communication and information sharing among supply chain partners, modular design
can provide a competitive advantage [15]. A close supply chain structure facilitates information and
knowledge sharing [16]. Recent modular outsourcing has resulted in differentiation with respect to firm
competitiveness as firms gain dynamic capabilities through supply chain visibility. Hence, firms can
reconfigure and adjust their manufacturing methods to achieve flexibility and agility. Value-added
activities shift from a single organization to an overall modular supply chain when key modules are
outsourced to suppliers in modular design [14].

However, there are few empirical studies to examine the relationships among supply chain
visibility, suppliers’ modular designs, supply chain flexibility, and agility for sustainability from the
perspective of SMEs as module suppliers. Research addressing modularity focuses on the module
buyer’s perspective [17]. If we consider the outsourcing of modules, we must address the significance
and effect of supply chain management for maintaining relationships and sharing information with
partners. Particularly, this paper aims to answer the following questions:

(1) What key factors affect module suppliers’ modular design when modules are outsourced from
the perspective of SMEs as module suppliers?

(2) What important capabilities are necessary to establish suppliers’ modular design between module
buyers and suppliers for sustainability?

(3) How does supply chain visibility affect SMEs’ flexibility and agility for sustainability?

Against this background, the major concern of this study is to develop a conceptual model
of supply chain visibility, suppliers’ modular designs, and supply chain flexibility and agility as
dynamic capabilities for sustainability of SMEs from the viewpoint of the module supplier. A rigorous
research model is also proposed and validated using structural equation modeling. This concept
of dynamic capability helps to explain the structural relationships among the constructs concerned,
providing a basis for module suppliers in SMEs’ sustainability. This study makes three contributions.
First, we develop and empirically validate a comprehensive model of supply chain visibility and
modular design from a module supplier’s perspective. Research that combined modular design with
concepts from supply chain management is an emerging area [18]. However, few empirical studies
address the relationship between supply chain factors and modular design as an operation issue
in terms of sustainability. Secondly, we shift the viewpoint from the module buyer to the module
supplier in SMEs. We focus on the module supplier’s perspective to address the sustainability through
obtaining supply chain flexibility and agility in SMEs, while most studies focus on the module buyer’s
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perspective. Lastly, we conduct a new empirical test to provide evidence for the importance of supply
chain visibility and examine the critical capabilities required to achieve flexibility and agility for
sustainable competitiveness.

We organize the rest of this paper as follows: In the next session, we present a literature
review on the supply chain visibility to manage modular design and the approaches to enhance
supply chain flexibility and agility as a dynamic capability. We then present the research model,
formulate hypotheses, and discuss the survey design. In the following section, we analyze the data,
discuss the results of the study, and suggest their theoretical and managerial implications. In the final
section, we discuss the study limitations and suggest topics for future study.

2. Literature Review

2.1. Supply Chain Visibility

Regarding the supply chain, management of uncertainty is the key driver to achieving supply
chain performance [19]. Firms that have broader variety and higher customization find that it is
difficult to predict the demand of the products [20]. There are various sources of uncertainty including
demand uncertainty in the supply chain [21]. However, innovative and highly-customized product
offerings force firms to obtain a sustainable competitive advantage [22]. In the sustainable supply
chain, firms need to consider and address the uncertainty that surrounds environmental decisions [23].
Many researchers suggest using an approach based on cooperation between the different agents of
the system to meet customer uncertainty [24]. Increasing relocation activity and the accompanying
uncertainties and risks to supply chains are prompting both practitioners and academics to consider
information sharing through supply chain visibility as a way in which to reduce uncertainties and
risks [25]. The strategic decision-makers monitor supply chain performances. Additionally, trust and
information sharing among the supply chain participants modify the supply chain performances [26].
In the context of management of uncertainty by information sharing, supply chain visibility has
drawn much interest from both researchers and practitioners in supply chain management [27].
Although such visibility is a well-researched concept, a common definition is lacking. Supply chain
visibility relates to the ability of sharing information on the supply chain strategy and the operations
of supply chain partners [28]. Most definitions regard supply chain visibility as a type of capability
or ability, although it actually involves different capabilities or abilities [29]. Pavlou and EI sawy [30]
define supply chain visibility as the ability to track significant data or information on the supply chain.
Rao [31] suggests that supply chain visibility is information sharing on inward-moving inventory,
work-in-process, outward-bound product logistics, warehousing, and all other activities that relate to
customer demand within a supply chain. Caridi et al. [28] define supply chain visibility in terms of the
approach to useful information. According to definitions, visibility is the ability to share information
across supply chain partners and use it in real-time.

Firms tend to use supply chain management strategies to increase their capabilities and reduce
uncertainties in rapidly changing and unpredictable environments for sustainability. Supply chain
management aims to maximize the synergy among supply chain partners to serve the end customer
more effectively by reducing costs and adding value [32]. Firms can obtain supply chain visibility as an
output of successful supply chain structures. As a result, supply chain visibility in terms of connectivity
and information sharing is a key capability to implement sustainability [33]. However, most authors
focus on the direct effects of supply chain visibility on firm performance [34]. Additionally, no studies
have thus examined the relationships between supply chain visibility and operational issues from the
supplier’s perspective. In particular, module suppliers must obtain supply chain visibility in terms
of networks and information sharing to cope with changing customer needs and obtain competitive
advantage through a flexible manufacturing system for sustainability.

It is difficult to conceptualize supply chain visibility. Teece [35] suggests that dynamic capabilities
involve the ability to sense and shape opportunities, seize opportunities, and maintain competitiveness
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by reconfiguring a firm’s structure. In this way, sensing the environment, learning activities,
and coordinating resources enable reconfiguration [30]. Many studies examine current supply chain
management practices in terms of integration, visibility, and information sharing among supply chain
participants [36]. Various studies also adopt a broader perspective of supply chain process, practices,
and strategies in relation to supply chain integration, visibility, and information sharing. Firm size also
influences the level of supply chain integration concerning information sharing and collaboration [37].
Speier et al. [25] investigate the relationship between information integration and the nature of
relationships through a theory-based, strategy-structure-performance paradigm. Krishnamurthy [38]
suggests that information sharing is a key factor in gaining supply chain visibility through supply
chain velocity and viscosity. In summary, previous studies suggest that supply chain visibility is the
obtainable output of supply chain integration through information sharing.

Consistent with the above studies, we defined supply chain visibility by using three constructs:
visibility for sensing, visibility for learning, and visibility for coordinating through information sharing
with supply chain partners.

2.2. Modular Design

Although the concept of modular design emerged in the 1960s, there is little consensus on a
definition of modular design [15]. Prevailing definitions and concepts of modular design generally
include many aspects. In the most commonly-referenced definition, Baldwin and Clark [39] define a
module as a unit that has structural elements powerfully connected among themselves but weakly
connected to elements in other units. Ulrich [40] defines modularity as the relationship between
a product’s functional and physical structures such that there is a one-to-one or many-to-one
correspondence between the functional and physical structures and minimization of unintended
interactions between modules. Modularity thus enables greater flexibility and agility without changing
components [41]. In general, modularity refers to the degree to which a system’s components can be
separated and recombined [42]. Baldwin and Clark [39] regard modular design as a manufacturing
strategy for effectively organizing complex products and processes. The literature suggests that
modularity is a design strategy that avoids creating strong independencies among specific modules
within the product [43]. Product modular design, the most concrete type of modularity, is the practice
of using standardized product modules that can be easily rearranged into different functional and
physical forms and shared across different product components on the production line [44]. A modular
design is characterized by component commonality, component combinability, function binding,
interface standardization, and loose decoupling [18]. The diversity of production is reduced and
product customization is achieved by using various combinations or modifications of the modules [44].
Therefore, modularity enables a manufacturer to increase flexibility through postponement of
differentiation and reduction of lead time [45].

Sustainable development has been highlighted as a significant idea [6]. The development of
sustainable manufacturing is pushed by more demanding customers. Life cycle assessment is a method
to assess the potential environmental impact as well as the resources used from the acquisition of raw
materials to the management of waste [46]. The concept of product life cycle is related to the time from
material usage, manufacturing, assembly, product use, and product recycling. Most of product life cycle
costs and environmental impacts are determined during the product design stage [47]. Modular design
has been suggested as a way to simplify the life cycle assessment. For the strategies, modular design
has the advantages of simplifying the product design structure and increasing assembly efficiency [48].
The modifications introduced in one module influences its own life cycle, but not the entire product [49].
In terms of ability to influence the product life cycle and sustainable characteristics, modularity has
gained great attention in the field of sustainable design, focusing on the developing sustainable
solutions, and balancing the profit of firms against environmental, economic, and social issues [11].
Newcomb et al. [50] define the relationships between components as life cycle issues such as recycling,
post-life intent, and service frequency and include them into a modular measure. Modular design
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is known as a common method to reduce a product’s life cycle cost [50]. Modular design can play a
significant role in the life cycle of a product in terms of ease of upgrade, maintenance, and improved
efficiency [51]. Ma and Kremer [12] summarize the findings of modular design from the perspective of
sustainability. Table 1 shows a summary of the literatures.

Table 1. Sustainable modular product design (MPD) literature findings.

Sustainability
Indicator

Indication Major
Themes Main Findings

Economic

Product innovation
MPD affects product innovation from advantage points of marketing and
technology development, and both of these have positive influences on
product innovation.

Risk management Risk management is an application of modularity in project management
that primarily addresses risk reduction.

Profit MPD is positively related to profit increase without cost savings being
involved.

Cost saving MPD has a positive impact on both supply chain and product development
cost savings.

Eco-environmental

Energy efficiency MPD should be used to minimize energy usage rate and waste.

Life cycle
management

MPD can improve product life cycle performance by allocating cluster
components into modules from the view of the entire life cycle.

Environmental

Emission reduction MPD plays a role in green design and can be associated with multi-criteria
decision-making methods to satisfy the requirement of emission reduction.

Natural resource
management

Natural resource management emphasizes utilizing natural resources
efficiently and effectively by applying MPD.

Environment
management

Modularity and green design analysis involving optimization
methodologies for managing the environmental impact are sparse and
require further investigation.

Environment
assessment

MPD associated with end-of-life strategy management could help develop
a useful tool to assess environmental impact.

Social-environmental

Client safety and
health

MPD in client safety and health should focus on reliability within and
between modules, thus ensuring client safety.

Global climate
change

MPD in global climate change should focus on how to reduce pollution and
how to minimize the carbon footprint.

Social

Human diversity MPD affects human diversity by bringing a variety of products that fit the
requirements of different groups.

Human rights MPD can facilitate the involvement of customers in the design stage.

Labor relations
Laborers’ work on the same product modules or highly related module
provides a good setting for team communication and responds to the need
for harmony.

Social-economic

Security Security-related MPD can be associated with product innovation.

Customer ethics MPD can affect customer ethics through customization for product features,
uses, or cost.

Sourced from [12].

Many researchers show the benefits of modular design for sustainable design according to
the three main steps of the life cycle such as production, use, and disposal [10]. Additionally,
modular design is a key concept in new sustainable manufacturing processes, ensuring agility, reactivity,
and flexibility [10]. Modular design enables manufacturers to cope with rapidly-changing customer
needs and increases the technical complexity in the production process [18]. Thus, supply chains allow
the manufacturer to achieve a flexible and agile response [52]. In this context, we considered modular
design as a significant factor in achieving cost-effectiveness for the environmental and economic
performance of sustainability.

2.3. Supply Chain Flexibility and Agility as a Dynamic Capability for Sustainability

Many studies about defining various types of manufacturing flexibilities have occurred over
the last three decades. However, there is no clear and common agreement on the definition of
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flexibility [53]. Zhang et al. [54] define flexibility as the organization’s ability to meet an increasing
variety of customer needs without excessive costs, time, or performance losses. Correa [55] also defines
flexibility as an interface between the system and the external interface. Flexibility is an ability of a
system to maintain its equilibrium and dynamic efficiency [56]. Flexibility is a primary tool to cope
with uncertain environments.

Agility emerged as a solution to the changing economic environment and global competitiveness [56].
Ali et al. [57] define agility as the ability to manufacture and make a wide range of products with
minimum cost, less time, and with high quality. Sharifi and Zhang [58] suggest that agility is concerned
with the ability of an organization to cope with unexpected changes, to survive threats, and to obtain
advantages from the changes by converting them into opportunities.

Many researchers show the role of human factors in supporting industrial objectives is
important [59]. They address the effects of humans on the variability in the operations. Human factors
are also considered a critical aspect for a successful supply chain [60]. Iravani et al. [61] suggest that
in many labor-constrained systems, flexibility is mostly achieved through cross-training assignment.
Garcia-Alcaraz et al. [62] show the positive impact of human resources on supply chain flexibility and
agility. Also, Fruggiero et al. [63] state the effects of worker’s fatigue as a human factor in manufacturing
dynamics. It is important to consider the impacts of human factors on the variability of flexibility
and agility.

In addition to the human factors, flexibility and agility can be both dimensions of supply chain
performance [64]. A firm can achieve supply chain agility by drawing various synergies in different
types of supply chain flexibility [65]. We regard supply chain flexibility and agility as different concepts
in this study. Supply chain flexibility represents internally-focused manufacturers’ capabilities and
responsiveness in a firm’s internal function such as purchasing, production, and distribution flexibility [66].
Furthermore, supply chain agility refers to externally-focused manufacturers’ competencies that are
related to speed at the organizational level such as rapid market responsiveness, delivery reliability,
and frequency of new product introduction [67]. Supply chain flexibility is a separate and antecedent
capability required for supply chain agility [68]. Supply chain agility is widely considered to be the
most significant success factor in today’s competitive marketplace [69]. Um et al. [66] use supply chain
flexibility and agility as performance indicators for SC reaction and responsiveness in managing a
variety of issues.

Corporate sustainability has been focused on the triple bottom line incorporating equity,
environment, and economics [70]. Supply chain flexibility is one strategy which has been famous in
achieving agility and high responsiveness of supply chains [71]. However, there are few studies that
investigate the impact of flexibility on supply chain designs and consequent operation activities on
environmental performance [72]. One challenge in becoming more sustainable is to create flexibility in
exploiting and controlling resources in the choice of alternative strategic actions. Flexibility reduces
risk and uncertainty [73] and contributes to the sustainability of the firm [74]. Although strategic
flexibility is considered to be necessary to respond to environmental changes and the increasing
demand to satisfy economic needs, it is still unclear how this dynamic capability alters sustainability
performance [75]. Firms are forced to redesign their operational processes and implement a flexible
system of structures and processes in order to effectively and efficiently cope with changing customer
needs and increasing demand for sustainable offers [76]. Nidumolu et al. [75] suggest that operational
innovations are important for creating a sustainable value. Obtaining flexibility in various sides
needs to be present in product development, manufacturing, and supply chain activities to increase
responsiveness for sustainability performance [77]. Additionally, agility needs to be coupled with
sustainability. Supply chain agility enables firms to react quickly and more effectively to market
volatility and uncertainties, thereby allowing the firm to obtain a superior competitive advantage,
such as obtaining market sensitivities, synchronizing supply with demand, and achieving shorter cycle
time [64]. On the other hand, sustainability refers to the minimization of the impact to the environment
and increasing the rate of recycled materials. The integration of these three offers the business benefits,
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such as improved product variety with minimal environmental impact [3]. Since it is possible for
strategic flexibility to build, integrate, and reconfigure operational capabilities, supply chain flexibility
can achieve sustainability performance [78].

This differentiation of a firm’s internal and external activities confirms the dynamic capabilities
theory [35], which concerns the ability to integrate, build, and reconfigure internal and external
competencies to address rapidly-changing environments. Dynamic capabilities allow firms to maintain
a competitive advantage [66]. Many researchers suggest that dynamic capabilities are antecedent to
organizational and strategic routines and new value-creating strategies [79]. Zollo and Winter [80]
propose that dynamic capability is a stable pattern of collective activity that can be learned and
through which firms can systematically generate and modify their operating routines to enhance
effectiveness. The dynamic capabilities view is an extension of the resource-based view (RBV) to
dynamic markets [81]. Teece [35] proposes a framework for dynamic capabilities that includes
the categories of “sense opportunities”, “seize opportunities”, and “maintain competitiveness”.
Although dynamic capabilities have been widely adopted since the introduction of the concept,
most studies of them are conceptual and empirical studies are few [81].

Thus, the provision of a dynamic capability, such as rapid response in a supply chain has great
potential in a dynamic environment. On the basis of this viewpoint, supply chain flexibility and agility
is regarded as a dynamic capability in this study.

3. Research Model and Hypotheses

Several different sources of uncertainty have been recognized in supply chain management [21].
To manage uncertainty and dynamism in the business environment, firms seek extensive, superior-quality
information [82]. Recent studies of supply chain management have addressed information sharing and
supply chain visibility based on the assumption that greater information sharing increases a firm’s
ability to respond quickly to environmental changes for sustainability. In this context, dynamic capabilities
are significant for organizational reconfiguration. Dynamic capabilities are directed towards strategic
change and aligning the organization with the environment [83]. They can be disaggregated conceptually
into a firm’s capabilities as follows: sensing opportunities, seizing opportunities, and redeploying
their resources [35].

In this context, we regard flexibility and agility through supply chain visibility as a dynamic
capability that includes visibility for sensing opportunities, visibility for learning to seize opportunities,
and visibility for coordinating to redeploy management resources. In addition, flexibility and agility
are essential to organizational reallocation and structural reconfiguration. In terms of supply chain
integration as a dynamic capability, an integrated network of internal and external partners
provides the organizational capability to respond to changing environments [84]. In the initial stage,
automobile manufacturers (module buyers) such as Hyundai Motors began to outsource modules to
their supply chain partner for cost reduction. They cultivated a parent subsidiary model with their
subcontractors that produced modules. As a result, they could obtain an outsourcing effect such as
cost efficiencies through the modularization of production consignment types. Today, the higher the
labor cost, the lower the effect of cost reduction. On the contrary, many automobile manufacturers rely
heavily on their suppliers of components and systems. In this situation, they pursue a modularization
of cooperation-type strategy where role assignment is possible, which then increases the importance of
the SME’s role as a module supplier. Automobile manufacturers establish the line-up plan of the model
and produce modules to meet the automobile manufacturer’s needs. Through this cooperation, it is
possible for module suppliers to focus on their professional role for sustainability. From the module
supplier’s perspective, it is so important to obtain flexibility and agility as a dynamic capability in
order to achieve performance of sustainability. Figure 1 illustrates the conceptual process for this study.

Modular design significantly influences a manufacturer’s channel management and production
planning techniques [44]. Additionally, it enables the manufacturer to reconfigure the supply chain
design related to the structures of production and logistics networks, processes, and relationships
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among supply chain partners for integration [52]. A manufacturer is able to schedule and control
production and supply chain processes effectively [18]. This integration increases the visibility of
supply chains. In particular, a manufacturer must maintain close interactions and relationships
with suppliers to decide interface specifications to ensure the combinability of modules [52].
Modular design also enhances the ability of the manufacturer to collaborate with suppliers on new
product development [85]. From the perspective of SMEs as module suppliers, it is so important to
obtain supply chain visibility through information sharing with their buyer. Thus module suppliers
can improve their modular design and enhance their flexibility and agility by obtaining supply chain
visibility for sustainability. We just focused on the perspective of SMEs as module suppliers for their
sustainability in this study. Figure 2 shows the research model in this study.
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3.1. Visibility for Sensing and Modular Design

Supply chain visibility is effective in a sustainable supply chain [86]. Market orientation as a
firm strategy helps the firm to achieve sustainable values creation [87]. This makes firms decide how
to allocate resources to create capabilities and how sets of capabilities should be coordinated and
organized for sustainable performances [88]. Manufacturing firms should consider modular design
in supply chain design [89]. Sako [90] argues that modular design is essential for product, process,
and supply chain design. Additionally, modular design usually requires the integration of designers,
producers, and customers. Modular design can play an important role in the life cycle of a product [51].
Information sharing with partners is a key organizational process in supply chains. A product with
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high modularity implies that modules can be outsourced to suppliers [91]. As product modules are
outsourced to external partners in the supply chain, information sharing is important to manufacture
modular products.

To design modular product interfaces accurately, it is necessary to predict and obtain information
on changes in the market and customer needs [92]. The information on market and customer needs
offered by supply chain participants can facilitate the rapid reorganization of supply chain structure
and the manufacturing system [93]. Information on market and customer needs influences the range
and degree of module suppliers’ modular designs. Therefore, the visibility for sensing market and
customer needs influences module suppliers’ modularity. Based on the above discussion, we suggest
the following hypothesis that links visibility for sensing and suppliers’ modular designs.

Hypothesis 1 (H1). Obtaining visibility for sensing is positively related to the module suppliers’ modular designs.

3.2. Visibility for Learning and Modular Design

Hult et al. [94] suggest that visibility for learning is a strategic corporate resource. Studies have
shown that learning is an important determinant of an organization’s capability to implement
innovative practices, new processes, and new technologies [95]. Okhuysen and Eisenhardt [96] examine
how learning facilitates the improvement of a manufacturing process and the development of a
flexible process. In this way, the learning process enables firms to utilize and recognize their resources.
Zollo and Winter [80] define dynamic capabilities as learned and stable patterns of collective activities.
Organizations systematically generate and modify operational routines to improve effectiveness.
As organizational routines accumulate experience, knowledge is articulated through collective
discussions and codified through the creation of written manuals. Learning is a critical factor for
innovations and performance. Schroeder et al. [97] show a positive relationship between both internal
and external learning and organizational performance using resource-based hypotheses.

Firms that collaborate closely with supply chain participants on a regular basis promote extensive
interactions with their upstream and downstream partners, which provides a basis for sharing tacit
knowledge [98]. Firms are able to create new knowledge from the existing knowledge shared by
supply chain partners. Close relationships with supply chain members can also transform knowledge
into explicit knowledge. In this process, firms may conceptualize information about customer needs
and supply chain structure in terms of product and process design. The acquisition and propagation
of knowledge significantly influence supply chain partners and enhance strategic behaviors [99].
For example, regular intellectual interchange with partners transforms an ambiguous relationship
to a casual one and provides a basis for fundamental change [80]. Consequently, learning by supply
chain participants facilitates change in manufacturing systems and processes that can respond rapidly
to trends in the external environment for sustainability from the perspective of the module supplier.
Therefore, we hypothesize the following:

Hypothesis 2 (H2). Obtaining visibility for learning is positively related to the module suppliers’ modular designs.

3.3. Visibility for Coordinating and Modular Design

Studies suggest that coordinating organizational activities, or sharing information to make
business decisions and designing business systems across the supply chain, is important for supply
chain integration [100]. Developing joint systems and sharing information among supply chain
members encourage the sharing of risks and resources across the supply chain [101]. Many studies have
shown that manufacturers coordinate their supply chain structures strategically and organizationally
when adopting modular design [102]. Sabel and Zeitlin [103] suggest that manufacturers tend to
approximate other manufacturers’ internal business processes to find solutions to technical and
marketing problems when adopting a modular system. In addition, Sanchez and Mahoney [104]
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propose that if modular products are outsourced to supply chain partners, they are loosely integrated
into relationships. However, these are the perspectives of module buyers or module product manufacturers
as users.

However, Jacobs et al. [15] show that modularity facilitates supplier, manufacturing, and design
integration by sharing communication and information among supply chain partners. Indeed,
the supply chain should be integrated as closely as possible to ensure the conformity of different
product components [105]. Hence, from the perspective of module suppliers of SMEs, it is so important
to share information regarding coordination with their buyer for advancing suppliers’ modularity.
We have shown these processes in Figure 1. Therefore, we hypothesize the following:

Hypothesis 3 (H3). Obtaining visibility for coordinating is positively related to the module suppliers’
modular designs.

3.4. Modular Design and Supply Chain Flexibility and Agility

Correa [55] suggests two major drivers of flexibility: environmental uncertainties and products
and process variability. The uncertain changes within the system and outside the system require
flexibility to deal with them. When it is required to offer a variety of products by carrying out
different processes, the flexibility is essential [44]. Modular design allows a firm to control the extent
to which changes in processes or requirements affect the product and provide it with the flexibility
and agility to meet these changing processes. The concept of product life cycle is related to the time
from material usage, manufacturing assembly, product use, and product recycling. Modular design
is a way to life cycle assessment. In terms of the ability to influence the product life cycle and
sustainable characteristics, modular design has been the focus attention in the field of sustainable
design as a sustainable solution [11]. Modular design allows firms to increase their capability for
production process reconfiguration and allows a more effective use of the production capacity [106].
Modular design provides various types of strategic flexibility and product variety [41]. Modular design
is positively related to profit increase with cost reduction in terms of economic performance of
sustainability. Jacobs et al. [15] suggest that modular design allows firms to have flexibility and agility
for manufacturing and allows firms to respond rapidly to changes in the market and in their customers.
Additionally, modular design enhances human diversity by bringing a variety of products that fit the
requirements of different groups. Modular designs have been found to be central to increasing product
variety [107]. In addition, modular design can reduce the impact of uncertain demand forecasts [84].
As above, modular design has a positive impact on flexibility in a variety of ways. Modular design
enables firms to quickly respond to market changes, thus allowing an efficient planning and control of
the environmental impact of the production phase [108].

Agility is a dynamic strategy that depends on a firm’s ability to quickly translate customer
needs into new products and services in order to satisfy an individual’s specific requirements [39].
Flexibility and agility can reduce uncertainty and risk, contributing to the sustainability of firms.
In consideration of sustainability, operational efficiency and time reduction are also important
performance metrics. Modular design enables firms to achieve short delivery times and increase
product features and quality [44]. Modular design is the best way in which to achieve variety
and shorten variety and speed, thereby reducing delivery time [18]. Even Ulrich [40] suggests that
modularity can increase product variety and shorten delivery lead time. When firms decrease the
set-up and switching time by using modular design, they can produce mixed flexibility [7]. Lorenzi and
Lello [109] contend that modular design can reduce cycle time. Supply chain agility enables firms to
react quickly and more effectively to market dynamics and uncertainties, thereby allowing the firm
to obtain a superior competitive advantage for sustainability [64]. Therefore, one of the benefits of
modular design is operational efficiency by reducing response time and delivery time. According to
Howard and Squire [110], the direct effect of modular design is a decrease in delivery lead times
through better flexibility. As above, modular design has a positive impact on supply chain flexibility
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and agility in the creation of sustainable value. Through obtaining supply chain flexibility and agility,
firms can achieve sustainability performance. Therefore, we hypothesize the following:

Hypothesis 4 (H4). Suppliers’ modular designs are positively related to supply chain flexibility.

Hypothesis 5 (H5). Suppliers’ modular designs are positively related to supply chain agility.

4. Research Design and Methodology

This study investigates (1) the relationship among supply chain visibility, suppliers’ modular
designs, supply chain flexibility, and agility, (2) the influence of supply chain visibility on modular
design for supply chain flexibility and agility in achieving sustainability, and (3) the impact of modular
design on supply chain flexibility and agility in the relationships between operation issues and SMEs’
sustainability. We draw the conceptual model and synthesize the research model based on the literature
review to reflect dynamic capability perspective. The primary research instrument for this study is a
rigorously-validated questionnaire.

4.1. Focus Group Interview

We modelled the framework from the perspective of dynamic capability. This framework was
developed from the main findings in the literature concerning the relationships between supply
chain visibility and modular design and the influence of modular design on flexibility and agility.
We conducted a preliminary focus group interview to confirm this framework. We used a focus
group that included five university professors and operations or supply chain experts from five
module suppliers to understand the practices. This focus group also confirmed the relationship
among the variables and discussed the model’s usability. We posed interview questions from the
module supplier’s perspective. For example, “What is the most important factor for collaboration and
coordination with a module buyer?” “What are the factors to be addressed in advance of manufacturing
modular design?” and “What is the meaning of visibility in your supply chain?”. We estimated the
significance of information sharing with the module buyer from the module supplier’s perspective.
Additionally, we detected that it is critical for the module supplier to obtain supply chain visibility,
although not as critical to share information from the module buyer’s perspective. These two groups
of practitioners have different opinions because of their situations and functions. We composed the
survey questionnaire on the basis of the findings of previous studies. Then, after we selected the
items to be measured, we discussed their items with the focus group members. Before the survey,
we eliminated ambiguous or inaccurate items from the interview.

4.2. Measurement Items

We adopted measurement items from relevant studies and adapted them to our specific context.
The survey contained 23 items representing six constructs. The constructs were supply chain
visibility [93], modular design [7,44], supply chain flexibility, [64,66] and supply chain agility [64,66].
The preliminary survey was reviewed by five senior-level managers in manufacturing or supply chain
management for ambiguity, readability, and clarity. Four academic researchers reviewed the survey
for item representativeness, item specificity, and contents validity. Some items were eliminated and
rewritten based on feedback from practitioners and researchers. The resulting model used 21 survey
items, and each construct had three or four items after some items were eliminated from the initial
factor analysis because of low factor loading values. All items were measured on a 7 Likert-type scale.

The constructs of interest in this study were measured by using multiple items. Supply chain
visibility included three constructs: visibility for sensing, visibility for leaning, and visibility for
coordinating. We defined these constructs by assuming that visibility for sensing represents the
ability to which a firm can acquire real-time external information and quickly recognize changes in
the environment [93]. External information includes external sensed events, supply chain change,
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market intelligence about customer needs, market trends, and so on. Visibility for learning represents
the ability to which a firm can extend its knowledge base from supply chain relationships and explore
the external sources of knowledge to improve flexibility and agility [111]. Visibility for coordinating
represents the ability to which a firm can share comprehensive information to support supply chain
decision-making. For these visibility measures, respondents rated the three constructs used by Wei and
Wang [93]. The measures for visibility were based on scales that rated their ability to share information
with the module buyer.

We define modular design as the practice of using standardized modules that can be easily
reassembled or rearranged into different functional forms and shared across product lines. For modular
design measures, respondents rated the four items used by Worren et al. [7] and Tu et al. [44]. The measures
of modular design were based on “extent of use” scales (i.e., the degree to which certain initiatives are
used in the firm).

We define supply chain flexibility as the capability to be internally focused on a firm’s functions
such as adaptability of changes, and agility as the capability to be externally focused on a firm’s functions
such as speed at the business level [66]. For flexibility and agility measures, respondents rated three or
four items by Um [66]. All measurement items are shown in Table 2.

Table 2. Construct items and their sources.

Item Constructs Loadings

Visibility for sensing [93]
(Cronbach’s α = 0.895)

VFS1 Our firm shares information on upcoming product-related changes with the buyer 0.858
VFS2 Our firm shares information on changes of customer needs with the buyer 0.822
VFS3 Our firm shares information on market trends and forecasts with the buyer 0.896
VFS4 * Our firm shares information on promotion and marketing plans with the buyer

Visibility for learning [93]
(Cronbach’s α = 0.912)

VFL1 Different points of view are discussed in regular meetings with the buyer 0.896
VFL2 New insights are developed through the joint decision-making process with the buyer 0.868

VFL3 Our firm exchanges valuable knowledge and information for improvement with the
buyer 0.880

Visibility for coordinating [93]
(Cronbach’s α = 0.927)

VFC1 Our firm exchanges information on order forecasting with the buyer 0.921
VFC2 Our firm exchanges information on production schedules with the buyer 0.916
VFC3 Our firm exchanges information on payment processing with the buyer 0.848
VFC4 Our firm exchanges information on customer preference or needs with the buyer 0.804

Suppliers’ modular designs [7,44]
(Cronbach’s α = 0.922)

SMD1 Our products use a more advanced modular design, compared to the competitors 0.838
SMD2 Our products share a high number of common modules, compared to the competitors 0.828
SMD3 Our product modules can be easily added to a standard base unit 0.875

SMD4 Our product modules can be effectively reassembled and rearranged to suit the
customer’s needs 0.843

Supply chain flexibility [64,66]
(Cronbach’s α = 0.852)

SCF1 Our firm can change quantity of the customer’s orders 0.702
SCF2 Our firm can change delivery times of orders placed with the customer 0.778
SCF3 Our firm can change the production volume 0.874
SCF4 * Our firm can change the delivery schedules to meet changing customer requirements

Supply chain agility [54,66]
(Cronbach’s α = 0.907)

SCA1 Our firm can rapidly reduce product development cycle time 0.854
SCA2 Our firm can rapidly reduce manufacturing lead time 0.901
SCA3 Our firm can rapidly improve delivery reliability 0.828
SCA4 Our firm can rapidly improve responsiveness to changing market needs 0.799

* Deleted from the final model due to the low loadings.
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4.3. Sampling Procedure and Data Description

We extracted samples of industries used in previous research on modularity. For example,
Lau et al. [112] investigate product modularity and product performance in the electronics, toys,
and plastics industries. Tu et al. [44] verify the relationship among product modularity, process modularity,
dynamic teaming, and mass customization capability in the automobile, fabricated metal, electronics,
electrical equipment, furniture, appliances, industrial machine, and transportation equipment industries.
Duray et al. [102] analyze modularity issues in the furniture, fabricated metal products, machinery,
electronic equipment, transportation equipment, and instrument industries. Thus, we selected samples
from industries that already adopt modular design.

A survey was used to collect the data and test the 5 hypotheses. Respondents from multiple
industries, functions, and organizational levels were included in the sampling frame to ensure the
generalizability of the results. We obtained a list of the top 100 manufacturers in South Korea and
contacted their supply chain partners through manufacturers. Samples included 2186 SMEs across
electronics (19.8%), automobile (15.9%), electronic components/computer (13.8%), construction (12.5%),
metal fabrication (10.3%), shipbuilding (9.1%), machinery (8.2%), furniture (5.2%), others (5.2%).
These SMEs all use modular design in their production process. Our target respondents consisted of
experienced manufacturing or supply chain management who deal with the manufacturing system
structure, supply chain, and customer on a regular basis. These managers represented certain
departments, namely manufacturing (46.1%), supply chain management (27.9%), R and D (13.8%),
and management (12.1%).

To avoid selection bias, we also compared our sample demographics with the sample frame to
ensure the representativeness of our respondents. We found that the sample industries were widely
distributed. The majority of respondents were highly experienced managers above the junior manager
level. Hence, our survey respondents reflect the target sample frame and population studied, which limits
the potential for selection bias [113]. Table 3 shows the respondents’ demographic characteristics.

Table 3. Demographic characteristics.

Frequency Percentage (%)

Size (No. of personnel employed)
Small-sized (<250 employees) 164 70.7%
Medium-sized (between 250 and 500 employees) 68 29.3%

Total 232 100%

Total annual sales (US Dollars in Millions)
<10 16 6.9%
10–49.9 97 41.8%
50–99.9 78 33.6%
100–150 41 17.7%

Total 232 100%

Industrial sector
Electronics 46 19.8%
Automobile 37 15.9%
Electronic components/computer 32 13.8%
Construction 29 12.5%
Metal fabrication 24 10.3%
Shipbuilding 21 9.1%
Machinery 19 8.2%
Furniture 12 5.2%
Others 12 5.2%

Total 232 100%

Respondent profile (Position)
Jr. Manager 42 18.1%
Sr. Manager 49 21.1%
Director 97 41.8%
Executive 44 19.0%

Total 232 100%
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The survey was pre-tested with 32 qualified respondents from the sample frame, using mail.
We conducted a principal factor analysis and reliability analysis with data from the pre-test,
which determined that the items were loaded correctly on their respective constructs and all measures
were reliable with Cronbach’s α values over 0.70. A total of 247 respondents were pre-qualified and
232 completed surveys were received (i.e., 15 surveys with missing values were eliminated), leaving an
effective response rate of 11.3%. Data from these 232 surveys were used in the subsequent analysis.

4.4. Scale Purification and Construct Validation

Scale purification was conducted using a reliability test and confirmatory factor analysis (CFA).
Cronbach’s α values were used to assess the scale reliability of each construct. The reliability of all
factors are reported in Table 2. The Cronbach’s α values of every item were greater than 0.7, which were
acceptable statistical results [114].

Through the CFA, those items that showed low item-to-scale total correlations and those that did
not load significantly on the appropriate construct were eliminated (Table 2). Convergent validity
was assessed by using the factor loadings of each measurement. All factor loadings were positive and
greater than 0.5, and the critical ratio for each loading was significant (p > 0.05), indicating convergent
validity [115]. The composite reliabilities and average variance extracted (AVE) values were calculated
by using the procedures of Fornell and Larcker [116]. The composite reliability values for all constructs
exceeded 0.7 and all AVE values exceeded 0.5, indicating significant convergent validity (Table 4).

Table 4. Convergent validity.

Construct Mean Std. Dev AVE * CR ** Range of Factor Loading

1. Visibility for sensing 4.49 1.336 0.738 0.894 0.822–0.896
2. Visibility for learning 4.29 1.428 0.881 0.949 0.868–0.896
3. Visibility for coordinating 4.66 1.507 0.763 0.927 0.804–0.921
4. Suppliers’ modular designs 4.92 1.287 0.716 0.910 0.828–0.875
5. Supply chain flexibility 4.52 1.439 0.881 0.939 0.702–0.874
6. Supply chain agility 4.64 1.409 0.716 0.909 0.799–0.901

* AVE: Average variance extracted, ** CR: Composite reliability.

We also assessed discriminant validity, which indicates the degree to which the measures of
different constructs are unique [117]. When measuring different constructs, correlations must be
low to sufficient discriminant validity, which occurs if items share common variance more with
their respective constructs than with other constructs [116]. In this study, discriminant validity was
supported because the AVE for each of the constructs was higher than the squared correlation between
that construct and each of the other constructs (Table 5).

Table 5. Discriminant validity.

Construct VFS VFL VFC SMD SCF SCA

1. Visibility for sensing 0.738
2. Visibility for learning 0.525 0.881
3. Visibility for coordinating 0.410 0.562 0.763
4. Suppliers’ modular designs 0.249 0.281 0.243 0.716
5. Supply chain flexibility 0.216 0.272 0.149 0.344 0.881
6. Supply chain agility 0.234 0.285 0.184 0.388 0.421 0.716

* All correlations are significant at the 0.001 level. ** AVE values are on the diagonal; squared correlations
are of-diagonal.

4.5. Common Method Assessment

The items used in this study were part of a large-scale questionnaire. Therefore, it is important
that respondents would have been able to deduce the objective of this study to force their answers to
be consistent. To minimize the effects of common method variance, I examined this issue by using
Harman’s single factor analysis. The examination of the un-rotated factor structure involving 26 items
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revealed distinct factors that paralleled ours, each with eigenvalues greater than one, which collectively
accounted for 66.7% of the variance explained. The results showed that no general factor was apparent,
with factor 1 accounting for only 18.4% of the variance, while the other factors accounted for an
additional 48.3%. The result reduces the concern about common method variance.

4.6. Results for Hypotheses Test

We used CFA (confirmatory factor analysis) and structural equation modelling (SEM) to test
our research model by using SPSS 18.0 and AMOS 18.0. We used a two-step approach to analyze
the data [115]. The final structural equation model with standardized regression weights, shown in
Figure 3, had the following fit values: CMIN/DF = 1.612, GFI = 0.918, IFI = 0.980, NFI = 0.949, CFI = 0.980,
RMSEA = 0.045.

Table 6 provides the results of path analysis for the theoretical links among supply chain visibility,
modular design, supply chain flexibility, and agility.

Table 6. Path analysis results.

Hypothesis Estimate Std. Estimate Std. Error Critical Ratio

H1 Visibility for sensing → Modular design 0.203 *** 0.232 *** 0.076 2.679
H2 Visibility for learning → Modular design 0.261 *** 0.295 *** 0.092 2.842
H3 Visibility for coordinating → Modular design 0.130 * 0.152 * 0.075 1.736
H4 Modular design → Supply chain flexibility 0.645 *** 0.653 *** 0.069 9.395
H5 Modular design → Supply chain agility 0.721 *** 0.645 *** 0.068 10.673

* Significant at 0.05, *** significant at 0.001.

According to the empirical results, all hypotheses were significantly supported. Hypothesis 1,
which addressed that visibility for sensing directly leads to suppliers’ modular designs, was accepted.
More specifically, the path coefficient was 0.232 (p < 0.001). This indicates that information sharing
with market and customers is positively and significantly associated with suppliers’ modular designs.
H2 indicates that visibility for learning leads to suppliers’ modular designs. These results suggest
that sharing of learning information with their buyer is positively and significantly associated with
suppliers’ modular designs (0.295, p < 0.001).

As posited in H3, the empirical results show that visibility for coordinating directly leads to
suppliers’ modular designs (0.152, p < 0.05), suggesting that information sharing of coordinating with
module buyer is positively and significantly associated with suppliers’ modular designs.

H4 (0.653, p < 0.001) and H5 (0.645, p < 0.001) are regarding the effects of modular design on supply
chain flexibility and agility. Many researchers suggest that modular design is the best way in which to
improve flexibility and agility in flexible manufacturing systems. It is so important for SMEs to obtain
flexibility and agility through modular design to cope with dynamic changes of business environments.
Figure 3 shows the SEM model, together with their path coefficients and significance levels.

Sustainability 2018, 10, x FOR PEER REVIEW  15 of 23 

general factor was apparent, with factor 1 accounting for only 18.4% of the variance, while the other 
factors accounted for an additional 48.3%. The result reduces the concern about common method 
variance. 

4.6. Results for Hypotheses Test 

We used CFA (confirmatory factor analysis) and structural equation modelling (SEM) to test 
our research model by using SPSS 18.0 and AMOS 18.0. We used a two-step approach to analyze 
the data [115]. The final structural equation model with standardized regression weights, shown in 
Figure 3, had the following fit values: CMIN/DF = 1.612, GFI = 0.918, IFI = 0.980, NFI = 0.949, CFI = 
0.980, RMSEA = 0.045. 

Table 6 provides the results of path analysis for the theoretical links among supply chain 
visibility, modular design, supply chain flexibility, and agility. 

Table 6. Path analysis results. 

 Hypothesis Estimate Std. Estimate Std. 
Error 

Critical 
Ratio 

H1 Visibility for sensing → Modular design 0.203 *** 0.232 *** 0.076 2.679 
H2 Visibility for learning → Modular design 0.261 *** 0.295 *** 0.092 2.842 
H3 Visibility for coordinating → Modular design 0.130 * 0.152 * 0.075 1.736 
H4 Modular design → Supply chain flexibility 0.645 *** 0.653 *** 0.069 9.395 
H5 Modular design → Supply chain agility 0.721 *** 0.645 *** 0.068 10.673 

* Significant at 0.05, *** significant at 0.001. 

According to the empirical results, all hypotheses were significantly supported. Hypothesis 1, 
which addressed that visibility for sensing directly leads to suppliers’ modular designs, was 
accepted. More specifically, the path coefficient was 0.232 (p < 0.001). This indicates that information 
sharing with market and customers is positively and significantly associated with suppliers’ 
modular designs. H2 indicates that visibility for learning leads to suppliers’ modular designs. These 
results suggest that sharing of learning information with their buyer is positively and significantly 
associated with suppliers’ modular designs (0.295, p < 0.001).  

As posited in H3, the empirical results show that visibility for coordinating directly leads to 
suppliers’ modular designs (0.152, p < 0.05), suggesting that information sharing of coordinating 
with module buyer is positively and significantly associated with suppliers’ modular designs.  

H4 (0.653, p < 0.001) and H5 (0.645, p < 0.001) are regarding the effects of modular design on 
supply chain flexibility and agility. Many researchers suggest that modular design is the best way 
in which to improve flexibility and agility in flexible manufacturing systems. It is so important for 
SMEs to obtain flexibility and agility through modular design to cope with dynamic changes of 
business environments. Figure 3 shows the SEM model, together with their path coefficients and 
significance levels. 

 
Figure 3. Path analysis results. * Significant at 0.05, ** significant at 0.01, ***significant at 0.001. 

Figure 3. Path analysis results. * Significant at 0.05, ** significant at 0.01, *** significant at 0.001.



Sustainability 2018, 10, 572 16 of 23

5. Discussion and Conclusions

The SEM results verify the relationship hierarchy of the research model, illustrating that supply
chain visibility leads to achieving supply chain flexibility and agility (i.e., the dynamic capability
for sustainability) through increased suppliers’ modular designs (i.e., the manufacturing method for
sustainability). The results support the notion that supply chain visibility is an important antecedent to
suppliers’ modular designs. This means that information sharing with module buyers is significant to
suppliers’ modular designs from the perspective of SMEs as module suppliers. In addition, suppliers’
modular designs influence both supply chain flexibility and agility. Thus, supply chain visibility
improves suppliers’ modular designs, and supports obtaining supply chain flexibility and agility as
supply chain performance for sustainability.

In this study, supply chain visibility is considered to manage uncertainty for sustainability. It is
important to collaborate with the different agents of the supply chain to meet customer uncertainty [24].
To manage uncertainty and dynamism in the business environment, firms seek extensive, superior quality
information [82]. Both practitioners and academics should consider information sharing through supply
chain visibility as a way in which to reduce uncertainties and risks [25]. Supply chain visibility consists of
visibility for sensing, visibility for learning, and visibility for coordinating in terms of information sharing.
It includes sensing opportunities, seizing opportunities, and maintaining competitiveness. Supply chain
visibility is a key capability to implement sustainability [118]. If they can rapidly sense market or customer
changes, firms can create and advance their modular designs as a flexible strategy. Hence, they can
flexibly cope with change in their external environments. Oksuysen and Eisenhardt [96] show the process
through learning facilitating the manufacturing process. Firms are able to create new knowledge by
sharing existing knowledge. In this learning process, knowledge-sharing enhances firms’ abilities
to develop and improve their modular design as sustainable development. Outsourcing of modules
allows assigning roles to the module buyer and supplier. Module buyers establish the line-up plan of
the product and focus on the development of the assembly process, while module suppliers design
and produce modules to meet the module buyer’s needs. Under a cooperation type strategy, it is thus
possible to focus on individualized roles. In this process, visibility for coordinating enforces their
modular design from the module supplier’s perspective in SMEs’ sustainability.

We suggest that modular design is able to enforce supply chain flexibility and agility in this study.
Many researchers show the benefits of modular design for sustainable design according to the three
main steps of the life cycle, such as production, use and disposal [10]. Modula design is suitable for
sustainable development. There are various benefits of modular design for sustainable design in terms
of the life cycle. It is possible to gain agility, reactivity, and flexibility [10]. Modular design is known as
a common method to reduce the product’s life cycle cost [50]. Modular design can play a significant
role in the life cycle of a product in terms of ease of upgrade, maintenance, and improved efficiency [51].
Additionally, it is possible for firms to cope with the rapidly-changing dynamic environment and
technical complexity of their sustainability. Modular designs in the supply chain are competencies
that form the basis of the value-creating strategy [108]. Therefore, it is necessary to consider modular
design in sustainable supply chain design.

This study shows that supply chain flexibility and agility are multi-item constructs used
to represent internal capability about operating level responsiveness in variability and external
capability about the inter-firm levels of responsiveness in speed. These dynamic capabilities are able
to lead to competitive advantages from the perspective sustainability. Internal capability includes
ability to change the quantities of customers’ orders, delivery time of orders, and product volume.
Additionally, external capability includes the ability to reduce the product development cycle time
and manufacturing lead time, reduce the response time to changing needs, and to improve delivery
reliability. Today, it is becoming more sustainable to create flexibility in exploiting and controlling
resources in the choice of alternative strategic actions [74]. Obtaining flexibility on various sides
needs to be present in product development, manufacturing, and supply chain activities to increase
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responsiveness for sustainability performance [77]. Thereby, it is so important to obtain supply chain
flexibility and agility in order to achieve sustainability performance.

In a rapidly changing competitive environment, managers find ways in which to reinvent
value and reinforce capabilities for sustainability. Every firm is trying to search and enforce strategic
capabilities to reduce risk by managing uncertainty and to cope with dynamic changes in the business
environment [24]. For production strategies from the perspective of SMEs as module suppliers, we suggest
a framework of organizational capabilities and operation issues with sustainability. Supply chain visibility
can allow firms to reconfigure their supply chains and strategic value. In particular, when module
components are outsourced to their suppliers, it is essential to obtain supply chain visibility between
module buyer and supplier. Supply chain visibility is a key capability to implement sustainability in
terms of connectivity and information sharing [33]. We focus on the strategic sustainability of SMEs
and empirically show these relationships among supply chain visibility, modular design, supply chain
flexibility, and agility from the perspective of module suppliers’ sustainability.

The important contributions of this study are as follows. Firstly, it suggests relationships among
supply chain visibilities and modular design for supply chain flexibility and agility as dynamic
capabilities in sustainable performance. We also verify the effects of supply chain visibility on suppliers’
modular designs, supply chain flexibility, and agility from the perspective of the module supplier.
It is important to understand how firms can achieve a flexible manufacturing system to enforce a
continuous competitiveness for survival and sustainability. In this context, this study theoretically and
empirically identifies three organizational capabilities (visibility for sensing, visibility for learning,
and visibility for coordinating) that affect modular design, supply chain flexibility, and agility from the
dynamic capability view.

Secondly, we suggest that supply chain visibility will directly lead firms to implement modular
design in sustainable development. We find that it is significant to obtaining supply chain visibility and
it enables firms to modularize through information sharing of sensing, learning, and coordinating with
module buyers. Dubey et al. [118] investigate the impact of bundling resources to build supply chain
visibility and its influences on supply chain sustainability performance. Practically, managers should
consider including their upstream suppliers and downstream customers when designing supply chain
structures and objectives, particularly because they are related to modular design. A firm’s capabilities
and information sharing may impact supply chain sustainability [119]. This would allow firms to
reinforce their capabilities and implement modular designs in module suppliers for sustainability.

Thirdly, we suggest the importance of supply chain visibility, not for module buyers, but for
module suppliers, by switching the view in terms of SMEs’ sustainability. While some researchers
suggest that product structure coordinates supply chain interaction as a strategy and that modular
design loosely coupled and decentralized the supply chain structure [120], others state that supply
chain integration influences modular design and performance [121] from the perspective of the module
buyer. However, from this perspective of module suppliers as SMEs, information sharing through
supply chain visibility enhances and improves their modular design for supply chain flexibility
and agility for sustainability. Upstreaming supply chain visibility is, in terms of connectivity and
information sharing, a key capability to implement sustainability [118]. Although many studies
examine modular designs from a module buyer’s perspective, there are few insights from module
suppliers’ perspective as SMEs. As outsourcing of modules has been growing recently, it is necessary
to cultivate a system of specialization and cooperation between module buyers and suppliers through
information sharing. Such a system would enable them to concentrate on their core competencies.
Module buyers are not limited to the development of existing modules and can concentrate on new
technological R and D. Furthermore, module suppliers can focus on creating advanced modules
by suggesting directions for module development to module buyers in order to accelerate modular
designs for flexibility and agility. In particular, module suppliers must obtain supply chain visibility to
reinforce sustainable competitive advantages. This shows that the relationships enable having small
production runs with multiple product varieties which match individual needs. It seeks to promote
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collaboration in place of specialization such that SMEs will lead to sustainability in manufacturing and
effectively competing in the market.

Finally, this study shows that suppliers’ modular designs directly affect their flexibility and
agility, which is consistent with the findings presented in the literature. Ma and Kremer [12] find that
modular design has a positive impact on sustainability with analysis of a literature review. Given the
demand to reduce uncertainty in the business environment, modular designs are effective methods for
obtaining flexibility and agility for sustainability. Additionally, modular design is a key concept in
sustainable manufacturing processes, ensuring agility, reactivity, and flexibility [10]. When integrating
sustainability in studies, all dimensions of sustainability would guide modular design, including not
only economic views but also environmental and social aspects [12]. They can allow a firm to cope
with unpredictable customer needs and to reduce uncertainty, thereby leading to cost reductions as
well as higher operational efficiency and customer service in terms of sustainability.

From a practical perspective, this study provides insights into how managers should create
strategic sustainable value from supply chain visibility from a module supplier’s perspective.
Module buyers must also obtain supply chain visibility by enforcing their core competencies.
Managers should also share information on their market and customers with supply chain partners to
better understand customer expectations. Indeed, they should aim to create a joint decision-making
process for modules with their partners. In addition, managers should be flexible and adaptable
to cope with changeable environments. Many firms focus on improving information coordination,
but this is only one part of the overall supply chain visibility. Managers should quickly respond to
and flexibly cope with changes in market uncertainties. Flexibility and agility are able to achieve
sustainability performance, because it is possible of strategic flexibility and agility to build, integrate,
and reconfigure operational capabilities [78]. For managers that intend to outsource modules,
our findings suggest that they should develop the flexibility and agility to challenge dynamic markets
for sustainability by deploying modularity-enhancing resources through closer cooperation with their
supply chain partners.

6. Limitations and Future Research

This study is subject to several limitations that should be addressed in future research. Firstly,
we used data from respondents, each of whom provided information on all measures. This may cause
common method bias, although we selected respondents who were pre-qualified and had experience
with related tasks. Future research should thus incorporate data from multiple respondents on each
measure to validate levels in our findings. Secondly, this study investigated only one dimension
of modular design and flexibility. Modularity and flexibility have various levels and dimensions.
The results could change according to the degree and dimension of modularity and flexibility. In future
research, I hope to study the ways in which the degree of modularity influences different types of
flexibility and agility or firm performances.
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