ECOMNZTOR

Make Your Publications Visible.

A Service of

ﬂ I I I Leibniz-Informationszentrum
° Wirtschaft
o B Leibniz Information Centre
h for Economics

Mertens, Kai G.; Rennpferdt, Christoph; Greve, Erik; Krause, Dieter; Meyer,

Matthias

Article — Published Version

Reviewing the intellectual structure of product
modularization: Toward a common view and future

research agenda

Journal of Product Innovation Management

Provided in Cooperation with:
John Wiley & Sons

Suggested Citation: Mertens, Kai G.; Rennpferdt, Christoph; Greve, Erik; Krause, Dieter; Meyer,
Matthias (2022) : Reviewing the intellectual structure of product modularization: Toward a
common view and future research agenda, Journal of Product Innovation Management, ISSN
1540-5885, Wiley, Hoboken, NJ, Vol. 40, Iss. 1, pp. 86-119,

https://doi.org/10.1111/jpim.12642

This Version is available at:
https://hdl.handle.net/10419/287794

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dirfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie durfen die Dokumente nicht fur 6ffentliche oder kommerzielle
Zwecke vervielfaltigen, 6ffentlich ausstellen, éffentlich zuganglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfigung gestellt haben sollten,

gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewahrten Nutzungsrechte.

http://creativecommons.org/licenses/by/4.0/
WWW.ECOMSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your
personal and scholarly purposes.

You are not to copy documents for public or commercial
purposes, to exhibit the documents publicly, to make them
publicly available on the internet, or to distribute or otherwise
use the documents in public.

If the documents have been made available under an Open
Content Licence (especially Creative Commons Licences), you
may exercise further usage rights as specified in the indicated
licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1111/jpim.12642%0A
https://hdl.handle.net/10419/287794
http://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

Received: 29 October 2020 Revised: 7 March 2022 Accepted: 6 May 2022

DOI: 10.1111/jpim.12642

JOURNAL OF PRODUCT . gimg

ORIGINAL ARTICLE INNOVATION MANAGEMENT =~ ==

Reviewing the intellectual structure of product
modularization: Toward a common view and future
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1 | INTRODUCTION

Product modularization in new product development
(NPD) is often recommended to achieve product variety at
reasonable costs. It decomposes products and rearranges
them into redesigned components, modules, or platforms,
ideally while reducing interdependencies between them.
This results in modular product architectures (Ulrich, 1995)
with more sharable and often larger assets (Baldwin &
Clark, 2000), allowing firms to supply a wider variety of
products and services to customers while managing com-
plexity. Because product modularization promises economic
benefits (e.g., Fixson, 2005), strategic flexibility (Sanchez &
Mahoney, 1996), and innovation (e.g., Ethiraj &
Levinthal, 2004; Langlois, 2002; Schilling, 2000), it receives
a great deal of attention in practice and research and it is
addressed in various management and engineering disci-
plines (Cabigiosu & Camuffo, 2016; Fisher et al., 1999;
Fixson, 2007; Gawer, 2014; Mikkola, 2007).1 Still, the result-
ing proliferation of publications makes it difficult to grasp
the field's intellectual structure (Torraco, 2005), which may
have exacerbated the fragmentation of research (e.g., Van
der Have & Rubalcaba, 2016).

Fragmentation can jeopardize the development of a
research field. Without conceptual clarity and shared
concepts, it is harder for researchers to attain significant
novelties and generalizations (Raasch et al, 2013;
Torraco, 2005; Tranfield et al., 2003). Similarly, scholars
face higher transaction costs when searching for others'
contributions in complex fields, prompting them to stay
in their own narrow fields (Birnbaum, 1981). This gives
researchers narrower cognitive frames, as they tend to
maintain a single perspective while neglecting others
(Martin et al., 2012). For example, new research projects
may easily neglect the discipline-crossing outcomes of
product modularization that require more than one per-
spective. Thus, they overlook possible synergies and
thereby hamper research efficacy. Likewise, without a
global view of the knowledge generated by distinct per-
spectives, practitioners, and other stakeholders underesti-
mate the scope of the field. This may repress the field's
theoretical development and the effective application of
modularization strategies and projects.

Some narrative reviews already facilitate a better orga-
nized and more inclusive discourse (e.g., Campagnolo &
Camuffo, 2010; Jiao et al., 2007; Ravasi & Stigliani, 2012).
However, they do not sufficiently address the various

1Using the SCOPUS database, we identified 9229 publications with the
search syntax “modular®” AND “product$” in the subject areas of
management (3019) and engineering (8021). Publications can be
assigned to both subject areas. Later, we provide a more detailed
analysis on the multidisciplinary nature of the field and use a more
refined search syntax.

NNOVATION MANAGEMENT

Practitioner points

« Firms may not only capture the benefits from
product modularization in terms of cost advan-
tages and flexibility, but also potential positive
outcomes are increasing sustainability,
improved digitalization, new paths for innova-
tion, and better collaboration.

« The scope of product modularization moves
beyond product architecture in its design
implications,  potentially = encompassing—
among others—services, digital technologies,
production, organization, supply chains, and
industries. This is denoted by the emerging
concept of system architecture.

« The migration toward system thinking in prod-
uct modularization requires interdisciplinary
skills for design professionals, helping them to
cross-functional and disciplinary boundaries
when applying product modularization.

« Innovation professionals should not see prod-
uct modularization as a threat to innovation
but also as a potential enabler, for example, for
digital and green innovations.

knowledge bases and their cross-disciplinary relationships,
which we term “research perspectives.” Only a few studies
permeate disciplinary borders, suggesting different units of
analysis such as products, production, and organization
(e.g., Campagnolo & Camuffo, 2010; Frandsen, 2017).
Likewise, Fixson (2007) disentangled the topics of product,
process, organization, and innovation. Although these
studies aim for a broader view, they are more narrative in
nature, rely on fewer disciplines, and are likely associated
with small samples (Chen et al., 2019). In sum, they are
unlikely to provide a global view of the field's intellectual
structure.

This study, therefore, aims to review the intellectual
structure of product modularization from a multidisci-
plinary perspective and move toward a common view. It
forges links between neighboring disciplines and recom-
mends avenues for further research. We complement ear-
lier narrative reviews with a comprehensive, empirical
analysis of perspectives, outline their inherent structure,
and create a more coherent understanding of the field's
central concepts.

To this end, we conduct a bibliometric analysis of
2988 publications covering the period 1990-2020 and dis-
entangle product modularization into distinct research
perspectives. Delimiting the data set into four periods, we
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can track key developments in the field over time. Biblio-
metric analyses are fruitful because they sample across
disciplines and depict knowledge exchanges through cita-
tions, complementing narrative reviews. Thereby, we
provide a transparent, integrative review that investigates
the field with reference to publications, journals, research
perspectives, disciplines, research foci, and key concepts
for knowledge integration.

We use co-citation analysis, which generates a net-
work of cited publications, representing the intellectual
structure of a field through separable clusters, which we
leverage as research perspectives. The clusters capture
influential publications and allow us to characterize the
inherent perspectives of product modularization, while
unpacking them by delineating disciplines and unravel-
ing research foci and key concepts. We believe this study
provides a comprehensive picture of the field and clarifies
some of the current ambiguity, enabling product modu-
larization to progress from fragmentation toward a
common view.

Our contribution is threefold. First, we contribute to a
common perspective by synthesizing the intellectual struc-
ture of the entire field. This provides a stylized organizing
framework consisting of three distinct perspectives—
product, production, and organization—complemented by
a selection of fundamental publications. Although there
are many reviews of product modularization (Bonvoisin
et al., 2016; Campagnolo & Camuffo, 2010; Fixson, 2007;
Frandsen, 2017; Simpson, 2004), none empirically orga-
nizes and integrates knowledge from various disciplines
and perspectives. We hope our study will save knowledge-
gathering effort for future scholars and foster knowledge
integration toward a common perspective on product
modularization.

Second, by mobilizing data on the dynamics of the
field, we summarize its evolution in terms of three previ-
ously undocumented developments. (1) We show how the
field gradually differentiated into more clearly defined per-
spectives. Nevertheless, this maturation has been accompa-
nied by a disintegration of the product system perspective
and the related discipline of engineering design. (2) We
find that the scope of product modularization has
expanded and an emerging center of gravity of fundamen-
tal publications has emerged. To our knowledge, this is the
first empirical evidence of such a development. In particu-
lar, the concept of system architectures has grown in pres-
ence, and could become an umbrella for the entire field.
(3) We also complement previous research (Bonvoisin
et al., 2016; Campagnolo & Camuffo, 2010; Fixson, 2007;
Frandsen, 2017; Simpson, 2004) by emphasizing recent
developments. In the two most recent periods, we docu-
ment a substantial change in publications in the estab-
lished research perspectives of product, production, and

organizational systems, which indicates an active discus-
sion and a potential receptivity to new trends such as sus-
tainability, collaboration, and digitalization.

Third, we respond to the Journal of Product Innovation
Management's (JPIM) call to unravel the linkages and gaps
between neighboring disciplines (Sarin et al., 2018) and
highlight the knowledge of the engineering design disci-
pline. For instance, we point to discussions on specific
modularity measures and modularization techniques,
which can benefit business disciplines. In turn, engineering
design can benefit from the organizational view, which
focuses on innovation processes, knowledge, and teams. In
conclusion, our integrative review of product modulariza-
tion facilitates knowledge exchange and integration toward
the development of shared concepts (Rousseau et al., 2019;
Shaw et al., 2018) and suggests future research avenues.

2 | THEORETICAL FRAMEWORK
Product modularization is seen as a promising NPD strat-
egy (Meyer & Lehnerd, 1997) because it changes the
design of firms' products and services toward more mod-
ularity and promises various advantages. The resulting
modular product architectures are known to offer more
flexibility, short NPD durations, and higher quality while
still satisfying customers' requirements at a reasonable
cost (Jacobs et al., 2007; Jacobs et al., 2011; Krishnan &
Ulrich, 2001; Lau et al., 2007). However, there is still no
self-evident understanding of product modularization.
For the purposes of this study, we rely on Parnas (1972),
who describes modularization as a set of design decisions
to decompose systems into modules. To attain modularity
as a design principle, these modules must be loosely
coupled, independent, and equipped with accessible
interfaces (Baldwin & Clark, 2000; Salvador, 2007).
Accordingly, product modularization is the process of
decomposing a product system into modules.

2.1 | Components, modules, and
platforms

Product modularization results in modules—a term that
is used differently across disciplines. Earlier studies
mainly discussed modules in the context of modular soft-
ware development (Sanchez & Mahoney, 1996) or consid-
ered them as a subform of platforms (Baldwin &
Clark, 2000). Some recent studies forego the term “mod-
ule” and focus exclusively on components or platforms
(Colfer & Baldwin, 2016; Furlan et al., 2014). Compo-
nents are seen as the most granular units and are consid-
ered as not being limited to physical elements
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FIGURE 1 Product modularization.

(Baldwin & Clark, 2000; Kota et al., 2000). They form a
primitive unit in the field (Collier, 1981; Gerchak
et al., 1988), as they are used to define modules and plat-
forms in design considerations. Because modules as well
as platforms are considered as consisting of a certain
number of components, they are often understood in sim-
ilar ways (Gawer, 2014; Muffatto, 1999). For instance,
Robertson and Ulrich (1998, p. 2) see a platform as a “col-
lection of assets [i.e., components] that are shared by a set
of products,” while Meyer and Lehnerd (1997, p. 8)
describe it as “a set of common components, modules, or
parts.” Salvador (2007, p. 223) defines a module as a “kit
of components,” similar to Jiao et al. (2007, p. 9), who
relate a module to “a physical or conceptual grouping of
components that share some characteristics.” Overall,
these descriptions indicate how platforms and modules
are conceived similarly in the literature, in the sense that
they group components into larger assets and do not have
a sharp mark.”

2.2 | The process of product
modularization

Figure 1 depicts the process of product modularization
and subdivides it into the three steps of decomposition,
analysis, and rearrangement (e.g., Otto et al., 2016).

“Indeed, research accentuates other characteristics of platforms and
modules. For example, a platform comes with greater stability in terms
of well-designed interfaces, to be used for longer periods across product
families, product generations, and specific industries (Gawer, 2014;
Magnusson & Pasche, 2014). A module is seen as a critical unit that
increases combinability over product families, to enhance the
advantages of modularity.

During decomposition (1), a product's hierarchy is
decomposed into its components to a certain level. Here,
organizations need extensive knowledge of products'
components and interdependencies.® This requires a
major investment of effort that compels stakeholders to
discover and explicate existing product architectures
(Cabigiosu et al, 2013; Ulrich & Eppinger, 2012).
Ulrich (1995, p. 419) defines product architecture as “the
scheme by which the function of a product is allocated to
physical components,” in which the first step decomposes
those components.

As a second step, the firms carry out an extensive
analysis (2), using components to generate alternative
concepts for modular product architectures (Mertens
et al., 2021). Starting from the given interdependencies
between components, concept generation involves rear-
ranging the existing product architecture by integrating
redesigned components, modules, platforms, standard-
ized interfaces, and independent functionalities. Each
product concept has different advantages in terms of flex-
ibility, life cycle effects, strategic relevance, and economic
consequences, among others. Hence, NPD managers
select the most suitable concept in accordance with their
aims (Cooper, 2019; Markham, 2013). Finally, the exist-
ing product architecture is duly rearranged (3) to ensure
greater modularity through multiple design decisions at
the component level. Product modularizations usually
shape entire product systems, therefore, their main out-
comes are modular product architectures (Mikkola &
Gassmann, 2003; Ulrich, 1995), as illustrated with one
product in Figure 1.

*This study uses “interdependencies” interchangeably for mappings,
couplings, and dependencies between units.
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The chosen modular product architecture typically
affects the architecture of other systems such as the orga-
nizational system (Garud & Kumaraswamy, 1995;
Sanchez & Mahoney, 1996) and the production system,
with the latter encompassing the supply chain
(Fixson, 2005) and manufacturing (Salvador et al., 2002).
These wide-ranging, interdependent effects help explain
the broader interest in product modularization as well as
the fragmentation of research in this field. Nevertheless,
this may as well lead to disciplinary tensions, for exam-
ple, concerning the understanding, the conceptualization,
the measurement, and/or the scope of modularity
(Campagnolo & Camuffo, 2010; Fixson, 2007). We there-
fore believe that revisiting, structuring, and integrating
the existing literature can help fields to develop, and pro-
vide valuable insights for researchers as well as firms
(Shaw et al., 2018; Torraco, 2005).

3 | METHOD

3.1 | Research approach

Our aim is to identify the intellectual structure and corre-
sponding knowledge bases in the field of product modu-
larization. We decided on a bibliometric analysis to
create a global overview of the extant literature by identi-
fying focal research perspectives. Such methods have the
advantage of drawing an intellectual map of a field that is
not limited to a single focal discipline (Chen et al., 2019;
Hopp et al., 2018). In fact, a bibliometric analysis suits
the aim of an integrative review, as it complements exist-
ing, more specific reviews (e.g., Bonvoisin et al., 2016;
Campagnolo & Camuffo, 2010; Jiao et al, 2007;
Simpson, 2004; Simpson et al., 2001) with a global view.
Thereby, we can identify important publications, corre-
sponding perspectives, and developments in the field of
product modularization.

Over the years, researchers' choice of units and proce-
dures for bibliometric analysis has continuously evolved
(Gmiir, 2003; Small & Sweeney, 1985; Van Eck &
Waltman, 2009). Bibliometric analyses need to decide on a
“unit of analysis” (i.e., publications, patents, authors, or
journals), a network mapping procedure (i.e., bibliographic
coupling or co-citation analysis), and a method to identify
clusters, such as the Newman or modularity algorithm
(Newman, 2006; Newman & Girvan, 2004). For instance,
studies focusing on collaboration analyze co-citations
among authors (Raasch et al., 2013), while publications
reveal underlying similarities in scientific discussions
(Meyer et al., 2011). While both bibliographic coupling and
co-citation analysis uncover intellectual structures, biblio-
graphic coupling unravels the links between the citing

publications, and a co-citation analysis those between cited
publications. While bibliographic coupling is predicated on
the assumption that two publications with a larger share of
commonly cited publications are more similar, co-citation
analysis exploits the possibility that if two publications are
often cited together in the same document, citing
researchers perceive them as being related. Both methods
are considered to reflect the collective judgment of a
research community in terms of similarity, and both can
identify the intellectual structure of a field equally well
(Boyack & Klavans, 2010; Yan & Ding, 2012). As we want
to consider the knowledge bases of the field of product
modularity in terms of the seminal literature, we employ
co-citation analysis to identify research perspectives based
on cited publications.

3.2 | Data collection

To derive the co-citation networks of related publications,
we followed the steps described in Figure 2. First, we
defined a search syntax to gather publications that cover
product modularization: (modular* OR commonal* OR
product-platform*) AND (product$). This syntax balances
the trade-off between specificity and the broad scope of
the field. It also encompasses the terms “modularization,”
“modularity,” “modular,” and “commonality.” Because
our author team is multidisciplinary, we discussed our
syntax to ensure its face validity and completeness from
the perspectives of management and engineering disci-
plines. For example, we changed “platform” to “product-
platform*” to narrow the relative weights of unwanted
categories such as chemical or electrical engineering (see
Appendix S1). Furthermore, we added “product$”
because it helps us to sharpen our focus on the NPD
theme, while also partially excluding the disciplines of
biology, chemistry, and physics in nonrelevant multi-
and interdisciplinary categories.*

In the second step, we extracted the data set from the
Web of Science (WoS) database. We used WoS because of
its relatively high quality (Martin-Martin et al., 2018). We
set the overall time horizon between 1990 and 2020. We
chose this timeline because the scientific discussion on
modularization took off after 1990° and several

“We considered adding “NPD” to our syntax, but it would weaken the
focus, as general NPD literature superimposes product modularization
by increasing the data set to 6720 publications. Using “NPD” as an
alternative term for “product$” yields 3209 publications but did not
substantially change the resulting networks and clusters. The final data
set does not exclude 183 proceedings covered by WoS, as they are
considered very relevant in engineering and computer science.
Excluding them did not result in substantial differences.

*For the period 1945-1989 we found only 56 additional publications.
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Defining a search syntax based on the key phrase “product modularization” and its outcomes to
I collect data with bibliographic information in the field of product modularization

|

Data
collection

I Extracting 2,988 publications of the WoS database while bounding field-related categories, a time
period of 1990-2020, and quality checks

!

E I Using publications’ cited references to derive a normalized co-citation matrix by using the
E E association strength (for the entire data set and four periods)
=
£ <
g = l
S
b v Using the co-citation matrix with certain thresholds to create accessible co-citation networks in
= which proximity refers to similarity of cited references
2 Evaluating the co-citation networks by network and cluster analyses covering key journals,
E S disciplinary composition, key publications, and text-mining
«<
5V ! l
4 I
£
z 5 Overall co-citation network to characterize the Dynamics of co-citation networks to identify
e

intellectual structure by research perspectives

and discuss key developments in the field

FIGURE 2

influential articles were published in that year, including
Henderson and Clark (1990), Clark and Fujimoto (1990),
Kekre and Srinivasan (1990). Because we analyze refer-
ences, earlier cited publications, such as Simon (1962),
could however still appear in the network.

Next, we checked the data set for nonrelevant disci-
plines and typographical errors. We deselected natural sci-
ence categories based on Ronda-Pupo and Katz (2017) and
corrected inconsistencies such as variations in authors'
names.® Overall, the resulting data set comprises 2988 cit-
ing publications, with 84,164 unique cited publications.

3.3 | Co-citation network creation

As a third step, we derived a co-citation matrix—an adja-
cency matrix listing the number of co-citations between
cited publications. We counted each publication co-cited in
one citing publication as one co-citation. The more co-cita-
tions, the higher the co-citation strength. Next, we normal-
ized the matrix using association strength (Van Eck &
Waltman, 2009) to offset the similarity-distorting effect of

SWe provide a list of the corrections made upon request. We also
checked for books published in several editions and created unique
references. For example, the book by Ulrich and Eppinger has several
editions, and we consistently refer to the authors as Ulrich and
Eppinger (2012).

Research design with data collection, co-citation network creation, and network and cluster analyses.

highly cited references (Gmiir, 2003). The normalized
matrix could then be used to create a co-citation network
reflecting the perceived similarity between cited references.

In the fourth step, we used the normalized matrix and
applied the VOS layout approach to visualize the co-citation
network (Van Eck & Waltman, 2010). VOS places similar
references closer together in the network, providing an intu-
itive graphic interpretation of publications' similarities. We
followed prior studies’ recommendations and carefully set
the minimum thresholds for citations and co-citation links
(Meyer et al., 2011; Raasch et al., 2013) to exclude less influ-
ential publications (Randhawa et al., 2016; Van der Have &
Rubalcaba, 2016) and ensure clarity and comparability. We
present publications with >45 citations and >10 co-cita-
tions; when we later split the data set into four shorter
periods, we use the thresholds of >17 citations and >10 co-
citations (for a similar approach, see Randhawa et al., 2016;
Van der Have & Rubalcaba, 2016). These thresholds
allowed us to focus on noncoincidental relationships, aim-
ing to create robust linkages that depict the intellectual
structure of the field. To further ensure the robustness of
the co-citation network's structure, we varied the thresh-
olds, aiming at an appropriate balance of the number of
publications and co-citation linkages without overlooking
clusters of relevant publications (Ehls et al., 2020).”

"We provide robustness tests to substantiate our choice of 45 as a
threshold. Please consult the Appendix S1 for more information.
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3.4 | Network and cluster analyses

In the fifth step, we analyzed the networks in terms of key
publications and clusters. A cluster represents a group of
publications that are more densely linked to each other,
while being sparsely linked with other clusters (Emmons
et al., 2016). To determine clusters, we applied the smart
local moving algorithm of the VOS viewer program (Van
Eck & Waltman, 2017), which is frequently used
(e.g., Cash-Gibson et al., 2018) and recommended in scien-
tometric studies (Cobo et al., 2011; Van Eck &
Waltman, 2009; Waltman & van Eck, 2013).® By applying
the algorithm, we could identify clusters of cited publica-
tions that were more densely connected, representing focal
perspectives in the broader context of the network.” To
identify underlying disciplines in clusters, we referred to
the journal-discipline categorization of Sarin et al. (2018)
(Technology and Innovation Management = TIM, Manage-
ment = MGT, Operations Management = OM, and Orga-
nization Science = ORG) and extended it with the
discipline of Engineering Design (“ED”).'° The categoriza-
tion provides a one-to-one mapping from journals to disci-
plines."' Identifying key publications of clusters by their

8In their comparative analysis of clustering algorithms, Emmons et al.
(2016) identify the smart local moving algorithm as the best-performing
one overall. We also considered the newly developed Leiden algorithm.
However, as confirmed in correspondence with Udo Waltman, one of
its developers, this algorithm only offers an advantage in exceptionally
large networks.

From this point on, we use the term “publication” to denote “cited
publications” or “references.”

“The categorization of journals to disciplines is presented in the
Appendix S1.

"1ike Gawer (2014), we designate engineering publications involving
industrial and mechanical engineering as the discipline of engineering
design.

centrality and their number of citations helps to substanti-
ate their focus. In addition, we delved into the key under-
lying themes of each cluster by identifying five words used
most frequently and used uniquely in its publications
through text mining, which counts the word stems of
meaningful words (Randhawa et al., 2016). Frequently
occurring word stems can be used as indicators to differen-
tiate key concepts.

4 | RESEARCH PERSPECTIVES OF
PRODUCT MODULARIZATION
4.1 | Descriptive results
Figure 3 shows the development of the number of cit-
ing publications in the field of product modularization
from 1990 to 2020. Overall, we observed an increase in
citing publications per year over time. To analyze the
development of the field, we created four periods. Con-
ducting citation and co-citation analyses over time
requires roughly comparable periods in terms of citing
publications and the number of publications per
paper. Generally, the number of citing publications
specifies the maximum number of citations that a pub-
lication can receive in a data set. With each additional
citing publication, the chance of a given publication
being cited increases. In addition, a greater number of
publications in a citing publication (i.e., a longer refer-
ence list) increases the chance of other publications
being cited in the same document, which affects
co-citations. Both these factors affect co-citation
networks.

Table 1 presents descriptive statistics that substantiate
our choice of periods, each with an approximate
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TABLE 1 Descriptive statistics over the four chosen periods
Periods 1990-2006
Citing publications 742
[%] 24.82%
Publications 15,133
Average number of references per citing publication 20.39
Publications >45 citations —
Publications >17 citations 34

NNOVATION MANAGEMENT

2007-2012 2013-2017 2018-2020 Overall
715 837 694 2988
23.92% 28.00% 23.25% 100%
21,018 29,949 30,294 84,164
29.40 35.78 43.59 28.16
— — — 112

95 100 59 =

Note: The table also reports descriptive statistics about publications used in the co-citation networks. For instance, there are 112 publications with >45 citations

in the overall co-citation network.

proportion of citing publications.'* This choice balances
several aspects described above. First, it splits the periods
into a comparable number of citing publications, with
split points only set to whole years (e.g., Meyer
et al., 2011). Second, ideally, differences in the number of
citing publications can be balanced somewhat by differ-
ences in the number of references per citing publication.
For instance, the 2018-2020 period has the fewest citing
publications compared with the other periods but has the
highest average number of references per publication.
Table 1 further reports the number of publications above
the 45 and 17 minimum citation thresholds, which is rel-
evant for the overall co-citation network and the net-
works of the periods. As in comparable studies (Meyer
et al., 2011), most publications are rarely highly cited,
which allowed us to focus on the most-cited references as
inputs in our analysis, improving its readability
(Randhawa et al., 2016).

The development depicted displays certain typical
characteristics of growth patterns documented in other
fields (Chen & Song, 2019; Van der Have &
Rubalcaba, 2016). First, we have emergence (1990-2006),
characterized by a slow but steady increase in citing
publications. This phase embodies the formation of the
field, and the growth shows increasing attention to the
topic. Other studies have reported similar developments
(e.g., Van der Have & Rubalcaba, 2016). After 2007, the
number of citing publications reached a plateau—a pat-
tern also discerned by Chen et al. (2019), among others.

2We used a four-period scenario to also include periods depicting the
most current developments in the intellectual structure. We conducted
robustness analyses to check our results when having alternative
variations in terms of years and publications (e.g., four-period with
different years, three-period, or two-period scenarios). We scrutinized
each cluster and intellectual structure of the networks to check whether
our main conclusions with respect to the three trajectories in the field
remained observable and qualitatively stable (see Appendix S1). Still,
given these choices we do not interpret the number of publications in
the networks of the four periods and refrain from reporting density
measures.

Like them, we refer to this as the fermentation phase
(2007-2012). Next, we have a take-off phase (2013-2017)
with faster growth. Take-off periods are commonly
found in bibliometric analyses. They indicate an acceler-
ation in scholarly activities (e.g., Chen et al., 2019)—
suggesting, in our case, that the field receives more
attention and gains in significance (Parolo et al., 2015).
Finally, we identified a period of consolidation (2018-
2020). This phase exhibits lower growth, yet still
includes an active discussion in terms of the number of
contributions.

4.2 | Overall analyses

Table 2 ranks the most-cited journals and the most fre-
quently used keywords. The top 15 journals account for
approximately 18% of all citations and serve as a first
glance at the disciplinary composition of the research
field. For example, Research Policy and JPIM indicate the
relevance of TIM. Table 2 also documents the most fre-
quently used keywords. This allowed us to verify our
search syntax and to find unexpected keywords
(Randhawa et al., 2016). The keywords “modularity,”
“commonality,” “product,” “product development,” and
“architecture” were expected to appear most because they
relate to our syntax. Surprisingly, neither “modulariza-
tion” (#83) nor “platform” (#32) made the top 15, but
“innovation,” “performance,” “systems,” and “integration”
were among the highest-ranked keywords. These unex-
pected keywords indicate that research on product modu-
larization may be embedded in broader discourses on
innovation, systems, integration, and performance. In
sum, Table 2 reveals the multidisciplinary foundation of
the research field, thereby supporting the relevance of
our data set for potential integrative discussions and con-
ceptualizations beyond individual disciplines. The key-
words also show that the field relates to the innovation
context, even though the term did not explicitly appear in
the search syntax.
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TABLE 2 Most-cited journals and most frequent keywords
Most-cited journals and their discipline Most frequent keywords
No. Journal Cited % Discipline = Keyword Count
1 Management Science 3437 2.60 MGT Design 607
2 Strategic Management Journal 2612 1.97 MGT Modularity 562
3 International Journal of Production Research 2261 1.71 oM Innovation 312
4 Research Policy 1837 1.39 TIM Management 300
5 Journal of Operations Management 1613 1.22 oM Performance 269
6 International Journal of Production Economics 1607 1.21 oM Systems 247
7 Harvard Business Review 1431 1.08 MGT Mass customization 239
8 Journal of Product Innovation Management 1324 1.00 TIM Commonality 225
9 Organization Science 1304 0.99 ORG Model 223
10 European Journal of Operation Research 1265 0.96 MGT Product 216
11 International Journal of Operations & Production 1163 0.88 oM Architecture 201
Management
12 Academic Management Review 1143 0.86 MGT Optimization 198
13 Journal of Mechanical Design 1136 0.86 ED Product development 159
14 Journal of Engineering Design 1053 0.80 ED Integration 155
15 Research on Engineering Design 1040 0.79 ED Flexibility 153
Total 132,301 100 26,863

Note: We use the categorization of Sarin et al. (2018), extended with an Engineering Design (ED) category. The other disciplines are TIM = Technology and
Innovation Management, MGT = Management, OM = Operations Management, and ORG = Organization Science.

To explore differences between the areas of manage-
ment and engineering, we split the data set in publica-
tions belonging to management and engineering with
their respective related disciplines.'*> Our data set of
2988 publications consists of 1352 management (45.75%)
and 1636 engineering (54.75%) related publications,
indicating the relevance of product modularization for
both areas.'* Table 3 contrasts the most-cited journals
for management and engineering. Several journals are
frequently cited in both areas and depict potential
spaces for knowledge diffusion and integration between
the areas. Still, most journals are specific, already indi-
cating fragmentation and potential disciplinary tensions
in the field.

3We used the Web of Science categories to classify the areas of
management and engineering. The Appendix S1 contains further
details.

“In the Appendix S1, we document that the data sets for
management and engineering mainly consist of journals while
engineering has a higher number of proceedings (48 vs.

135 proceedings), reflecting their higher standing in engineering. We
also provide a table with the most-cited publications and prominent
theories for both areas.

4.3 | Product modularization as a
research field

Figure 4 depicts the overall co-citation network for the
whole period, providing a global view of the field of
product modularization. To characterize the network,
we first report its density and key publications. Second,
we detect clusters representing the field's knowledge
bases (Waltman & van Eck, 2013) and decompose their
disciplinary background. Furthermore, we present the
most-cited publications of the clusters and apply text
mining to narrow the thematic core. Collectively, the
results are used to identify and label focal research
perspectives.

4.3.1 | Network analyses

We applied the VOS technique to our normalized co-
citation matrix to create the co-citation network. The
network depicted in Figure 4 comprises 112 publications
and has a density of 0.293, which can be termed sparse
(Ehls et al., 2020). Sparse networks are regarded as frag-
mented, indicating a field featuring limited, timely
knowledge diffusion (Rafols, 2014; Van der Have &
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TABLE 3 Most-cited journals in management and engineering

Management and related disciplines

NNOVATION MANAGEMENT

Engineering and related disciplines

No. Journal Cited %

1 Management Science 3030 4.23

2 Strategic Management Journal 2555 3.57

3 Research Policy 1586 2.22

4 International Journal of Production 1469 2.05
Research

5 Journal of Operations Management 1410 1.97

6 Organization Science 1292 1.81

7 Harvard Business Review 1250 1.75

8 International Journal of Production 1170 1.63
Economics

9 Journal of Product Innovation 1141 1.59
Management

10 Academy of Management Review 1108 1.55

11 International Journal of Production & 1016 1.42
Operations Management

12 Administrative Science Quarterly 1004 1.40

13 European Journal of Operation 922 1.29
Research

14 Academy of Management Journal 822 1.15

15 IEEE Transactions on Engineering 609 0.85
Management

Total 71,577 100

Note: Journals in bold are among the top 15 in both management and engineering.

Rubalcaba, 2016) that merits an integrative review
(Torraco, 2005).

Table 4 lists the 15 most-cited publications and
their disciplines, as well as closeness and betweenness
centrality measures that single out the most influen-
tial and central. Regarding their ranking, only a few
publications differ in respect of the three measures.
Overall, the measures draw a picture of some funda-
mental monographs complemented with articles
across TIM, MGT, ED, and OM, confirming the multi-
disciplinary nature of the network. Specifically, Ger-
shenson et al. (2003), Martin and Ishii (2002) are
decisive for the discipline of ED, while Salvador et al.
(2002) and Fixson (2005) are pivotal to OM. In addi-
tion, although the TIM references—for example Lan-
glois and Robertson (1992) and Ulrich (1995)—exhibit
a high closeness and betweenness centrality, the pres-
ence of innovation discussions is more noticeable in
MGT, for example Henderson and Clark (1990) and
Schilling (2000).

Journal Cited %

Journal of Mechanical Design 846 1.39

International Journal of Production 826 1.35
Research

Research in Engineering Design 714 1.17

Journal of Engineering Design 709 1.16

CIRP Journal of Manufacturing Science 661 1.08
and Technology

Journal of Cleaner Production 658 1.08

Journal of Intelligent Manufacturing 604 0.99

International Journal of Advanced 518 0.85
Manufacturing Technology

International Journal of Production 459 0.75
Economics

Management Science 422 0.69

Concurrent Engineering: Research and 391 0.64
Applications

Computers & Industrial Engineering 365 0.60

European Journal of Operation 363 0.59
Research

Computers in Industry 317 0.52

Robotics and Computer-Integrated 307 0.50
Manufacturing

61,061 100

A persuasive argument in the field is that organiza-
tions and products (Baldwin & Clark, 2000; Simon, 1962)
can be conceptualized as complex systems in which mod-
ularity is useful. Ulrich (1995) as well as Baldwin and
Clark (2000) provide definitions of modularity and modu-
larization. Meyer and Lehnerd (1997), Ulrich and Eppin-
ger (2012), and Gershenson et al. (2003) conceptualize
the stages of product modularization's application. San-
chez and Mahoney (1996) and Worren et al. (2002) dis-
cuss the interdependencies between products, processes,
and organizational modularity. The field places particular
emphasis on documenting application cases (Baldwin &
Clark, 1997; Robertson & Ulrich, 1998). Interestingly,
influential theories such as the knowledge-based view
(Kogut & Zander, 1992) and dynamic capabilities (Teece
et al.,, 1997) are less central compared with application
cases. This is supported by publications referring more to
complex systems (Schilling, 2000; Simon, 1962): an
approach closer to design questions than other general
theories.
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FIGURE 4 Overall co-citation network with clusters. The graphic representation of the VOS viewer denotes the similarity of

publications in a network through proximity, for example, the publications in the red cluster are more like the ones in the yellow cluster

than those in the green cluster. The co-citation network is based on a citation threshold of >45 and focuses on linkages with >10 co-

citations. Links represent the number of co-citations: the thicker the path between two publications, the more co-citations there are. Each

node is a cited publication of our data set, where its size denotes the total number of co-citations in the network. This is the sum of all

individual links, with their number of co-citations. Abbreviations of the cited publications are in the Appendix S1. The cluster identification

is based on the VOS technique, red = product system; blue = product-production system; green = organizational system;

yellow = production system; purple = fundamental cluster.

4.3.2 | Cluster analyses

To discern distinct research perspectives in the field, we
applied the VOS clustering algorithm to the network. We
identified five clusters and found that each cluster was
very robust."” Notably, Clusters 1 (red), 2 (blue), 3 (yellow),
and 4 (green) are grouped around Cluster 5 (purple).

To examine the perspectives of the clusters, we start by
analyzing their disciplinary composition. Cluster 1 (red) is
dominated by journals such as Research on Engineering
Design, Journal of Engineering Design, and Journal of
Mechanical Design, and represents a large share (46%) of
ED. It also contains OM (19%) and TIM (16%). Cluster
2 (blue) focuses on MGT (69%), mainly in Management
Science, while Cluster 3 (yellow) is composed of OM

>The robustness analyses span a range of varying characteristics (see
Appendix S1). First, we controlled for different filter settings during
data collection (e.g., with/without proceedings) and checked for a
comparable data set in the SCOPUS database. Second, we checked the
cluster identification by lowering the citation threshold (55, 50, 45, 40,
35, 30, 25, and 20). Even with >1000 publications in the network, the
number of clusters and their core publications remained as depicted.
Third, we used other normalizations, but still found the same clusters
(e.g., Modularity and Fractionalization). Fourth, we checked for
different resolutions (1, 1.08, 1.15, 1.23, and 1.30) and found that the
clusters stay within their initial boundaries and only decompose into
smaller subclusters within each cluster. These subclusters cannot be
related to new research perspectives.

(37%), MGT (26%), and TIM (21%). Cluster 4 (green) is
more mixed and includes MGT (47%), ORG (25%), and
TIM (9%). This is the only cluster that contains ORG.
Finally, Cluster 5 (purple) is dominated by MGT (50%)
and TIM (25%), but also includes OM (13%). Clusters
4 and 5 specifically relate to interdisciplinary discussions,
as their intellectual roots are not dominated by a single
focal discipline. ED is only documented in Cluster 1, while
TIM is the only discipline in all clusters, playing a poten-
tially integrative role. Overall, the results support a mix of
disciplines with some disciplinary fragmentation.

The consideration of key publications in each cluster
further reveals their intellectual roots. The center of
Cluster 1 contains reviews and textbooks (Meyer &
Lehnerd, 1997; Simpson, 2004; Ulrich & Eppinger, 2012)
on the design and development of product families and
platforms. Robertson and Ulrich (1998), Fisher et al.
(1999), and Krishnan and Ulrich (2001), crucial in Clus-
ter 2, elaborate on the effects of modular product designs
in production environments. The critical publications in
Cluster 3 are all closely linked to manufacturing, includ-
ing component sourcing (Salvador et al., 2002), mass
customization (Pine et al., 1993), and supply chain deci-
sions such as postponement (Fixson, 2005). Cluster
4 shows high disciplinary heterogeneity, reflected in key
publications that discuss topics such as innovation
trajectories (Henderson & Clark, 1990; Schilling, 2000),



MERTENS ET AL.

JOURNAL OF PRODUCT
NNOVATION MANAGEMENT

97

TABLE 4 Focal publications in the co-citation network by number of citations and centrality measures
Citations Closeness centrality Betweenness centrality
No. Publication Value Disc. Publication Value Disc. Publication Value Disc.
1 Ulrich (1995) 466 TIM  Ulrich (1995) 0991 TIM  Ulrich (1995) 0179 TIM
2 Sanchez and 369 MGT  Baldwin and Clark 0.887 Book  Baldwin and Clark 0.089 Book
Mahoney (1996) (2000) (2000)
3 Baldwin and Clark 347 Book  Ulrich and Eppinger 0.809 Book  Ulrich and Eppinger 0.062 Book
(2000) (2012) (2012)
4 Meyer and Lehnerd 272 Book  Sanchez and Mahoney  0.803 MGT  Meyer and Lehnerd 0.050 Book
(1997) (1996) (1997)
5 Schilling (2000) 252 MGT  Schilling (2000) 0.759 MGT  Sanchez and 0.047 MGT
Mahoney (1996)
6 Ulrich and Eppinger 241 ED Baldwin and Clark 0.753 MGT  Baldwin and Clark 0.032 MGT
(2012) (1997) (1997)
7 Henderson and Clark 231 MGT  Meyer and Lehnerd 0.738 Book  Schilling (2000) 0.032 MGT
(1990) (1997)
8 Baldwin and Clark 224 MGT  Henderson and Clark 0.719 MGT  Gershenson et al. 0.032 ED
(1997) (1990) (2003)
9 Robertson and Ulrich 181 OM Gershenson et al. 0.710 ED Robertson and Ulrich ~ 0.031 oM
(1998) (2003) (1998)
10 Pine et al. (1993) 163 Book  Robertson and Ulrich 0.701 OM Henderson and Clark  0.020 MGT
(1998) (1990)
11 Gershenson et al. 146 ED Simon (1962) 0.675 MISC  Salvador et al. (2002) 0.011 OM
(2003)
12 Simon (1962) 134 MISC Langlois and 0.663 TIM Martin and Ishii 0.011 ED
Robertson (1992) (2002)
13 Simpson et al. (2001) 132 ED Salvador et al. (2002) 0.663 OM Pine et al. (1993) 0.010 Book
14 Eisenhardt (1989) 126 MGT  Schilling and 0.651 MGT  Simon (1962) 0.008 MISC
Steensma (2001)
15 Salvador et al. (2002) 122 OM Worren et al. (2002) 0.640 OM Fixson (2005) 0.007 OM

Note: Closeness centrality expresses the closeness to all other publications in the network. The higher the dimensionless value, the more central a publication is
in the network, indicating a decisive role for the field. Betweenness centrality denotes the influence of a publication over the flow of information in the
network. The higher the value, the more important its role as a potential bridge between publications in network (Bonacich, 1987; Newman, 2006).

the interplay between products and organizations
(Sanchez & Mahoney, 1996), and drivers of complexity
in systems (Schilling, 2000; Simon, 1962). Lastly, Cluster
5 contains the most central publications, such as Ulrich
(1995) and Baldwin and Clark (1997) and refers to the
roles and effects of product and service architectures
(Mikkola, 2006; Ulrich, 1995; Voss & Hsuan, 2009).
Overall, the clusters’ key publications allude to distinct
knowledge bases.

Finally, we use text mining of abstracts and keywords
to substantiate the research perspective of the clusters
(see Table 4 and Appendix S1 for more details). In gen-
eral, as expected, all clusters are dominated by the terms
“modular,” “design,” and “architecture,” but they differ in
other terms. For example, publications in Cluster 1 rely
on “family” and “develop,” and are unique in using the

ELINT3

terms “platform,” “module,” and “method.” As expected,
we find that all clusters collectively have a similar the-
matic core, which accords with the syntax but differs in
unique word stems, reflecting the distinctiveness of the
clusters.

433 | Summary of the focal research
perspectives

The summarization of the results of our cluster analyses
in Table 5 shows that each cluster in the field can be
related to three focal research perspectives on product
modularization, namely (1) product system, (2) production
system, and (3) organizational system, complemented by
fundamental publications in a cluster.
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We label Cluster 1 as the product system perspective.
This perspective is dominated by ED and concerns the
design and development of modular and platform-based
product families, while elaborating and improving
methods of product modularization. Overall, the perspec-
tive considers product modularization as a process to
design modularity into a product system.

Cluster 2 incorporates both the product and produc-
tion systems perspectives, denoted as the product-
production system. It is dominated by MGT and dedi-
cated to product variety management. Costs and deci-
sions play a crucial role. As a result, the cluster discusses
product modularization as a process to manage variety
through modular designs in products and production
environments and can therefore be related both to the
product and production systems perspectives.

Cluster 3 is classified as the production system per-
spective. It includes terms such as “mass customization,”
“manufacturing,” and “supply chain,” and its key publica-
tions consider how product modularization shapes pro-
cesses, production, and supply chains. The OM discipline
is most prominent in this cluster, closely followed by
MGT and TIM. This composition documents an interdis-
ciplinary view, and the cluster investigates production
systems also beyond manufacturing.

Cluster 4 is labeled as the organizational system per-
spective. It attends to the organizational effects of modu-
lar product architectures emanating from product
modularizations. The discussions specifically concern the
effects on knowledge, coordination, collaboration, and
innovation. Importantly, ORG studies are uniquely prev-
alent in this cluster, offering confirmation for its label.

Cluster 5 contains fundamental publications. It is
highly intertwined with the network and views product
modularization through a wide lens, employing product
and service architectures as basic concepts, complemen-
ted with the architectures of production, organization,
and systems (Baldwin & Clark, 2000; Campagnolo &
Camuffo, 2010). The key publications emphasize product
architectures (Baldwin & Clark, 1997; Mikkola, 2006;
Ulrich, 1995) and service architectures (Bask et al., 2010;
Voss & Hsuan, 2009), complemented by references to the
case study method (Eisenhardt, 1989). The cluster's disci-
plinary composition is diverse, indicating an interdisci-
plinary view in the center.

5 | DISCUSSION

51 | Dynamics

The use of focal research perspectives as a stylized frame-
work helps us to analyze and discuss the field's dynamics.

NNOVATION MANAGEMENT

By creating a co-citation network for each of the four
periods, we trace the development of the research per-
spectives over time and identify peculiarities when com-
paring later and earlier periods. To display the network,
we set a threshold of 17 citations for publications and
again require 10 co-citations for a link to appear in the
networks. We keep both thresholds constant throughout
all phases to ensure comparability. As an in-depth discus-
sion of each focal research perspective is beyond the
scope and length of this paper, we focus on tracking criti-
cal variations in each period, while retaining our integra-
tive orientation. Figure 5 depicts the four co-citation
networks, revealing the dynamics at the level of both
individual publications and research perspectives.

51.1 | Emergence 1990-2006

The network of the earliest period has 34 publications.
It includes the most central publications of the
overall co-citation network (Baldwin & Clark, 2000;
Henderson & Clark, 1990; Sanchez & Mahoney, 1996;
Schilling, 2000; Ulrich, 1995) and three focal research
perspectives—the product system, the organizational
system, and a mixed perspective of the product and pro-
duction systems. The first two systems are very close.
The basic theoretical papers discuss modularity in sys-
tems (Schilling, 2000; Simon, 1962) and design theory
(Suh & Sekimoto, 1990). The MGT and TIM disciplines
dominate. Discussions in this phase focus on product
modularization as a product-family strategy during NPD
(Meyer & Lehnerd, 1997; Simpson et al., 2001), the crea-
tion of modular product architectures (Ulrich, 1995),
and the enhancement of loose couplings between com-
ponents. Such modular designs offer opportunities for
mass customization (Feitzinger & Lee, 1997; Pine
et al.,, 1993), increasing profitability due to improved
inventory management (Baker et al., 1986), strategic
flexibility, and knowledge coordination (Sanchez, 1995;
Sanchez & Mahoney, 1996).

5.1.2 | Fermentation 2007-2012

In the second period, the network grew from 34 to
95 publications, still featuring the three clusters from
the previous period. The corresponding focal research
perspectives move to the center and have more links,
indicating a more comprehensive discussion and under-
standing of product modularization. ED becomes much
more prominent, with a large share in the product sys-
tem, while MGT decreases and TIM remains constant.
This shift in the product system is accompanied by
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methods and practical cases of product modularization
to manage an increasing variety of products (Martin &
Ishii, 2002; Simpson, 2004). Specifically, product life
cycles (Ericsson & Erixon, 1999; Gu & Sosale, 1999) are
regarded as critical for efficient modular product
architectures (Dahmus et al., 2001; Du et al., 2001). The
mixture of product and production system emphasizes
the interdependence of products and production
(Fixson, 2005; Krishnan & Ulrich, 2001) and attends to
deliberate decisions on variety and differentiation (Desai
et al., 2001; Ramdas, 2003). Similarly, the organizational
system focuses on the interdependence of organizational
and product designs (Brusoni & Prencipe, 2001; Sosa
et al., 2004). It discusses the impact of modular product
architectures on innovation (Ethiraj et al., 2008;
Ethiraj & Levinthal, 2004; Henderson & Clark, 1990;
Pil & Cohen, 2006). In this period, the field was enriched
by theories such as transaction cost economics
(Williamson, 1981) and the resource-based view
(Barney, 1991).

51.3 | Take-off 2013-2017

This period includes 100 publications and five clusters.
The two new clusters reflect the pure production system

perspective and fundamental cluster and “redefine” the
field's intellectual structure. The share of MGT
decreases, while those of ED and TIM remain stable, but
OM's share increases. The new perspectives capture cen-
tral publications, for example, the production system
(Ulrich, 1995) and the fundamental cluster (Baldwin &
Clark, 1997). The latter places a broader scope on prod-
uct modularization. For example, Campagnolo and
Camuffo (2010) provide a review encompassing prod-
ucts, production, and organizations. This view is sup-
ported by new research foci on the interdependencies of
modular product architectures and the supply chain
(Novak & Eppinger, 2001; Pero et al., 2010; Ulkii &
Schmidt, 2011) or modular product architectures and
industries (Staudenmayer et al., 2005; Sturgeon, 2002;
Tiwana, 2008). Interdependencies in particular seem to
require new theoretical approaches (Nelson &
Winter, 1982; Parnas, 1972). The product-production sys-
tem initiates the (well-known) product variety manage-
ment (Heese & Swaminathan, 2006; Lee & Tang, 1997),
while the fundamental cluster highlights service archi-
tecture (Bask et al., 2010). The product system accentu-
ates product modularization methods and sustainability
(Tseng et al., 2008), and elaborates on a conceptual for-
malism in design structure modeling (Eppinger &
Browning, 2012; Steward, 1981).
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51.4 | Consolidation 2018-2020

In this period, the number of publications declines to 59.
The mixed perspective of product-production system van-
ishes completely, but its publications diffuse to other per-
spectives, mainly the product and production systems.
The perspectives of the organizational system, production
system, and fundamental cluster are still integrated in
this period, but the product system does not display the
same behavior. Interestingly, the disciplinary composi-
tion of the field also changes as the share of ED declines
and that of ORG increases. In this regard, the mirroring
hypothesis becomes central in the organizational system
(Cabigiosu & Camuffo, 2012; Colfer & Baldwin, 2016;
Furlan et al., 2014). In contrast, the product system
focuses on product-process development. The relatively
recent contributions of Furlan et al. (2014) and Hoetker
(2006) are central in this final period. They also converge,
in that both conclude that modular product and organi-
zational architectures will affect neighboring systems,
manifesting in the trajectory of the mirror hypothesis.
The production system therefore entails the concept of
innovativeness, relating to the debate over whether or
not modular product architecture empirically facilitates
innovation (Langlois, 2002; Lau et al., 2011; Pil &
Cohen, 2006). Furthermore, the topic of modularity mea-
surement is more salient (Jacobs et al., 2007; Mikkola &
Gassmann, 2003; Tu et al., 2004). In this period, the data
suggest that the central publications of earlier periods
changed considerably, marking a shift in the discussion
of product modularization.

The strong shift of publications in the final period
emphasizes mirroring hypotheses and a broader scope
embedded in the concept of system architectures. The
closeness centrality of several new and frequently cited
publications (e.g., Colfer and Baldwin (2016)) escalates,
compared with overall centrality (Table 2) and to previ-
ous centralities in the dynamics (Table 5), revealing the
mirroring hypothesis as a key mechanism. In one of the
emerging and highly cited publications, MacDuffie (2013,
p- 8) accordingly defines modularization as “a process
that affects those designs [designs of architectures of prod-
ucts and organizations] while also shaping firm bound-
aries and industry landscapes.”

Furthermore, the increasing share of ORG (Table 5)
alludes to new discussions on organizational topics. In
addition, Table 5 specifies the increasing scope and doc-
uments the accumulating interdependencies between
product architecture and organizations, supply chain
networks, industries, and systems. In detail, studies
investigated the architecture of services (Voss &
Hsuan, 2009), teams (Sosa et al., 2003), organizational
structures (Sosa et al., 2004), knowledge (Brusoni &
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Prencipe, 2001), buyers, customers, suppliers, design
parameters (Hsuan, 1999; Jiao et al., 2007), processes
(Worren et al., 2002), technology (Langlois, 2002), com-
petition (Sanchez, 1995), product families (Salvador
et al., 2002), technical (Colfer & Baldwin, 2016), plat-
forms (Baldwin & Woodard, 2009; Gawer, 2014), organi-
zations (Cabigiosu & Camuffo, 2012; Maccormack
et al.,, 2012), supply chains (Fixson, 2005; Jacobs
et al., 2011; Sanchez, 1999; Vickery et al., 2016), and
industries (Furlan et al., 2014). To capture this broad
scope and connect the related studies, the concept of sys-
tem architecture is used (Baldwin & Woodard, 2009;
Gawer, 2014; Sanchez, 1999).

Summarizing our analysis of the dynamics, Table 6
depicts the identified research foci, methods, and theories
that characterized the intellectual structure over the four
periods. In addition, we partially repeat the procedure
used in our results section by showing discipline shares
and the five publications with the highest increases of
closeness centrality in each period.

5.2 | Key developments in the field of
product modularization

Our results, particularly the comparison of the networks
over the different periods, enable us to elaborate on the
field's key developments and to develop a current, inte-
grative understanding of the discussion on product mod-
ularization. We identify three research trajectories, which
we discuss below.

5.2.1 | The differentiation of the field over
time and the decreased integration of the
product system

The comparison of the four periods yields an observable
differentiation of several research perspectives, seen spe-
cifically in the product, production, and organizational
systems. This specialization is reflected in more dedicated
key publications in the respective clusters, as well as in
the split of publications in the formerly mixed product-
production system cluster during the final period. Such a
differentiation of perspectives represents a typical pattern
in the maturation of fields (Hauke et al., 2017). Still, this
process is accompanied by a gradual decrease in product
system integration. While the product system and the
organizational system were close and had many links in
the first period, the product system later grew more dis-
tant from the organizational system (see the overall net-
work and Period 4). In addition, the dynamics indicate
that the product system did not incorporate many new
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publications, as we only found two new publications in
the last period (Elmaraghy et al, 2013; Simpson
et al., 2014), while the product system's remaining publi-
cations became less central in the field (see
Appendix S1). The share of ED, the major discipline of
the product system, likewise declined over the last two
periods (Table 5).

While a differentiation of perspectives allows for a
cognitive division of labor and fosters specialization, the
potential dangers of fragmentation must be kept in mind.
As the product system loses track in the field, knowledge
on modularizing products by using certain methods and
research foci of product life cycles, sustainability, and
modularity measurement might recede into the back-
ground of other perspectives. Since the organizational
system employs modular product architectures as a prim-
itive unit, it may not sufficiently integrate the relevant
processual characteristics. The findings imply that the
field paid more attention to the interdependence of pro-
cess and organizationally relevant outcomes in earlier
times, but this waned as the periods succeeded one
another. As a result, firms and scholars might underesti-
mate the importance of process characteristics when try-
ing to figure out and scrutinize the later effects of
modular product architectures.

5.2.2 | Increasing scope of product
modularization in combination with an
emerging center of gravity of fundamental
publications

While the field differentiates, we also find an increasing
scope of product modularization over time. Simulta-
neously, we see an emerging cluster of fundamental pub-
lications and the wuse of the concept of system
architecture. The fundamental publications include Schil-
ling (2000), Baldwin and Clark (2000), Baldwin &
Clark, 1997), which were also documented as the most
central publications in the field (Table 4). Interestingly,
the most central publication, Ulrich (1995), also appears
in this cluster, which has been part of other research per-
spectives before. This emergence of a fundamental cluster
appears in the overall co-citation network and over the
last two periods, but is not explicitly documented in the
literature to date. We welcome this trajectory, as it under-
scores the integrative efforts of this review toward a more
cohesive scientific field. Note that the development of
such a core is not standard for a research field, especially
one involving interdisciplinary discourse. For instance,
Van Eck and Waltman (2010) document a clear separa-
tion of publications in the economics and business disci-
plines. Similarly, the co-citation networks show

NNOVATION MANAGEMENT

increasing interweaving between the fundamental cluster
and organizational systems (Figures 4 and 5), and the
fundamental cluster connects the different research per-
spectives with each other, especially in the latest period.

Notably, product modularization initiates changes in
the product architectures that diffuse to other architec-
tures, reflected in a more general system architecture.
System architectures have become prominent during the
last period (Baldwin & Woodard, 2009; Gawer &
Cusumano, 2014). Hence, it seems a helpful concept to
combine different architectures across perspectives and
disciplines. However, a comprehensive understanding of
the concept is not entirely clear. For example, in the
product system, Jiao et al. (2007) delineate a system
architecture by customers, products, functions, design
parameters, processes, and supply chains. By contrast,
the organizational system relates teams, tasks, knowl-
edge, department structures, supply chains, and industry
networks in a system architecture, in combination with
technical architectures (Brusoni & Prencipe, 2011). As a
result, the product system does not cover the organiza-
tional system, and the organizational system does not
entirely employ the product system.'® These two systems’
distinct disciplinary backgrounds impair mutual under-
standing, but the remaining ambiguity over the meaning
of a system architecture can hamper interdisciplinary
progress. Further, stakeholders in firms do not necessar-
ily employ a similar view of system architectures, given
distinct perceptions.

Our study indicates that product modularization
shapes system architecture by affecting the modularity of
several architectures. The observations in the discussion
of the dynamics (see the consolidation period and publi-
cations exemplifying the scope of architectures) provide a
snapshot of a novel understanding of product modulari-
zation and characterizes its outcomes as a broader
change in the system architecture beyond product archi-
tectures. It implies that the structural choices of product
modularization apply to several technical and organiza-
tional architectures, resulting in a complex system, and
that more attention should be paid to its interdepen-
dencies. This compels firms and scholars to think about
design changes beyond the scope of product architectures
based on the concept of system architecture, especially
when planning product modularization.

In sum, our review suggests that the (product) modu-
larization process develops toward a system architectural
view with a broader scope that encompasses

15We provide an area-based co-citation analysis in the Appendix S1 that
shows that the management area does not entirely capture the product
system, while the engineering area does not fully reflect the
organizational system.
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FIGURE 6

Increasing scope of product modularization and concept of system architecture. The figure illustrates the scope of system

architecture in the literature. It is based on a stylized representation of the intellectual structure we identified for the field of product

modularization. The three systems refer to the three basic research perspectives documented in the overall citation network. The unit lists

below the perspectives are based on publications in these perspectives.

interdependent architectures and can be related to the
three key research perspectives identified. Figure 6
depicts this view of system architecture indicated by the
co-citation network, embodying the wider scope of prod-
uct modularization as a structural process typically rear-
ranging components of the product, production and
organizational systems (e.g., components, processes, oOr
tasks/knowledge) to create modular architectures.

5.2.3 | Substantial change within the
constant research perspectives of production
and organizational systems

Our study identified the product, production, and organi-
zational systems that persist over the four periods, while
partly changing in respect of underlying publications.
Figure 5 documents dynamism in the publications and
research foci within the constant research perspectives of
production and organizational systems. While the prod-
uct system is characterized by fewer changes (see above),
the production and organizational systems changed rap-
idly in publications during the two most recent periods.
In terms of this general development, we identify two
noteworthy trajectories.

First, the research focus of innovation in the organi-
zational system received a lot of attention in the first
period, including the classical categories of incremental
and radical innovations (Henderson & Clark, 1990). This
declined during later periods, being diffused over various
research perspectives—even though “innovation” is still

among the most frequent keywords in the overall list
(Table 2). In the most recent period (Period 4), several
publications conceptually address innovation in the pro-
duction system (Ethiraj & Levinthal, 2004; Lau
et al., 2011; Pil & Cohen, 2006), creating a new research
focus. This focus considers when and whether product
modularizations facilitate innovation, which empirical
studies have yet to explore.

Second, we find no intermediate results in our ana-
lyses that point to an increasing emphasis on digitaliza-
tion and collaboration. Although these global trends
affect firms and are increasingly discussed, no cluster has
yet appeared. This could be because co-citation analysis
suffers from a time lag, but we still expect digitalization
to emerge, because modularization is a standard concept
in software projects and programming. Similarly, product
modularization can affect collaboration, such as in supply
chains (Tee, 2019). To overcome limitations due to time
lag, we considered recent citing publications in our data
set. Here we find nascent discussions of digitalization,
involving digital innovation and design (Nambisan, 2018;
Nambisan et al., 2017) and of collaboration research
(Jacobides et al., 2016; Tiwana et al., 2010).

6 | FUTURE RESEARCH AGENDA

Based on the discussion of our results, we present future
research opportunities in the field of product modulariza-
tion in Table 7. The previously identified developments
are used as a framework to identify research
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opportunities and pose questions that researchers could
address in future. Whenever applicable, we complement
them with supportive research foci, theories, and con-
cepts detected in our review.

6.1 | Research trajectory 1: The
differentiation of the field and the
decreased integration of the product
system

Variation in different scholarly perspectives and fragmen-
tation point to areas where the field can profit from
knowledge exchange and integration.

6.1.1 | Modularity measurements

So far, studies within the different perspectives have
developed specific measures to assess the degree of prod-
uct modularity. The product system employs comprehen-
sive technical measures (Gershenson et al., 2004; Kota
et al., 2000; Martin & Ishii, 2002), while organizational
studies typically use measures such as the number of
components, functions, and interfaces (Cabigiosu &
Camuffo, 2016). Remarkably, the production system has
developed survey instruments to question stakeholders
about modularity (Jacobs et al., 2007; Jacobs et al., 2011;
Tu et al., 2004; Worren et al., 2002). Although Cabigiosu
and Camuffo (2016) discussed differences between engi-
neering and management measures of modularity, these
measures did not—at the time—include questionnaire
constructs imported from the production system. Because
the theory of complex systems is so prominent in product
modularization, research could also consider applying
diverse complexity-related constructs (Efatmaneshnik &
Ryan, 2016) and network measures (Bonacich, 1987;
Scott, 1988). Furthermore, there is little discussion on the
right level of decomposition of measures in terms of gran-
ularity, although studies emphasize its relevance
(Algeddawy & Elmaraghy, 2013; Voss & Hsuan, 2009). In
addition, little is known about the performance of differ-
ent measures in terms of predicting key modularization
outcomes. Collectively, these research opportunities
extend a concerted call to increase the integration of
measurements.

6.1.2 | Product life cycle

The product system addresses the topic of product life
cycles and discusses the implications of design deci-
sions for products, production, distribution, reuse,

recycling, and disposal (Gu & Sosale, 1999). Surpris-
ingly, we find that this issue has been neglected by the
research perspectives of production and organizational
systems, despite earlier claims that it is relevant
(Campagnolo & Camuffo, 2010). Specifically, how do
other life cycles of technological change—such as the
increasing use of advanced manufacturing or digital
technology—affect previously designed modular prod-
uct architectures? Which other systems must be consid-
ered from the viewpoint of the product life cycle? In
this regard, practice advances by leveraging informa-
tion obtained from product life cycle management (Lim
et al., 2020)—a process that scholars can join, for exam-
ple, by longitudinal studies with proprietary data from
firms.

6.1.3 | Sustainability

While sustainability is evident as a goal of product modu-
larization in the product system discussion (Period 3), it
has not yet received much attention across the field. As
sustainability seems to be a key source of competitive
advantage in future markets, the lack of coverage in the
overall network suggests that it should receive more
attention. In particular, recent literature reviews call for a
better understanding of the relationship between modu-
larity and sustainability (Sonego et al., 2018), and this
raises several unanswered questions. Since there might
be trade-offs between different product modularization
goals, what are the implications of increased sustainabil-
ity for other goals, such as firms' financial performance?
How do modular designs relate to sustainable design
(Geissdoerfer et al., 2017; Stahel, 2016)? While sustain-
able designs theoretically support circularity, we need
more empirical investigations.

6.2 | Research trajectory 2: Increasing
scope of product modularization in
combination with an emerging center of
gravity of fundamental publications

The study's second documented development is that
increasing modularity through product modularization

often affects various other systems and their
architectures.
6.2.1 | System architecture

This widening scope compels scholars to adopt a broader
view of the relationships between different systems—of
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larger system architectures. Although the concept of sys-
tem architecture appears in seminal publications
(Baldwin & Clark, 2000; Simon, 1962) and more recent
ones (Brusoni & Prencipe, 2001; Brusoni &
Prencipe, 2011; Engler et al., 2017), research with this
explicit focus is marginal. Our study reveals differences
in the understanding of system architecture.

While the product system pertains to technical
aspects and excludes the organizational system, the orga-
nizational system reduces technical architectures mostly
to products. Our study argues for a broader scope and
pinpoints toward various components (e.g., product fami-
lies, processes, teams, or knowledge) from different sys-
tems (e.g., product, production, or organizational
systems) and their relationships. To achieve a compre-
hensive view, one must balance the scope and the right
level of decomposition. For instance, which architectures
and components are necessary to consider, and does
increasing the scope imply a change in the way modulari-
zation is conducted? With respect to firms, the question
arises to which extent managerial decision making
reflects this increasing scope and which best practices
can be identified. Since a larger scope should give
decision-makers more information to process, firms will
have to find the right level of decomposition in system
component hierarchies that provides the right level of
complexity (Algeddawy & Elmaraghy, 2013; Suh, 2005).
They must also find the right scope when applying prod-
uct modularization and decide what to include during
early concept generation (Cooper, 2019; Mertens, 2020;
Mertens et al., 2021). Given our review and an increased
scope, fundamental publications, formalisms such as
design structure modeling, and exchange between
research perspectives could support scholarly activities
(Eppinger & Browning, 2012; Steward, 1981; Suh, 2001).

6.2.2 | Process

The increased scope of product modularization also offers
opportunities to revisit its processes. How far is product
modularization a deliberate choice or an emergent strat-
egy (Mintzberg & Waters, 1985) and how much could it
be so? An example could be interviews with top-level
management or modularization professionals. Product
modularization received attention as a new strategic
approach at the dawn of the field (Sanchez, 1995;
Sanchez & Mahoney, 1996; Worren et al., 2002). Meyer
and Lehnerd (1997), conceptually, discussed how to gain
competitive advantage via different strategies of product
modularization. Since then, there has been a noticeable
drop in in-depth discussions of the benefits of increased
flexibility, coordination, and other firm performance

NNOVATION MANAGEMENT

measures at the strategic level. With a few exceptions
(e.g., Halman et al., 2003; Piran et al., 2016), empirical
studies of product modularization in the context of strat-
egy and corresponding high-level organizational pro-
cesses remain relatively scarce. The mirroring hypothesis
is of interest here, because it sheds light on potentially
strong linkages between modular architectures. Under
which circumstances would it be beneficial to allow or
prevent mirroring (Colfer & Baldwin, 2016)? To what
extent is this a managerial choice? Given these issues,
theories drawn from strategic management provide an
appropriate starting point (Barney, 1991; Jarzabkowski &
Paul Spee, 2009; Kogut & Zander, 1992).

6.2.3 | Platforms

The broader scope of product modularization is also
linked to the discussion of platforms (Gawer, 2014;
Gawer & Cusumano, 2014). Specifically, the product
modularization can be considered as a deliberate strategy
to create a platform for organizations (Simpson, 2004),
supply chain networks (Van den Broeke et al., 2015), or
ecosystems (Gawer & Cusumano, 2014), providing
numerous research opportunities. Initial steps can recon-
cile differences and identify similarities between platform
creation (Khanagha et al., 2020), platform-based product
development (Chai et al., 2012; Meyer et al., 2018), and
product modularization. Even though the concept of
dominant design is an explanation for supply chain and
industrial changes (Murmann & Frenken, 2006), analyses
between dominant design and platform creation remain
scarce. Murmann and Frenken (2006) define it as a “com-
plex system perspective” with “stable core components that
can be stable interfaces” (p. 925). This view can be similar
to that of platforms, because Gawer (2014) denotes plat-
forms as “stable system architectures with stable interfaces”
(p. 1243). Research with panel, archival, or web-based
data could further explore their relationship.

6.3 | Research trajectory 3: Substantial
change within the constant research
perspectives of production and
organizational systems

As a third development, we recently noted active discus-
sions and substantial changes in the field, even as the
research perspectives remained constant. Against this
backdrop, we note three future research opportunities.
One research perspective—the production system—
already addresses one of these (i.e., innovation). In
addition, we propose two others—digitalization and
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collaboration—that represent important trends that are
only reflected in our citing publications.'”

6.3.1 | Innovation

Regarding innovation, modularity is potentially a double-
edged sword. Modular designs are characterized by
higher levels of standardization and combinability
(Baldwin & Clark, 2000) and present an opportunity for
extensive technology exploitation (Chesbrough &
Prencipe, 2008). Hence, one possible intention of modu-
larity is to support innovation, as discussed early in the
product system and subsequently in the production sys-
tem (Ethiraj & Levinthal, 2004; Henderson &
Clark, 1990; Langlois & Robertson, 1992). Modularity
can, however, also facilitate imitation (Ethiraj
et al., 2008; Pil & Cohen, 2006). As only a few empirical
studies address the potential trade-off between innova-
tion and imitation, its exact circumstances and underly-
ing mechanisms unfortunately remain ambiguous.
Innovation-oriented firms may shy away from modularity
because low-cost labor countries could easily imitate
their designs at lower rates. However, the very factors
that raise the threat of imitation—such as accessible
designs and interfaces—could be beneficial in other
ways. If modular designs are made easier to share, they
can improve user accessibility and facilitate user innova-
tion (Piller & Walcher, 2006; Von Hippel & Katz, 2002).
To ease this tension, firms could benefit from a better
understanding of whether and when their modular
designs facilitate (user) innovation while preventing imi-
tation by competitors. Research can apply empirical stud-
ies as surveys with modularity constructs or multimethod
case studies to fill this gap.

Notably, product modularization provides different
settings for future innovation search in which search pro-
cesses could play a vital role (Ehls et al., 2020). Specifi-
cally, how should firms conduct search processes during
product modularization to identify and develop platforms
and modules? To what extent should firms rely on exter-
nal and internal search processes? What are the implica-
tions of these search processes? In this regard, does
product modularization benefit from greater diversity
across domains and provide new value (Felin &
Hesterly, 2007)? The answers will help firms understand

"The choice of these two areas is substantiated by our data set of citing
publications already including a discussion of collaboration (Jacobides
et al., 2016) and digitalization (Nambisan, 2018). The use of
bibliographic coupling (see Appendix S1) reveals additional publications
on digitalization (Yin et al., 2017) and collaboration (Tiwana

et al., 2010) that can be related to the production and organizational
systems as well as to the fundamental cluster.

when and under what circumstances modularity and
innovation harmonize or counteract.

6.3.2 | Digitalization

Our study reports little attention to digitalization, even
though recent studies deem the relationship between
modularity and digital technologies to be underdeveloped
(Nambisan, 2018; Nambisan et al., 2017). Scholarly
opportunity arises because of increasingly powerful digi-
tal technologies that are transforming innovation pro-
cesses (Appio et al., 2021; Marion & Fixson, 2020) and
potentially also product modularization. Current topics
are model-based (system) engineering or virtual design
processes for modular product families (Lim et al., 2020).
In contrast, little is known about whether and how prod-
uct modularization facilitates the implementation of digi-
tal technologies through increasing standardization, for
example with respect to new interfaces. Does greater
modularity prepare firms' portfolios for digitalization?
Furthermore, do these settings support digital innova-
tions and are they starting points for business-model
innovations (Kroh et al., 2018)? Although these questions
were not identified in the review, they were found in the
citing publications (Cenamor et al, 2017; Marion
et al., 2015).

6.3.3 | Collaboration

Because modularity increases flexibility and coordination
(Sanchez & Mahoney, 1996), product modularization can
facilitate collaboration. Here, the emerging topic of plat-
form ecosystems asks how product modularization can
shape collaborations among firms and how this affects
the power relationships between them (Jacobides
et al., 2016). Research can scrutinize the effects of mod-
ules and platforms on global wealth chains by identifying
broader societal impacts (e.g., Seabrooke & Wigan, 2017).
Finally, an emerging topic regarding collaboration is
value co-creation (Tiwana et al., 2010). Co-creation refers
to the interplay between agents in interactive environ-
ments (Ramaswamy & Ozcan, 2018; Wang et al., 2016)
that provide new value, such as innovation. Similar con-
texts are evident in NPD departments, supply chains, and
user networks, and citing publications in the data
set already call on scholars to investigate co-creation in
these settings (Brax et al., 2017; Ulkuniemi &
Pekkarinen, 2011), facilitated by modularity. Accord-
ingly, design thinking, which is known to foster collabo-
ration, may be relevant. For example, product
modularization can potentially benefit from its new ways
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of multi-stakeholder collaboration and the combined use
of engineering design and innovation management
methods (Auernhammer & Roth, 2021; Verganti
et al., 2021). Questions of co-creation and design thinking
may particularly profit from online and laboratory experi-
ments to identify causal relationships between modular
designs and collaboration.

7 | CONCLUSIONS AND
LIMITATIONS

This study provides an integrative literature review of the
field of product modularization, aiming to unravel the
field's intellectual structure and indicate future research
opportunities.

First, our use of a bibliometric analysis provides an
up-to-date synthesis that complements existing narrative
studies by crossing disciplinary boundaries and taking a
global view of the field's intellectual structure. This
allows us to isolate focal research perspectives with dis-
tinct disciplines, research foci, concepts, and trends. The
resulting stylized framework synthesizes latent knowl-
edge about the intellectual structure of product modulari-
zation (Campagnolo & Camuffo, 2010; Fixson, 2007) and
reduces conceptual ambiguity and the experienced dis-
tance between perspectives and disciplines.

Second, we provide an overview of the evolution of
the field in terms of three key developments that are still
undocumented. While we observe a disintegration of the
product system and the related discipline of Engineering
Design, the broadening scope of system architectures that
we document charts a path toward an integrative, cross-
disciplinary understanding that will help make the field
more cohesive. This enriches our understanding of prod-
uct modularization as something that affects the architec-
ture of other systems beyond product architecture. The
results have implications for firms and managers. When
managers are only responsible for a single department
and function—such as NPD, marketing, operations,
finance, or procurement—they can fall into a “silo” men-
tality. While the stylized framework gives a first indica-
tion of the most relevant departments, the widening
scope compels firms to think more expansively about the
extent of product modularization, and how to cross func-
tional and disciplinary boundaries. The concept of system
architecture could therefore improve the management
and efficacy of product modularizations by and for firms.

Third, the future research agenda points toward new
topics and outcomes of product modularization for firms.
While cost-efficacy and flexibility are well-known, new
aspects include sustainability, innovation, digital technol-
ogy, and collaboration. Likewise, there are other
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opportunities for knowledge diffusion and integration
between research perspectives, for example concerning
modularity measurements.

Although we concentrated on offering a thorough,
integrative review of product modularization, our study
has limitations. First, although our use of WoS was ben-
eficial, it did exclude certain publications as well as pro-
ceedings and restricted us to works written in English.
Another issue that restricts citation studies is the time
lag between publications appearing and being cited. To
ensure robustness, in anticipation of future develop-
ments, we performed a bibliographic coupling and
found a similar structure of research perspectives.
Although our data covers most current trajectories, it
can only be used to extrapolate to future trajectories.
Third, even though the derivations of results are trans-
parently backed by data, a certain degree of subjectivity
prevails. To counter this limitation, we discussed the
interpretations with the members of our interdisciplin-
ary research team and with other experts. Overall, we
are confident that we present a comprehensive and inte-
grative review of the multidisciplinary field of product
modularization.
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