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How to Use the Levers of
Modularity Properly—Linking
Modularization to Economic
Targets

Product developers are faced with the challenge of covering an ever-increasing external
variety with as little internal variety as possible. Modular product architectures offer one
way of resolving the challenge. They have an impact on all life phases and on economic
targets. These effects are represented in the Impact Model of Modular Product Families.
A large number of modularization methods can be found in the literature. The modulariza-
tion methods consist of different activities: decomposition of product, analysis and revision
of components, and reintegration to modules. Module drivers play a major role in reinte-
gration, as they determine which components together form a module. It is not yet clear
what effects different modularization methods involving different module drivers have on
economic targets. For this reason, the module drivers are examined in their role as
levers of modularity and integrated into the Impact Model via access points. By document-
ing the results in a specially developed uniform method step description and the Impact
Model, we enable the selection of modularization methods with regard to their economic
impact. The introduction is followed by the state of research. In Sec. 3, the research
problem and the research approach are presented. In Sec. 4, the generic method step
description is applied to seven modularization methods. Based thereon, the modularization
methods are compared with each other with regard to their addressed economic objectives.
In an explanatory example, the method selection made possible by this is presented. Finally,
the results are discussed and an outlook is given. [DOI: 10.1115/1.4054023]
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1 Introduction

Product development faces the challenge of covering an ever-
increasing external variety demanded by the market. This is accom-
panied by an increase in internal variety and the resulting increase in
complexity costs [1]. Modularization is an established strategy to
reduce the internal variety while retaining the needed external
variety [2].

The impacts of modularization, especially on the economic
targets, are multifaceted, but often only implicit known. These are
for example impacts on process times, product costs, process
costs, product quality, and process flexibility across all life phases
of a product family. Their appearance and strength depend on
many aspects, e.g., the company boundary conditions such as pro-
duction type or stockpiling strategy.

The Impact Model of Modular Product Families (Impact Model)
represents the implicit knowledge of impacts explicitly and in a sys-
tematical way [3]. Differentiation and standardization currently rep-
resent the levers for the impact chains contained therein.

Modularization usually involves similar essential steps, based on
Pimmler and Eppinger [4]. First, the decomposition of the product
into components takes place (A). This is followed by the analysis
and revision of the components (B). This step provides the levers
of differentiation and standardization. The strength of the levers
of differentiation and standardization can come from design adapta-
tions at a component level. These adaptations take place, for
example, within a design for a variety of methods [5]. Finally, the
reintegration into modules is carried out (C).

Modularization methods integrate modules for a variety of
reasons, including what Ericsson and Erixon call module drivers
(e.g., Ref. [6]). These can be very diverse, especially in the case
of product-strategic modularization, where the module formation
is based not only on functional reasons but also on strategic
reasons. By taking the strategic reasons into account, it is possible,
for example, to address economies of scale that occur in different
life phases as a result of modularization. The effects on economic
targets, depending on the module drivers, are unclear (question
mark in Fig. 1). This complicates the selection of suitable modular-
ization methods, considering the economic objectives of a
company. Figure 1 summarizes the situation.

071401-2 / Vol. 144, JULY 2022

The core steps of modularization methods are shown on the left in
Fig. 1. Different core steps provide different levers of modularity:
The opposing levers of differentiation and standardization are pro-
vided by core step B. The effects of these levers are known and are
included in the Impact Model, which involves the economic targets
(Fig. 1, right). Another lever of modularity emerges from core
Step C, the module drivers, i.e., the reasons why components are
combined into modules.

The relationship between module drivers and impacts on eco-
nomic targets has not yet been defined and therefore something
we want to explore further and document consistently in this paper.

This leads us to the following research question: How can the
selection of modularization methods be supported to specifically
address economic objectives? This question will be answered in a
three-step approach.

First, common modularization methods are examined with regard
to their method steps. In this paper, we are primarily interested in
the module-forming steps and their module drivers.

After the module drivers have been identified, the inclusion of the
module drivers as levers of modularity for the Impact Model takes
place. In a subsequent analysis, possible access points are identified
and documented. The aim is to infer the economic targets from the
module drivers. Once the access points have been defined, the core
steps of existing modularization methods can be compared with
each other in terms of their economic impact.

To ensure consistency and for the documentation of the results, a
generic method step description of the module-forming steps is
developed, which is then applied to the core step C of the modular-
ization methods. The method step description focuses in particular
on the representation of the module drivers as levers for modularity.
The uniform description of the core steps provides a way to
compare modularization methods in terms of their economic
impact.

Our contribution is threefold as follows:

(1) First, we show the analysis procedure and comparison results
of modularization methods in terms of their module-forming
steps.
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(2) Second, we provide a unified method step description for the
module-forming steps of modularization methods.

(3) Moreover, third, we provide a way to select modularization
methods in terms of their impact on economic targets.

When designers, engineers, product planners, and others look for
suitable modularization methods, they are overwhelmed by a large
amount of differently documented information in the literature. Our
contribution will support them in selecting a suitable modulariza-
tion method without losing sight of the economic objective. For
this purpose, a database is established, which forms a bridge
between modularization methods, via the levers of modularity, to
the economic targets, which are part of the Impact Model.

The introduction is followed in Sec. 2 by the state of research, in
which the methodical development of modular product architec-
tures, including modularization methods, the effects of modular
product families, and descriptions of methods in general, are dis-
cussed. Next, in Sec. 3, the research problem and the research
approach are presented, with the individual steps of the approach
being explained with the aid of examples on how to proceed. Fur-
thermore, Sec. 3 presents the generic method step description for
documenting the module-forming step. In Sec. 4, the template for
the method step description presented in Sec. 3 is applied to
seven modularization methods and discussed. Furthermore, the
levers of modularity contained therein are visualized in the
Impact Model. Based on this, the modularization methods are com-
pared with each other with regard to their addressed economic
objectives. In an explanatory example, the method selection made
possible by this is presented. This is followed by a discussion of
the results and an outlook.

2 State of Research

There is a great body of literature providing methods to support
the design of modular product families ([4,6] etc.). Different mod-
ularization methods were selected from the literature, which are
described in Sec. 2.1.1. However, the transfer and application of
these modularization methods in industrial practice is challenged
because it is difficult to understand the core idea of the methods
with regard to the design of modular product families. This
problem was recognized by Otto et al. [7], among others, and the
systematic requirement flow-down model of architecting steps
was created (Sec. 2.1.2) [7]. Furthermore, module drivers are pre-
sented in Sec. 2.1.3. In Sec. 2.2, the Impact Model is presented,
including the already existing levers of standardization and differ-
entiation, in order to show a basis for the integration of the new
lever of modularity module drivers. Last, different models to
describe design methods are presented in Sec. 2.3.

Journal of Mechanical Design

Desired coupling of the core steps to the economic targets via the lever of modularity

2.1 Methodical Development of Modular Product Families

2.1.1 Methods for the Modularization of Product Families.
There is a large number of modularization methods in the literature,
which can be used for the development of modular product families.
These can be divided into methods in which the module forming
takes place rather under technical-functional aspects and those in
which product-strategic aspects are addressed in the course of the
module-forming steps [8]. Three frequently mentioned methods
for modularization are Design Structure Matrices (DSM) [4], Heu-
ristics [9], and the Modular Function Deployment (MFD) [6].

In DSM, couplings between elements of a system are repre-
sented. Related to product architectures, it can concern thereby
functional couplings between components. Pimmler and Eppinger
[4] used this representation method to derive meaningful
modules. The derivation of modules is based on the decoupling
of components, which are little connected. The derivation of
modules can be achieved manually or algorithm based [10].

Stone et al. [9] developed an approach where modularization
happens at the functional level. The basis for this is a function struc-
ture. To identify the modules, the approach provides three heuris-
tics: dominant flow, branching flow, and conversion flow [9].

Ericsson and Erixon [6] developed the MFD method. Modules are
formed under product-strategic aspects, the so-called module drivers.
The module drivers are used to identify components that should form
a single module or a basis for a module. Technical-functional cou-
plings are not specifically taken into account in this method [8].

Besides these quite basic modularization methods, which have also
been studied very often in the literature, there are many more, which
are mostly modifications and further developments of these.

For example, there are many methods based on DSM [11]. One
example therefore is the approach toward considering technical and
economic aspects in product architecture design from Lanner and
Malmquist [12]. Furthermore, DSM is used in a wide variety of
methods, for example, by Yan et al. [I13] to support
sustainability-oriented modular product design through kernel-
based fuzzy c-means clustering and genetic algorithms. Stone’s
approach was also further developed. Further guidelines on the
modularity of function structures were developed by Zamirowski
and Otto [14] for platforms (repeated modules), as well as by
Salonen and Otto for reliability [15].

Jiao and Tseng [16] published a method for the development of
modular product family architectures for mass customization. This
method focuses on the customer and his requirements. Functional,
technical, and physical views are combined.

Furthermore, there are methods that address life phase aspects in
detail, based on Erixon’s idea. In Life Phase Modularization, differ-
ent aspects of life phases are addressed and a harmonization of these
takes place [17,18]. The method combines product strategy views
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Fig. 2 Generic procedure for modularization (extension of Ref. [7])

and technical-functional views. Blackenfelt [19] also builds on
Erixon’s idea and combines it with functional aspects. For this
purpose, the information from the Module Indication Matrix
according to Ericsson and Erixon [6] is transformed into a DSM
format. Furthermore, the groups of the module drivers according
to Erixon into Carryover, Commonality, Make or Buy and Life
Cycle.

In addition, there are methods that are specialized in certain
aspects; e.g., sustainability. Modularization methods have been
applied to identify a platform or common modules in product fam-
ilies to increase varieties in terms of economic benefits and sustain-
ability [20,21]. Lifecycle planning methods help to elaborate
suitable product architectures based on concepts of modularization
[22]. Different lifecycle options require specific modular product
architectures. To plan and evaluate lifecycle options, different
weighting criteria like physical lifetime, value lifetime, or constitu-
ent material can be used [22]. The module definition is based on
these criteria. A method to support lifecycle option planning is pro-
posed by Kobayashi [23] and extended by Umeda [24].

2.1.2  General Procedure for Modularization. There are also
already many comparisons in the literature on the topic of modular-
ization methods [7,8,10,25-27]. Different aspects are considered in
the comparisons. Often, the concepts of modular product architec-
tures, which represent the result of the method executions, are com-
pared. This can take place qualitatively or on the basis of metrics,
like the Coupling Index (CI) [28]. Further metrics for the analysis

071401-4 / Vol. 144, JULY 2022

of couplings and modularity are listed in Holttd-Otto et al. [29].
Especially in modularization methods, where the modules are
defined based on product strategy decisions, the resulting concepts
are very case specific, because the decisions in the context of the
method applications are often made subjectively [10]. Therefore,
the comparison only by metrics is not sufficient to compare the
methods with each other.

The transfer and application of the methods in industrial practice
is challenged by at least the following reason. It is difficult to under-
stand the core idea of the methods with regard to the design of
modular product architectures.

Otto et al. [7] investigated different methods in this area and
detailed the procedure. They presented the detailed procedure in a
systematic requirement flow-down model of architecting steps
(Fig. 2, right).

The model consists of a total of 13 steps which are divided into
standard steps and steps which can be skipped depending on the use
case. Furthermore, alternatives for the individual steps are provided,
and method steps and tools of individual methods are assigned to
the steps.

Steps 14 can be understood as preparatory steps for modulariza-
tion. In steps 9—-13, the post-processing of the modularization takes
place.

In steps 5-8, the core steps of modularization can be found
(Fig. 2, left). In step 5, customer requirements are translated into
functional requirements. This helps designers to understand what
a system should do or provide to meet the given customer

Transactions of the ASME
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Table 1 Module driver according to Ericsson and Erixon [6]

Life cycle context Module drivers

Product development and design Carryover
Technology evolution

Planned product changes

Variance Different specification
Styling
Production Common unit
Process and/or organization
Quality Separate testing
Purchase Supplier available
After sales Service and maintenance
Upgrading
Recycling

requirements. Components are defined, partly via functions from
the requirements. Thus, in step 5, the decomposition of products
takes place. Step 6 involves defining a generic system platform
architecture. For this purpose, architectures of the individual
product variants are created and merged into a generic architecture.
In this step, the variance of components is analyzed so that they can
then be combined to form a generic architecture. In step 7, adjust-
ments are made at the component level. An attempt is made to stan-
dardize the components as far as possible and necessary. Step 8 is
called the critical step by Otto et al. [7]. In this step, the modules
are formed, i.e., reintegration into modules takes place (so this
step matches core step C). The goal is to minimize the links
between the modules as far as possible—in other words, to decou-
ple the modules from one another.

2.1.3 Reasons for the Reintegration to Modules—Module
Drivers. As already written, the “critical step” of modularization
is the step in which the modules are formed [7]. In this paper, we
refer to this step as the module-forming step (core step C) of mod-
ularization. Ericsson and Erixon [6] have coined the term module
driver in this context. Module drivers are the reasons for which
components are combined into modules. The 12 module drivers
according to Ericsson and Erixon [6] are listed in Table 1.

These module drivers according to Ericsson and Erixon [6] are
further developed, specified and classified in different ways in the
literature. As a result, many of these module drivers can also be
found in other modularization methods.

Blees et al. [17], for example have expanded the module drivers
to include company-specific module driver characteristics and sub-
divided these into life phases [18]. Borjesson and Holttd [30] speak
of strategic similarity and independence drivers. This contrast can
be found more frequently in the literature: Reasons which lead to
the fact that components are summarized to modules and reasons
which lead to the fact that components are separated. An example
for this are also the Heuristics by Stone et al. [9]: The heuristic dom-
inant flow aims at grouping components, which are flowed through
by the main flow, to a module, so that the main flow must be cut as
rarely as possible. This heuristic aims more at grouping components
together. The heuristic branching flow gives rather an indication,
which components should be separated from each other. Another
example is provided by module drivers according to Ericsson and
Erixon [6]: The module driver carryover states, that components

which are to be used in several products should be combined.
The module drivers related to recycling tend to indicate which com-
ponents should be separated from each other for recycling reasons.

2.2 Impact Model of Modular Product Families. As afore-
mentioned, modularization is a bridge between internal variety
and external variety. With the lowest possible internal variety, a
large external variety should be covered. On the one hand, this
means that customer requirements can be met based on the modu-
larization. On the other hand, the internal effort, for example on
the process side, is lower. The modularization of product families
nevertheless brings further advantages with it. These have been dis-
cussed in many different ways in the literature, with the effects
being considered in a very differentiated manner [31,32]. The
Impact Model represents a collection of these [3,33]. In ongoing
research projects, the Impact Model is continuously validated and
adapted to new knowledge [3,34,35].

The specificity of the Impact Model is that attention is paid not
only to the impact itself, but also to the cause. The cause modularity
is subdivided into different properties and characteristics, oriented
originally to Salvador [36] and developed further by Hackl et al.
[3] as shown in Fig. 3.

The properties and the characteristics describe the modularity
from point of view of the variety management in the course of
whole product families. By the characteristics, the properties can
be achieved [37]. The characteristics can be affected directly by
the developer. The characteristics are oversizing, interface standar-
dization, decoupling and function binding. The properties of mod-
ularity are commonal use and combinability. Oversizing describes
the fact that modules are exceeded in size or in their interfaces,
for example, so that they can subsequently be used across the
product family as standardized—i.e., commonally. The commonal
use of modules is also made easier by interface standardization.
In addition to the commonal use, interface standardization also
enables the combinability, which is also made possible by function
binding and decoupling. The function binding means here that a
one-to-one assignment of functions to modules takes place. Decou-
pling states that the connections, such as flows, should be stronger
within a module than between modules.

Through the levers of standardization and differentiation, the
characteristics and the properties can be addressed. The properties
are then followed by the impact chains. An excerpt of the current
status of the Impact Model can be seen in Fig. 4.

Figure 4 shows an example of an impact chain. The commonal
use, which is made possible by interface standardization and over-
sizing, leads in the procurement life phase to the fact, that there are
also fewer different part numbers due to the decreasing variance. As
aresult, not as many orders need to be generated and the orders that
are generated include larger quantities. The costs per unit can be
lowered by larger numbers of items due to quantity discounts.
The effects that result directly from the properties are the so-called
primary effects. The subsequent effects explain the causal relation-
ships in further detail. The impact chain ends in an economic
impact. The economic effects are time, costs, quality and flexibility,
whereby—if possible—a distinction is also made between
product-related economic effects and process-related economic
effects.

In current research, it has been found that not only the levers of
standardization and differentiation allow access to the Impact

» Interface ) Function Characteristics
Oversizing dizati Decoupling pindi
Standardization inding enable
require
Commonal Use Combinability :
Properties

Fig. 3 Properties and characteristics of modularity (further developed based on Ref. [3])
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Fig. 4 Excerpt of the Impact Model of Modular Product Families (adapted based on Ref. [3])

Model. In addition, especially the characteristics are not only influ-
enced by modularization per se, but also already to a large extent in
the variety-oriented product design. When components are stan-
dardized, this standardization continues in modules. Another idea
is, that a further lever can be the module drivers in the core steps
of modularization methods [38,39]. For example, there are
methods in which the method user is encouraged to combine take-
over parts into a module. So, if this module driver carryover is
applied, it has the consequence that the commonal use of this
module is made possible.

2.3 Definitions and Descriptions of Design Methods. In
spite a diffuse understanding of the term method [40], positive
effects of method applications to reduce development time and
increase quality of results are reported in literature [41]. A
common way to define the term method is to border it from meth-
odology, process and tool [42,43].

2.3.1 Design Method Descriptions. Ways to provide knowl-
edge about methods differ widely with regard to the structuring of
information, the detailing of activities and required information as
well as boundary conditions to apply the methods. A detailed over-
view of different method properties or attributes used is given by
Ponn [44]. To address the basic understanding of methods as proce-
dures of activities leading to a certain goal or result [45], in most
method descriptions a process-oriented presentation is used. The
process-oriented presentation goes back to the Structured Analysis
and Design Technique (SADT) [46]. The Process-Oriented Method
Model (POMM), for example, builds on it (Fig. 5).

The POMM proposed by Birkhofer et al. [47], comprises the
attributes process, defining in- and outputs, the sequence of tasks
as well as general conditions, user aspects and working aids
(tools) to use the method. The assess parts are intended to support
both the selection of the method and additional information to
ease application.

Other approaches research access to method knowledge using
digital tools, see for example Albers et al. [48]. The user interface
of Innofox is shown in Fig. 6.

Here, the methods are described by brief descriptions with regard
to the attributes short description, input and output, respective work
steps, required tools and resources, advantages and disadvantages,
area of applications, as well as suitable sources and application

071401-6 / Vol. 144, JULY 2022

examples. In order to support a situation and need specific
method selection, filter options are provided based on aspects
such as objective, number of employees required or type of infra-
structure required. However, these cover a wide range of methods
and thus include only a small number of modularization methods.

2.3.2  Description of Individual Method Steps. Processes and
methods can be structured at different levels to identify recurring
sequences. The POMM, see Fig. 5, for example, includes a hierar-
chical structuring of a method into method steps, whereby the
method steps according to VDI2221 [49] can also be referred to
as activities. The required depth of description is use case specific.

One example for the description of single method steps in detail
instead of describing whole methods is the Method Process Visual-
ization (MPV) according to Beckmann et al. [50] (Fig. 7).

Beckmann et al. [50] addressed the question of how it can be pos-
sible to transfer methods into practice. In order to make this possi-
ble, the authors do not consider whole methods per se, but go to the
step level. The cut is made by looking at which competencies are
needed in which sections of the methods, and what the practice
needs in order to carry out parts of the methods. Another example
is provided by Hanna et al. [51]. They link process models with
product models to make development more consistent. Even for
this, whole methods have to be subdivided, because different
parts of a product model are needed in different steps of the
method [51].

The description attributes in the step level are similar: Individual
method steps provide an output that can be an input for a next
method step. The subdivision of methods into method steps offers
many potentials. For example, the modularization methods consid-
ered in this paper are very extensive design methods, which consist
of many individual steps. By dividing them into steps, these
methods can be adapted step by step (see [7]).

3 Research Problem and Research Approach

There are various modularization methods in the literature which
are described in different ways. In the modularization methods,
there is the core step C in each case, in which the module
forming takes place.

The reasons for this vary from modularization method to modu-
larization method. Due to the very different descriptions of core
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Fig. 5 Process-oriented Method Model (POMM) [47]

step C in different methods, the module drivers are difficult to grasp
at a glance. Without a consistent description of the module-forming
steps, it is not possible to easily and quickly access knowledge
about the module drivers per modularization method. In order to
support the selection of modularization methods and to make the
addressing of economic targets visible, we proceed as follows.

We examine a selection of existing modularization methods with
regard to their method steps. In doing so, we identify the core steps
A to C in the methods including their module drivers (Sec. 3.1).
After the module drivers have been identified, they are categorized
by comparing them with the elements of the Impact Model. This
defines the access points of the module drivers as levers for modu-
larity on the Impact Model (Sec. 3.2).

The module-forming steps of the different methods are then
described with an adapted method step description, in which the
focus lies on the module drivers as the access points (Sec. 3.3).
The method step description itself is developed in a workshop
with method researchers and builds on the findings from the state
of research. In the method step description, the bridge described
in the introduction (Fig. 1), which represents the superordinate rela-
tionship between the modularization methods and the economic
targets, is documented (Fig. 8). Furthermore, the access points are
marked in the Impact Model.

Based on the method step descriptions and the Impact Model,
method steps of different modularization methods can now be com-
pared with each other. In addition, the method description of the
module-forming steps facilitates the method selection.

3.1 Analysis of Existing Modularization Methods and Their
Module-Forming Steps. In this paper, the selected modularization
methods have already been described in the state of research. These
are the method Life Phase Modularization according to Blees [17]
(M1), Modular Function Deployment according to Ericsson and

Journal of Mechanical Design

Erixon [6] (M2), the method for developing modular mechatronic
products by Blackenfelt [19] (M3), the Integration Analysis of
Product Decomposition method by Pimmler and Eppinger [4]
(M4), the lifecycle planning method based on lifetime heterogeneity
[23,24] (M5), the method for identifying product portfolio architec-
ture modularity using function and variety heuristics according to
Zamirowski and Otto [14] (M6), and the product family architecture
development method for mass customization by Jiao and Tseng [16]
M7).

These are, on the one hand, the basic methods of modularization
and, on the other hand, methods which build on them and com-
bine, among other things, product-strategic variance aspects with
technical-functional aspects.

First, the module-forming step is to be found. The steps of the
modularization methods are thus analyzed and assigned to the
parts of Fig. 2, left: preparatory steps for modularization, core
steps of the modularization and post-processing of the modulariza-
tion. The consideration of the product architecture levels is particu-
larly helpful in the identification of the core steps of the
modularization. After the core steps of the modularization have
been identified, the focus is on core step C and it is researched
which module drivers lead to the modules being formed here.
This analysis procedure serves the first part of the contribution of
this paper.

In the following, the procedure is explained on the basis of Life
Phase Modularization (M1). The method is described in Ref. [17],
among others. It is based on a design for variety method [5]. With
the help of the description of the process of modularization methods
in Ref. [7] (Fig. 2), it turns out that core step A: decomposition of
product, and core step B, analysis and revision of components are
part of this upstream method. The product-strategic modularization
is described in detail in Ref. [17]. This is the core step C: Reintegra-
tion to Modules. A set of module drivers, which are based on those
of Ericsson and Erixon [6], is set up and then used to create network
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Fig. 6 InnoFox user interface (according to [48])

diagrams. In this method, the modules drivers are thus easy to iden-
tify. An example of such a module driver, which is also already used
by Ericsson and Erixon, is separate testing. This is a module driver
which is used in the network diagram “production.” In the network
diagrams, the components of a product family are assigned to the
module drivers and then combined into modules, whereby compo-
nents are assigned to modules under life phase-specific aspects. The
different module structures of the individual life phases are then col-
lected in a tool called Module Process Chart in order to harmonize
the different views.

3.2 From Module Drivers to Economic Impact. After the
module drivers from the different modularization methods have
been identified and clustered, the economic effects they bring

with them are now to be analyzed. This also serves the first part
of the contribution mentioned in the introduction. For this, the
idea is taken up that the module drivers represent another lever of
modularity for the Impact Model, in addition to standardization
and differentiation [38,39]. We utilize the knowledge in the
Impact Model. The module drivers are compared with the elements
of the Impact Model to identify the access points of these levers.

This can involve different levels of detail. Some module drivers
represent a direct lever and can be causally addressed straight to
individual effects (and the resulting consequential effects). The pre-
viously mentioned module driver separate testing (module driver in
methods M1-3) is an example of this (Fig. 9).

The Fig. 9 shows an example of the superordinate link between
module drivers and economic targets. If components are assembled
in the module-forming step of a modularization method, which is to

knowledge
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Fig. 7 Method and Process Visualization (MPV) [50]
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Fig.8 Description of the module-forming step (core step C) to illustrate the relationship between modularization methods and

their economic impact

be tested together in certain production processes; for example, then
parallel testing is made possible by the separation. The parallel
testing is an effect in the Impact Model and represents in this
case the access point for the lever. This effect is followed by the
effects of reducing the time for failure detection and lowering the
manufacturing costs per unit. Nevertheless, it should be noted that
additional costs due to possibly necessary test facilities could
reduce this effect somewhat. All in all, the parallel testing results
in positive effects on process time, process costs, and process flex-
ibility [38,39].

An example of a reason for module reintegration, which as a
lever enables access to a whole area of the Impact Model, is the
module driver carryover (module driver in methods M1-3, M6). If
components are to be merged that are carryover parts, this addresses
directly the commonal use. Thus, all primary effects of the life
phase product development can be achieved, which result from
the property commonal use in the Impact Model.

If modularization methods mainly address technical-functional
aspects during module reintegration, it is more difficult to access
the effects of the Impact Model. Nevertheless, technical functional
module formations pull also product-strategic effects, above all in
the product development. If for example components are summa-
rized, which fulfill together a function (module driver in method
M1, M3-4), then the commonal use is increased, if this function

is to be contained in different products. In addition, individual
effects in the life phase product development are affected, as for
example ease of mapping organization to the task. This primary
effect has a positive influence on every economic target via
follow-up effects.

3.3 Generic Method Step Description for Documenting the
Module-Forming Steps. As shown in the state of research, there
are already many different method descriptions. Thus, no descrip-
tion needs to be developed from scratch, but existing descriptions
can be used and further developed. The goal we pursue with the
description is the representation of core step C of modularization
methods with focusing on the module drivers as levers for modular-
ity to achieve economic targets.

Against the background of this goal, existing generic method
(step) descriptions were examined. The focus was thereby on the
individual attributes, which the descriptions bring along. The goal
is to describe method steps and not whole methods. Nevertheless,
also whole method descriptions were considered since the attributes
applied here can be referred also to as method step level. Further-
more, different descriptions were examined on the one hand regard-
ing their similarities and on the other hand regarding their
differences in a creative workshop with method researchers.

Properties and characteristics of modularity
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Fig. 9 Representation of the access point of the module driver separate testing as lever of modularity
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Fig. 10 Generic method step description of module-forming steps

The research results, analysis results, and workshop results led to
the following generic method step description for the module-
forming steps of modularization methods (Fig. 10), which belongs
to the second part of the contribution mentioned in the introduction.

The module-forming step (2) is part of an entire modularization
method (1) and therefore has an input from previous steps and an
output for further steps (4). In addition, the externally required
input and the results of the step implementation are listed. The
step itself is described in great detail with the following attributes:
short description (3), aim of the method step, required methodical
knowledge, working aids, sup-activities, steps, related methods
(steps from other modularization methods), and most important in
our case and on top of that core step C specific: The module
drivers which are considered as levers of modularity and are the
access point for the Impact Model (5).

4 Comparison and Selection of Modularization
Methods Using the Description of Core Steps

This section is divided into three subsections. First, the results of
the identification of the levers of modularity of the modularization
methods in the Impact Model are presented and analyzed (contribu-
tion part 1). This is followed by a description of the module-forming
steps of the modularization methods (contribution part 2). Differ-
ences between the modularization methods with regard to their
addressing of economic objectives are highlighted (contribution
parts 1 and 2). Finally, an example is given to show how this knowl-
edge can be used to support the selection of methods with regard to
economic objectives (contribution part 3).

4.1 Identification and Representation of the Levers of
Modularity in the Impact Model. The seven modularization
methods listed in Sec. 3.1 were now examined in detail as described.
The module-forming steps, core step C, were identified. In these
steps, the reasons that lead to which modules emerge were now
examined in more detail and categorized according to the life
phases from which they originate. As previously described, these
module drivers are the newly introduced levers of modularity.
Depending on which module drivers are prioritized in module forma-
tion, different economic effects can be achieved. Section 3.3

071401-10 / Vol. 144, JULY 2022

describes the procedure used to identify access points in the Impact
Model. Figures 11 and 12 show the Impact Model with all identified
access points of the module drivers of the selected 7 methods.

The access points are marked by rectangles. The M and the first
number stand for the respective method from which the access to
the Impact Model takes place (see legend). Since the methods
usually have several module drivers that can be linked to the
Impact Model as a lever of modularity, the access points are also
abbreviated by numbers in the description.

Three different types of access points can be distinguished. The
first type represents access to an entire life phase. An example of
this was given in Sec. 3.2. These access points are rectangles
placed in the upper right corner of the life phases. There is
another distinction here. If the rectangle has an bold light border,
the access point refers to all effects of the life phase that result
from the property combinability. If the border is bold dark, it
refers to all effects that result from the property commonal use.
With a thin border, all effects of the respective life phase are
addressed. The second type is the access point, which contains an
* and is also placed at the top right of the life phases. These
access points indicate that an entire life phase is addressed, but
that some effects occur particularly strongly. The access points
are also listed with * at the impact chains. The last type is the
access point for individual impact chains. This marking is also
made as a rectangle directly behind the respective impact chains.

If the Impact Model is examined, it can be seen that the impact
chains act as access points for the levers of modularity with
varying frequency. Some impact chains are addressed by many
methods (4000 and 4010). Others are only sporadically marked
by access points (5040). Also, some impact chains are not addressed
at all, as for example the impact chain 4070.

4.2 Description of the Module-Forming Steps of Selected
Methods. Once the methods have been studied and the access
points of the lever of modularity are identified within the Impact
Model, the results of the analysis can also be documented in the
generic method step description of module-forming steps.

These will then be used to quickly review the module-forming
steps of the modularization methods in combination with the use
of the Impact Model.

Transactions of the ASME

PWI/¥99.989/L0% L L0/ L/t L/1pd-ajoie/ubisap|esiueyoeu/Bio-awse uooa||0d|eyBipawse//:dny wol papeojumod

0 L vyl

¥20z Atenuer g uo Jasn (d|L) eylolqigsuonewioyu] ayosiuyoa | Aq jpd Loy 2



Properties and characteristics of modularity
. Interface ) Function Characteristics
Oversizing Standardizati Decoupling bindi .
andardization inding enable Economic target
require values
Commonal Use Combinability ]
Properties

m1a1 M1Az4M2ALAM3ALY Time Cost Quality Flexibility

M3A2 M4A1 M6A1 [MGA2*

Product Development

w Product costs '—
' Volume Efficient product T
performance b 4 Product quality
Percentage of Efficient product 1020 -

‘v Efficient product

@Produc( quality

1040

performance

" Weight

Product costs

Al t of e
mount of
coordination & 10'59 Process time
documentation
1060

N Processtime

1070

g Process costs
1080 Process
A flexibili

1090 i
§  Processtime '—

Outsourcing of
develop. tasks

*

Ease of mapping
organisation to
tasks

Parallel
development

*

' Parallel Failure detection
prototyping (= earlier)

—‘ M2A2 M3A6
®
— =

Product
innovation

- il
1140, )
‘ Freedom ‘ Conceptual ~§- Product quality

of design Lock in | | 1150 Portfolio
| W flexibility

Ease of variant :’nﬁn ; - . M1A2* M2A1* M3A1*
derivation g Processtime MS5A1 M6A2*

1170,

L geine @ Product quality —. Y
I ' Failure rate
gradient p—— ‘
§ Process time MSAL
Reliability of 1190 -

‘ product o Product quality S — . M5A1

| Time for part| _[1200

‘No‘ofd‘wﬁerer\t |‘ search 3§ Process time —.

Parts (Code

]f Product quality

L

o

Part [ 1210
numbers) ‘ administration k4 Process time
Probability of 1220 i M1A2* M2A1* M3A1*
* error spread A rocesstme . M5AL] M6A2*
Procurement

2000

h 4
' Purchasing 289 Process costs l—
conditions 2.4

. Clarification eff.| _[2020 N
-{ ' Repition ratel—‘{ with supplier 4§ Process time

Stock costs

‘ Safety stock
(level)

I

Lot size

L

i Risk 5
No. of different Ease of supplier .
management 4§ Processtime M2A3 M3A3
2050 Process| .
No. of purchase L flexibi lity |
A rredictability :
orders 2060
b 4 Process costs —.
Purchase of ‘ Efort for Z%,m Process time —. M1A3
A orehbricated procurement _ _
Modules ep. on supplier 2080 T .
" seithitianics b 4 Product quality M1A3
T viaa ivias* [zms| wme
; & *
Production RMZAZ| M3 M7AL
' Start of prod. 3000 Led tivie .
planning h 4
33? Lead time —. M2A4 | M7A4 M3A10
| mgl Process time —. M7A4

. Outsourcing of I

manufact. tasks
I 30%] Process costs —‘ M7A2

Fig. 11 Impact Model of Modular Product Families with the access points of modularization methods (Part 1,
continued in Fig. 12).

The detailed descriptions of the seven methods can be found in  the Impact Model (Figs. 11 and 12). If the module drivers of the
the Appendix. Table 2 summarizes the main description attributes.  modularization methods do not represent levers of modularity that
The markings via the numbers 1-5 can be found in Fig. 10. can be addressed to elements of the Impact Model, then no access

The main description attributes in the context of this paper are the ~ point is listed. Furthermore, there are the collective effects, which
name of the module-forming steps, the short description of the step,  are marked in green in the Impact Model. Thus, for example, all
input (method internal, i.e., from the previous method step, and impact chains that belong to the product development life phase
method external) and output and the identified lever of modularity, or are generally process impact chains have an effect on subsequent
the module drivers with the access points, which are also marked in  life phases.
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Fig. 12 Impact Model of Modular Product Families with the access points of modularization methods (Part 2)

Using the information on the module drivers and their access
points contained in the method step descriptions and the Impact
Model, the modularization methods can now be compared with
each other in terms of the different economic effects that can be
achieved with the lever of modularity.

When examining the modularization methods and the module
drivers as levers of modularity, some differences between the
methods became apparent.

The categorization of the module drivers already revealed some
differences.

Methods M1, M2, and M3 contain module drivers from all life
phases, which are listed in the Impact Model. The Life Phase Mod-
ularization according to Blees et al. [17] already assigns the module

071401-12 / Vol. 144, JULY 2022

drivers to the life phases, while the Modular Function Deployment
according to Ericsson and Erixon [6] assigns the module drivers to
other categories, which means that this had to be adapted. The result
was that the same module driver in two different methods represents
different levers in the Impact Model. The module driver separate
testing addressed in the Life Phase Modularization is clearly
assigned to testing in production. In Modular Function Deployment,
prototype testing is also addressed by this module driver in the
product development phase. Blackenfelt [19] grouped the module
drivers. These groups contain contradictory or opposing module
drivers, which are then coordinated within the group. By categoriz-
ing the module drivers into life phases, these groups are split up
again.
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Method 4 is structured differently; it is a method with technical
functional aspects, which mainly occur as module drivers of the
product development life phase. The aforementioned collective
effects play a major role in identifying the economic objectives
that can be achieved by this method.

Method M5, M6, and M7 provide module drivers of selected life
phases. For example, Kobayashi [23] provides a method that deals
with life cycle aspects and thus mainly includes module drivers of
the peripheral life phases: Product development, sales and market-
ing, and service. Jiao and Tseng [16] present a method that mainly
includes production aspects.

In the method step descriptions, it is noticeable that some module
drivers as levers for modularity do not tie in with the Impact Model
via access points, such as the module drivers styling and temporal
variety.

4.3 Application: Method Selection With Regard to the
Objectives. The collection of method step descriptions in combi-
nation with the Impact Model can now be used in different ways.
On the one hand, the description enables a quick information acqui-
sition on the module-forming steps of different modularization
methods. Furthermore, the effects that can be achieved by carrying
out the module-forming step of the different methods can be read
off directly. It is shown which economic objectives can be achieved
by many methods and which goals are not taken into account in the
selection of the methods. It should be noted that the economic
targets are shown qualitatively at this point in the basic research.
We thus provide a generic database and its application, which can
be used as a basis for specific cases. For quantitative analysis, a
lot of case-specific data would be necessary.

The whole selection process builds on the database shown in
Figs. 1 and 8. Modularization methods provide levers of modular-
ity, whereby the economic impacts can be addressed, which are
part of the impact model. For the selection process, this data
linkage is viewed from the other side (Fig. 13).

If one has not yet decided on a method, the Impact Model can be
used to select suitable methods. For this purpose, relevant areas are
defined in advance in the Impact Model (1). The Impact Model
helps at this point to sharpen the objective behind the application
of the modularization method.

The user of the database first selects the economic targets which he
wants to address by means of a modularization method. In previous
research, it became apparent that the impact chains of the Impact

Levers of

2) Modularity 5
Module Driver 1 4
Module Driver 2

Module Driver 3

r Core Step C of MM X

Model are dependent on the company’s boundary conditions. There-
fore, the user receives an Impact Model adapted to his company for
the selection of the economic targets. Thus, the user can select only
economic targets, which he can reach also by the given circum-
stances. Furthermore, the probabilities for the occurrence of effects
are quantified in current research [35]. With the help of this quantifi-
cation, it should be possible to prioritize impact chains in the future.

The module drivers, which allow access to the selected areas of
the Impact Model, are detected via the access points (2). Modular-
ization methods can then be selected whose module-forming steps
have a positive impact on the relevant areas (3—4). Depending on
the prioritization of the impact chains that will be possible in the
future, it will also be possible to prioritize decision paths and thus
also the resulting modularization methods.

It is also noticeable that some methods provide module drivers
that access a large number of sections in the Impact Model. For
this reason, the module drivers were also classified within the
method steps. Depending on the economic targets that need to be
achieved in the Impact Model, different module drivers should
therefore be prioritized during the method implementation.

The following is a simple example that describes this procedure
in more detail.

Company A is faced with the challenge that the services of this
company are often rated poorly, as a result of which more and
more customers migrate to the competitor. With the initial goal def-
inition, it is defined that above all the lowering of the process times in
the service is to be obtained by the restructuring of the offered
product families. In the Impact Model, there are three service
chains in terms of process time: 5050, 5060, and 5070. When the
access points are examined, it becomes noticeable that the associated
module drivers belong to the modularization methods M1, M2, M3,
and M5.

Thus, these methods are now on a shortlist. On further inspection,
these methods show some differences: Methods M1, M2, and M3
also address many of the economic targets of the other life phases
and are thus somewhat broader in scope. Method M5 focuses
only on three life phases in terms of module formation, which sug-
gests that specialization is taking place here. The method selection
has now been narrowed down, and further factors for method selec-
tion would have to be considered. The method selection was thus
narrowed down. Depending on which additional factors are impor-
tant to company A, a further narrowing down can take place accord-
ing to the same scheme. If the company has already decided in
advance on another method, such as Method 7, because the

4! Modularization
Method X

Y

“Core Step C of MM Y'-

- Y

Modularization
Method Y

Fig. 13 Method selection based on the economic impact

Journal of Mechanical Design

JULY 2022, Vol. 144 / 071401-13

PWI/¥99.989/L0% L L0/ L/t L/1pd-ajoie/ubisap|esiueyoeu/Bio-awse uooa||0d|eyBipawse//:dny wol papeojumod

0 L vyl

¥20z Atenuer g uo Jasn (d|L) eylolqigsuonewioyu] ayosiuyoa | Aq jpd Loy 2



company works with method experts of this method, Method 7 can
be adapted by aspects of methods M1, M2, M3, and M5.

5 Discussion

In this section, the results from Sec. 4 are discussed, and initial
opportunities for revision or further research are identified.

5.1 Discussion of the Categorization of the Module
Drivers. The categorization of the module drivers into the life
phases of the Impact Model basically works very well. Nevertheless,
itis noticeable that different methods are based on different life cycle
sequences, which result from the stocking strategy of a company. For
example, procurement sometimes precedes production. Other
methods assume that a product is first sold and then developed and
manufactured. It should be investigated whether there is an influence
of the stocking strategy on the economic objective and goal achieve-
ment and how this can be integrated into the method selection with
regard to the economic objectives. Furthermore, there are some
module drivers that cannot be integrated into the Impact Model via
access points as a lever of modularity. When examining these
module drivers, it became apparent that they can be roughly
divided into two categories: Module drivers that are related to the
ability to change (temporal variety (module driver in methods M1
and M6), technology push (module driver in method M2-3),...)
and module drivers that are related to product personalization
(styling (module driver in method M2-3)). It makes sense that
these module drivers cannot be linked to the Impact Model, as this
is currently intended more for variant management. The Impact
Model therefore tends to show exactly the opposite: what happens,
in terms of the economic targets, when variety is minimized.
Through the integration of product personalization and the ability
to change, variety is used in a planned manner to respond to individ-
ual customer wishes or future situations. There are now two ways to
reach here. Either these aspects are integrated into the data basis of
the Impact Model, in which case the Impact Model is expanded, or
further Impact Models need to be created.

Furthermore, the levers provide information on which impact
chains can possibly be extended in the Impact Model. An example
of this is recycling. There are relatively many methods that are also
linked to impact chain 5070 in the Impact Model with different
module drivers. Here, it is noticeable that the module drivers and
the effects of the Impact Model are on different abstraction levels.
The Impact Model should be expanded to include more differentiated
sustainability aspects and recycling aspects, as these points in partic-
ular are becoming increasingly important nowadays.

5.2 Discussion of the Execution of the Method Step
Descriptions. We divided into teams and applied the generic
method step description described in Sec. 3.3 to the modularization
methods from Sec. 3.1 separately from each other. This allowed us
to gain valuable experience and validate the template for the
description in terms of applicability.

The generic method step description could be applied to the
module-forming steps of all seven methods (see the Appendix).
Thanks to the standardized description, the individual description
attributes can now be recorded quickly and easily, and they can
thus also be compared with one another. The selection of
methods in this paper covers a wide range, which is why we
assume that the generic method step description can also be
applied to other modularization methods. The application of the
template was done by us as design method experts. However, it
must be said that in most cases we did not develop the methods our-
selves and therefore used the literature that could be found for the
information gathering. When using the template, we noticed that
some areas were much easier to fill in than others. With the pub-
lished information on the methods, the short descriptions and the
objectives of the method step were easily detected. The stakeholder
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and also the inputs and outputs tended to be easy to name, but one
should be aware that these items are also very use case specific. The
attribute that required methodical knowledge for the method step
was rather difficult to name, as this is a very subjective point.

5.3 Discussion of the Method Comparison and Selection
Based on the Impact Model the and Method Step
Descriptions. It should be noted that although modularization
methods provide certain module drivers, these are not necessarily
used to form the modules. In the module-forming steps of Life
Phase Modularization according to Blees et al. [17], for example,
modularization concepts are created for each life phase individually.
These concepts are then harmonized, whereby compromises have to
be made. Knowledge of potential impacts can be used to support
compromise formation.

This paper has shown that method selection can be supported in
terms of its impact on economic targets. However, there are many
other factors that lead to the selection of modularization methods.
Examples are required resources, method knowledge, or applicabil-
ity. These factors should be weighed when selecting a method.

With the help of the knowledge base (Table 2 and Figs. 11 and
12) and the procedure (Fig. 13), existing methods can be selected
as described. However, if there is not a suitable method for the
desired economic objectives, the knowledge base provides informa-
tion on which modularization methods can be combined to achieve
the set objectives. This is then a method adaptation. If a method
adaptation was accomplished, then the adapted method is again
taken up into the data basis, in order to strengthen the base. If
there is no suitable method, this is a sign that there is a need for
research.

6 Summary and Outlook

Within the scope of this paper, a procedure was developed to
document the economic effects of the module-forming steps of
modularization methods and then to use them for a comparison of
methods in a qualitative, generic way.

For this purpose, modularization methods were first analyzed. By
means of module drivers of the module-forming steps, the link to an
Impact Model was made possible, which shows the economic
effects (contribution part 1, related Secs. 3.1, 3.2, 4.1, 4.2, and
5.1). A generic method step description for the presentation of
module-forming steps of modularization methods was developed
based on existing models in the literature which enables the relevant
information of the steps to be recorded quickly and easily (contribu-
tion part 2, related Secs. 3.3, 4.2, and 5.2). Furthermore, this
description enables an analysis, comparison, and quick selection
of modularization methods with regard to their addressed economic
objectives (contribution part 3, related Secs. 4.3 and 5.3). The data-
base developed in this paper is qualitative. The method analyses,
comparisons, and selection are therefore also qualitative. In Sec.
2.1.2, it was shown that quantitative comparisons are also possible,
for example, through the use of modularization metrics. With this
paper, we have shown the possibility of qualitatively comparing
methods with each other with regard to their addressed economic
objectives. Section 4.3 also shows how modularization methods
should be prioritized based on the quantification of the probability
of occurrence of effects in the Impact Model. There is a need for
research to combine the approach presented here with existing
approaches from the literature to enable a multicriteria comparison.
The formalization of the dependencies of the data along the decision
path (Fig. 13) would also be beneficial for a multicriteria compari-
son. In this way, the influence of the probability of occurrence of
individual effects on the modularization methods and their prioriti-
zation would be well represented.

We are aware that modularization methods have to be adapted in
large modularization projects. For the application of the methods,
method experts are necessary who make these adaptations specific
to the situation. Our contribution allows us to support the objectives
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in such projects and the adaptations of modularization methods.
Especially, the effects on economic targets in the later life phases,
such as sales and service, are otherwise often lost sight of, as
these are mentally far away from the development. It would be
useful to examine documented use cases in order to validate the
relationships between the levers of modularity and the Impact
Model. Use cases here refer to the implementation of modulariza-
tion methods in the context of modularization projects. In such
use cases, the quantitative economic targets that were achieved
could be included in the database. The database can be strengthened
by backing up the qualitative correlations with quantitative findings.

Furthermore, the current visualization of the Impact Model is
slowly reaching its limits. The relationships, which were initially
analyzed and have now been visualized, can be thoroughly
modeled in SysML in further research. In this way, the knowledge
would be stored in a central location and indirect relationships can
be made visible. A model-based implementation would have the
additional advantage that different views of the data relationships
can be created, thus reducing the total amount of visible informa-
tion. A model-based implementation would also simplify the pre-
sentation of the relationship between module formation, module
drivers, and economic targets, building on a consistent database.
A tabular overview would reach its limits here. It would be very
confusing since the relationships can fan out in both directions: A
method has one (or more) module-forming steps, in which in turn
several module drivers are used, each of which can result in
several economic targets in the Impact Model. In the other direction,
an economic target can be linked to several module drivers via the
access points, which in turn occur in several modularization
methods. Through a model-based implementation, the influence
of company boundary conditions on a suitable method selection
would also become visible. This would further simplify method
selection. The Impact Model has already been mapped in SysML
[52]. This modeling will be expanded to include new knowledge
about the interface between modularization methods and the
Impact Model. The already acquired analytical knowledge can be
further deepened by analyses and simulations in SysML.

In the context of this paper, only the module-forming steps were
examined. Other steps can also be exciting with regard to the objec-
tive and can be investigated, for example, method steps that can be
assigned to the generic step “commonality assignment” according
to Otto et al. [7]. Also, especially, the step that precedes the
module formation (core step B) has a great impact on the module
formation itself. This factor, which is probably very use case spe-
cific, should also be included and taken into account.

Additionally, it would be interesting to evaluate how a change in
the business model would impact the module drivers. As for
example the modularization of a product service-system could
increase the (re-)configurability over the life cycle [53]. The
Impact Model is continuously validated in order to consolidate
the database stored in it. If the focus then changes over time, for
example, with regard to sustainability, such changes will be
reflected in the Impact Model. When this happens, the linkages of
the modularization methods in these areas would need to be revised.

From this summary and outlook, it can be seen that our contribu-
tion is the first major step in a research direction to address a mul-
tifaceted problem. This basic research can now be seen as a basis for
further research in this context.
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Appendix

Below are the individual method step descriptions of the methods
from Table 2:

M1 (Blees et al., 2010)

M2 (Ericsson and Erixon, 1999)

M3 (Blackenfelt, 2000)

M4 (Pimmler and Eppinger, 1994)

MS5 (Kobayashi, 2001; Umeda et al., 2007)
M6 (Zamirowski and Otto, 1999)

M7 (Jiao and Tseng, 1999)

Table 2 Summary of the applied descriptions with the main attributes

Method 1 Core step C 2

Short description of step 3

Input and Output 4 Module driver and access points 5

M1 (Blees et al.,
2010)

3. Create strategic
modularizations for all
relevant product life
phases They are then grouped into
modules according to their

assignments

In network plans, module drivers
are assigned to components via
module driver characteristics.

Internal input: Product
representation (Module
interface graph (MIG))

Product Development: Technical—
functional module driver (M1A1),
temporal variety (-), carryover parts

External input: Requirements  (M1A2%*)
of different life phases Procurement: modular sourcing
Output: Strategic (M1A3)

modularizations in Network
Diagrams

Production: process (M1A4),
organization (M1A5%), separate
testing (M1A6)

Sales and Management: variant
product properties (M1A7),
adaption/extension (M1AS8)
Service: service/maintenance
(M1A9), product recycling
(M1A10), material recycling
(M1A10), thermal recycling
(M1A10), and disposal (M1A10)
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Table 2 Continued

Method 1 Core step C 2

Short description of step 3

Input and Output 4

Module driver and access points 5

M2 (Ericsson and
Erixon, 1999)

3. Generation of concepts
for modularization by
clustering the MIM

M3 (Blackenfelt, 3. Create modularizations

2000) considering strategic and
functional aspects
M4 (Pimmler and 3. Cluster the Elements

Eppinger, 1994)  into Chunks

M5 (Kobayashi,
2001; Umeda
et al., 2007)

3. Create strategic
modularizations for all
relevant product life
phases

M6 (Zamirowski
and Otto, 1999)

3—4. Clustering functions
according to heuristics

M7 (Jiao and
Tseng, 1999)

2-3. Technical modeling
of Product family
architecture (PFA) ->
Physical modeling of PFA

The technical solutions are
clustered in suitable modules
based on their evaluation
regarding the module drivers, this
clustering is carried out in the
Module Identification Matrix
(MIM)

Potential modules are identified
based on two DSMs: one is a
“conventional” DSM, the other
one is a transformed MIM and
thus represents strategic aspects.
For the modularization itself
basically existing algorithms are
used (with adjustments)

The interactions between the
decomposed elements and their
degree of interaction are shown in
a matrix, which is then clustered
along the diagonal to represent
possible modules

This method supports
identification of eco-efficient
lifecycle options such as
maintenance, reuse, upgrade or
extension of use for products and
components based on the analysis
of value and physical lifetime
The family function structure was
expanded to cover all product
variant functions. The functional
heuristics are used to identify
alternative clusters. The variety of
functions across the family guide

The product family is derived
from a mapping of Functional
Requirements and the
decomposition of the product
family

Internal Input: Prepared
Module Identification Matrix
(MIM)

External input: Expert
knowledge about the
company and its products
Output: Modularization
concept in MIM

Internal Input: Strategic and
functional DSM

External Input: Relations of
(partial) solutions with each
other and condensed module
drivers

Output: Potential modules
considering strategic and
functional aspects in DSMs

Internal input: Interaction
between Elements

External input: Requirements
of different life phases
Output: Clustered Interaction
Matrix

Internal Input: Product
Concept

External Input: Customer
requirements

Output: Lifecycle options
and Modules in LCOP-Chart

Internal input: Family
Function Structure

External input: Marketing &
Variety Requirements
Output: Functional modules
and Partitioned Function
Structure

Internal input:
Representation of the
functional view of a product
family

External input: Knowledge
about production system
Output: Product family
architecture and variant trees

Product Development: Carryover
(M2A1%#), separate testability
(M2A2), technology push (=),
planned design change (), styling
-

Procurement: Strategic supplier
available (M2A3)

Production: Technical specification
(M2A4), common unit (M2AS5),
process (M2AG6), organization
(M2AT7%), separate testability
(M2AS8)

Sales and Marketing: Upgrading
(M2A9)

Service: Service/maintenance
(M2A10), recycling (M2A11)
Product Development: Carryover
(carryover (M3A1%*), technology
push (=), planned product change
(-)), function aspects (M3A2), life
cycle (separate testing (M3A6), ...),
commonality (styling (-), ...)
Procurement: Make or buy (supplier
available (M3A3), ...)

Production: Make or buy (process/
organization (M3A4%), ...),
commonality (common unit
(M3AS5), technical specification
(M3A6), ...), life cycle (separate
testing (M3A7), ...)

Sales & Marketing: Life cycle
(upgrading (M3AS8), ...)

Service: Life cycle ( service/
maintenance (M3A11), recycling
(M3A9), ...)

Product Development: Functional
aspects (M4A1)

Product Development: Reuse
(M5A1)

Sales and Marketing: Upgrading
(M5SA3)

Service: Maintenance (M5A2)

Product Development: Technical—
functional module driver (M6A1),
temporal variety (-), carryover parts
(M6A2%)

Sales and Marketing: Variant
product properties (M6A4),
adaption/extension (M6AS)
Production: Manufacturability
(M7A1), Costs (M7A2), Volume
(M7A3), Schedule (M7A4)

Sales and Marketing: Mass
customization (M7A5)

071401-16 / Vol. 144, JULY 2022

Transactions of the ASME

20z Arenuer 01 uo Jasn (g]1) ¥eulol|qIqSUONBWIOM 8YdSIUYdS L Aq 1pd"L0YLL0 L ¥¥L PW/¥99.989/L0¥ L L0/L /L /ipd-ejoiue/ubisep|eoiueyoaw/BI0 awse  uolos||0ofeyBipawsey/:diy Lol papeojumoq



- M1 (Blees et al. 2010)

Requirements Network
®°®°§'_ of different Diagrams 5 @

life phases
Gate Create .strcftegrc | __ Gate

Product modularizations for| @G Strategic

represen- Or M modulari-
tation (MIG) all relevant product | @&} Sations .
""""""""""""" ' life phases :
Control flow fephases | J . :

Control flow

In network plans, module drivers are assigned to components via module driver characteristics. They are then
grouped into modules according to their assignments.

Obtaining life phase specific modules

Understanding of module drivers

Network plan, MIG

3.1 Define case specific module driver characteristics
3.2 Draw connections in NP

3.3 Discuss overlaps and critical points

3.4 Final module decision and documentation

Module driver adapted according to Ericsson and Erixon 1999

Product Development: technical-functional module driver (M1A1), temporal variety (-), carryover parts (M1A2*)
Procurement: modular sourcing (M1A3)

Production: process (M1A4), organisation (M1A5*), separate testing (M1A6)

Sales & Management: variant product properties (M1A7), adaption/extension (M1A8)

Service: service/maintentance (M1A9), product recycling (M1A10), material recycling (M1A10), thermal recycling
(M1A10), disposal (M1A10)

- M2 (Ericsson and Erixon 1999)

about the
@0@6&— company and its

Fig. 14 Method step description of method M1

Expert knowledge

products :
Prepared Gate Generation of

Module concepts for Modularizati
|dentification modularization by on concept

3 Matrix (MIM) H 7 '
I eerm—— ! clusteringtheMIM | [ . :
Control flow Control flow
g The technical solutions are clustered in suitable modules based on their evaluation regarding the module drivers,

this clustering is carried out in the Module Identification Matrix (MIM)

Obtaining a concept for modularization based on a clustering of the technical solutions

Understanding of the module drivers, the technical solutions and the used clustering approach

Module Identification Matrix (MIM), clustering tools

3.1 Technical solutions with a high rating number regarding the module drivers each from a module
3.2 Technical solutions with a low rating number are assigned to suitable modules defined in 3.1
3.3 Check the modularization concept for conflicts

3.4 Documentation of the modularization concept

Product Development: carryover (M2A1*), separate testability (M2A2), technology push (-), planned design change (-),
styling (-)

Procurement: strategic supplier available (M2A3)

Production: technical specification (M2A4), common unit (M2A5), process (M2A6), organization (M2A7*), separate
testability (M2A8)

Sales & Marketing: upgrading (M2A9)

Service: service/maintenance (M2A10), recycling (M2A11)
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- M3 (Blackenfelt 2000)
©0O0@-| Sitorsahesch

other and condensed
@L module drivers _
Gate Create modula- Potential | ..

functional or'x considering

)_ Strategic and rizations considering) @G modules
DSM strategic and F strat. and

------------------------- ' functional aspects

] funct. aspects| !

Control flow

Control flow

Modules are identified based on two DSMs: one is a “conventional” DSM, the other is a transformed MIM and
thus represents strategic aspects. For the modularization itself existing algorithms are used (with adjustments)

Obtaining modules considering strategic aspects and functional aspects together

Understanding of module drivers, their interrelations (e.g. whether they are supporting or conflicting),
understanding of DSM, sorting algorithms and metrics

MIM, “strategic DSM” based on MIM, conventional “functional DSM”, Module Independence (MI) metric, Average
Ration of Potential (ARP)

Based on the strategic and the functional DSM:

3.1 Cluster technical solutions that have at least one positive and no negative relation for both DSM

3.2 Within clusters from step 1 clustering technical solutions having only positive strategic relations

3.3 within the clusters from step 2, cluster the functionally coupled technical solutions, i.e. technical solutions that
have a material, energy or information relation, that is necessary (+2).

MIM and module drivers from MDF (Ericsson and Erixon 1999), DSM from (Pimmler and Eppinger 1994), clustering
approach from (Kusiak & Chow 1987) (with adjustments)

Product Development: carryover (carry over (M3A1*), technology push (-), planned product change (-)), function
aspects (M3A2), life cycle (separate testing (M3A6), ...), commonality (styling (-), ...)

Procurement: make or buy (supplier available (M3A3), ...)

Production: make or buy (process/organisation (M3A4*), ...), commonality (common unit (M3A5), technical
specification (M3Ag), ...), life cycle (separate testing (M3A7), ...)

Sales & Marketing: life cycle (upgrading (M3A8), ...)

Service: life cycle ( service/maintenance (M3A11), recycling (M3A9), ...)

- M4 (Pimmler and Eppinger 1994)

Fig. 16 Method step description of method M3

A System
Requirements
®@O @ o iieren Chngss
life phases
- Gate e | Gate

Interaction Cluster the Elements Clustered

between 4 Interaction
Elements into Chunks Matrix v
Control flow T oo fiow

The interactions between the decomposed elements and their degree of interaction are shown in a matrix, which
is then clustered along the diagonal to represent possible modules.

Create modules based on interaction complexity

Understanding of clustering algorithms (e.g. )

Spreadsheets and clustering algorithm

3.1 Decide for a single module driver or a weighted composite approach
3.2 Reorder matrix rows and columns with algorithm to move positive elements closer to the diagonal
3.3 Create quadratic module chunks

o

Product Development: functional aspects (M4A1)
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Fig. 17 Method step description of method M4
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- M5 (Kobayashi 2001, Umeda et al. 2007)

Customer LCOP-
®°®°E‘_ requirements, Chart [E @

~n e Create strategic ' | Gate
Product modularizations for Lifecycle
Concept options &
X Y all relevant product Modules v
"""" e life phases
Control flow

g This method supports identification of eco-efficient lifecycle options such as maintenance, reuse, upgrade or

extension of use for products and components based on the analysis of value and physical lifetime.

F' Evaluate value and physical lifetime of components and identify possible modules

Lifetime concepts, lifecycle options, evaluation methods

ff Lifecycle option selection chart, QFD-matrix

3.1 Evaluate value lifetime and physical lifetime for each component of the product

§ 3.2 Compare value to physical lifetime and average component lifetime

3.3 Identify lifecycle options using lifecycle option selection chart
3.4 Derive modules based on identified lifecycle options

2| -
i Product Development: reuse (M5A1)

Sales & Marketing: upgrading (M5A3)
Service: maintenance (M5A2)

_ M6 (Zamirowski and Otto 1999)

. . Function
@ arketing [E}—@ V?”ety Structure
Requirements

Fig. 18 Method step description of method M5

Partitioned
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ramily functions Functional
)—— Function . |

according to Modules

Y Structure :

....................... V1% heuristics c%
Control flow Control flow

The family function structure was expanded to cover all product variant functions. The functional heuristics are used to
identify alternative clusters. The variety of functions across the family guide.

Obtain modules as clustered functions that are exclusively unique or common to product variants

Understanding of variety needed on each function, and understanding of functional heuristics

=e

Function structure diagram. Specification variety.

3.1 Draw family function structure

3.2 Use functional heuristics to partition clusters into multiple alternative clusters

4.1 Map variety requirements of functions (unique or common) to identify better clusterings
4.2 Document top alternative family clusterings and rank order

!

Module driver adapted according to Ericsson and Erixon 1999

Product Development: technical-functional module driver (M6A1), temporal variety (-), carryover parts (M6A2*)
Sales & Marketing: variant product properties (M6A4), adaption/extension (M6AS5)

Journal of Mechanical Design

Fig. 19 Method step description of method M6
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— M7 (Jiao and Tseng 1999)

Variant trees

Knowledge and
about visualisation
roduction of modular
@ C P system structures
Technical
Representation | Gate modelling of Gate
| | )_ of the functional _O_ PFA -> Physical Product family
view of a product . architecture
[y family ! modelling of |
b et __ ' o P —— ;
Control flow Control flow

I

The product family is derived from a mapping of Functional Requirements and the decomposition of the product family

Transfer of the technical modelling to the physical modelling of PFA under production system-specific aspects

Knowledge about other methods necessary, see related methods

Design matrices

3.2 Functional modelling through customer requirement analysis (phase 1)
3.3 Technical modelling through modularizing technological solutions (phase 2)

1987)

ok | =D ]| T

Sales & Marketing: mass customization (M7A5)

Axiomatic design theory (Suh 1990), Design matrices (Johannesson 1997), Algorithm for decomposition (Kusiak and Chow

Production: manufacturability (M7A1), Costs (M7A2), Volume (M7A3), Schedule (M7A4)

Fig. 20 Method step description of method M7
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