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Abstract: Driven by servitization, an increasing number of manufacturing companies are transform-
ing from being a pure product provider to a provider of Product-Service Systems (PSS). PSS offer
unique benefits to both providers and customers by combining physical products and intangible
services. However, this results in an increase in variety for the provider, which causes an increase
in variety-induced complexity and, finally, also in costs. This correlation is proven based on the
literature; possible approaches to manage the complexity are presented and the current research gap
is addressed. To address the gap, a method for the development of modular architectures for PSS is
presented in this paper. The method comprises five phases and supports companies from identifying
PSS-based business models up to modularizing product components and service components. To
validate this method, it is first applied to the example of a product family of pressure-reducing
valves and then its results are discussed afterwards. It is proven that this method is suitable for the
development of modular PSS architectures, but there is also a need for further research, which is
described in the Conclusions section.

Keywords: Product-Service Systems; PSS; modularization; variety-induced complexity;

product architecture

1. Introduction

The economic environment of companies is subject to continuous change. Megatrends—long
lasting trends that affect society globally—such as globalization and the increasing demand
for personalized products result in a segmentation of markets. This forces producing
companies into niches in which they specialize more and more [1,2]. This results in a
significant increase of internal variety in the long term, followed by higher complexity
costs. As a solution, the literature often refers to the development of modular product
architectures, which enable offering a large external variety of products with fewer internal
components [1-4].

However, the development of modular product architectures is only one solution. An
alternative strategy is enabled by the transformation of the economy towards a service
society [5]. This transformation is known as servitization and is frequently discussed in the
literature [6,7]. Rather than selling tangible products, these can, according to the idea of
servitization, also be combined with product-related services [8-13] to form the so-called
Product-Service Systems (PSS) [10,14]. PSS can increase customer loyalty, enable constant
revenue, offer other advantages (see [8,15-18]) and are an enabler for servitization. In
addition, they allow addressing individual customer needs by customizing the physical
product and providing individual service solutions [19-23]. This condition increases the
solution space in product development [19].

In parallel, the relevance of sustainability is increasing worldwide. Manufacturing
processes can be optimized to improve the sustainability or environmental footprint of
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products; however, new circular-based business models usually provide the greater lever-
age. PSS serve as the foundation for this and can significantly improve the sustainability of
products [9,11,17,24,25] or enable sustainable business models [26,27].

A significant challenge for the successful implementation of PSS is the increased
complexity [28-30]. This is caused by the added services and the interactions between
services and products [28] that are necessary for implementing PSS-based business models.
The effect is amplified because PSS providers rarely transform their business model entirely,
but offer different business models in parallel [27] and develop individual solutions for
customer-specific problems. This increases complexity even further by resulting in a high
variety of PSS-based business model variants.

A solution proposed in the literature for this challenge is the development of modular
PSS [31-34], as modular PSS allow the configuration of different PSS variants based on
a small set of product and service modules. As PSS are often developed as customized
solutions [35], an initial approach for the development of modular PSS families has already
been presented in a previous contribution [36]. This contribution aims to present the
method developed based on this initial approach and to show and critically discuss its
application using an industrial example of a product family of pressure-reducing valves.

2. Research Methodology

The research design within this study is based on the Design Research Methodol-
ogy (DRM) by Blessing and Chakrabati [37]. Based on an initial literature search (Re-
search Clarification) and discussions with project partners (mostly German machinery and
plant engineering companies) and in-depth analysis of the literature found (Descriptive
Study I), the need for research was identified (see Section 3). Requirements for methodolog-
ical support for the development of modular architectures for PSS are derived. Based on
this, a methodological support was developed in a prescriptive study. An industrial context
was used to apply certain parts of the method iteratively and to discuss it with experts
during development. The initial description of the approach was published as a framework
in [33], with further refinements of the individual steps after that (see [38—40]). To describe
the method in Section 4, a summary and enhancement of previous publications’ content is
used. The last stage of the DRM comprises evaluating the method in Descriptive Study II
regarding the three criteria comprising usability, applicability and usefulness. For this purpose,
the developed method is applied by an external method expert in a company on a product
family of pressure-reducing valves, for which a mechatronic module kit will developed
that already considers possible service-based business models (Section 5). During the appli-
cation, the interim results are frequently discussed with company representatives to collect
their feedback and include it in the application of the following steps. This information
is used to check the usefulness of the method. The results of the example application are
analyzed and discussed afterwards (Section 6). Therefore, a retrospective data collection,
common in industrial settings, is performed with the help of a semi-structured interview,
as proposed by Blessing and Chakrabati [37] to validate the method regarding usability
and applicability.

3. State of the Art

Product-centric servitization is the extension of existing products to include services,
and is a topic that has become increasingly relevant in recent years [6,41]. To implement
servitization, Product-Service Systems (PSS) are required as a foundation [6]. PSS consist of
a product and a service that share and represent an added value for the customer [8,9,11,14].
There are various description [42] and classification systems for PSS in the literature [36].
However, in this study, only the categorization according to Tukker [9] with the three
categories comprising product-oriented, use-oriented and result-oriented classifications will be
used, since this is the most established classification [7].
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3.1. Challenges in PSS Implementation

PSS enable numerous benefits for providers and customers, such as stronger cus-
tomer loyalty, opportunities for differentiation against competitors or better adaptation of
products to customer requirements [8,16,19,43]. However, there are also challenges in PSS.
Several studies can be found on this topic in the literature. Matschewsky et al. [15] have
identified challenges in the context of PSS. Examples of this are the changing customer re-
quirements compared to traditional products [16], the development of a PSS itself [16,44—46]
and also the increase in complexity for the PSS provider [29].

Complexity in the context of PSS is also addressed in a study by Zou et al. [28]. The
authors analyzed 23 publications and assigned the identified complexity drivers into the
following four categories: multiplicity, diversity, interdependence and variability. Notably, 19
of the 23 publications contain drivers from the diversity category. Drivers are counted in
this category if traced back to the increasing number of elements, subsystems, activities
and stakeholders. Examples of this comprise the amount of service components [20], number of
parts [47] or variety of service offerings [48]. Complexity analysis is not limited to PSS since
service processes are generally complex [49], and complexity drivers have been specifically
investigated in the context of services. Benedettini and Neely [50] analyzed 76 complexity
drivers and clustered them into a framework according to the nature of complexity, source of
complexity, complicatedness and difficulty.

Some publications mention high complexity for the PSS provider as the main challenge
for successfully implementing PSS [28,30,31,51]. However, as the authors use different
categorizations, the literature results were re-evaluated. This analysis revealed that most
complexity drivers can be traced back to the increase in the internal variety of products,
services and processes (see [33,40]). This complexity can be referred to as variety-induced
complexity. In addition, complexity also arises from integrating customers into the PSS
processes. However, this will not be considered in this article.

Companies usually do not completely transform their business model, but offer several
business models in parallel [16]; hence, the internal variety can increase further. Thus, one
of the main challenges in PSS is the increase in variety-induced complexity. Therefore, a
method for developing PSS should simultaneously reduce variety-induced complexity.

3.2. Development of Modular Product-Service Systems

Specific methods are required for the development of PSS [8,16,17,52]. Particular
focus should be placed on the early phase of PSS development to design the dependencies
between products and services as efficiently as possible [10,25]. Concerning the previously
shown challenge of complexity increase, the methods dealing with modularization of
PSS are especially interesting since modularization is mentioned in the literature as one
approach to reduce complexity in PSS [31-33]. For instance, a modular design of PSS
allows to provide customer-specific solutions while reducing development times and
costs [17]. Various approaches exist to modularize, and are often based on the same four
steps [53]. Modular architectures are an established concept in the product [1,2] and service
domain [54].

Existing methods can be divided into two groups, with some methods focusing on the
service during modularization [20,21,55-57], while other methods modularize product and
service together [32,58—61]. For the modularization itself, these methods usually rely on
matrix-based methods, e.g., [20,62], and do not consider all life phases [39,63]. However, to
master variety-induced complexity in the long term, PSS strategic module drivers must
also be considered for module creation in each life phase. The development of modular
architectures from the perspective on individual life phases is an established approach
in product development but is not yet sufficiently performed by existing methods in PSS
design [39]; however, it represents a significant lever in variant management.
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3.3. Design of Mechatronic Systems

As information processing is an essential enabler for servitization and PSS, the develop-
ment of mechatronic systems should be considered too. In mechatronic systems, electronics
and information technology are integrated into mechatronic subsystems, enabling the
information to be transmitted and processed [64,65].

Since new requirements for the product or data acquisition and processing arise during
the development of PSS, mechatronic systems must be developed as an integrated part of
the PSS.

During the development of mechanical systems, the main issue is the distribution of
the requirements among the involved disciplines. This distribution generates discipline-
and domain-specific designs, which can be re-integrated into the overall product. Here,
it is essential to remember that the dependencies between the disciplines or domains
should not be considered as entirely separate from each other. Therefore, interfaces be-
tween the designs must be explicitly integrated into the development of such mechatronic
systems [66—68].

Similar to the increase in complexity, due to the additional services described above,
adding mechatronic components also increases the variety-induced complexity and thus
should be handled systematically [67]. Again, modularization can be applied to manage
the increase in complexity.

Methods for modularizing mechatronic systems can be divided into technical-func-
tional methods, as well as product-strategic approaches. For instance, Askhgj et al. [69]
create cross-disciplinary modules in which the interactions within the functionality and
thus their technical-functional coupling are highlighted. Van Beek et al. [70] use hierarchical
functional structures to identify interfaces and categorize them into modules in terms of
function. In addition, there are also product-strategic approaches, as by Zuefle et al. [71],
who juxtapose module drivers of different disciplines, or domains, and harmonize them
accordingly to a previous technical-functional modularization.

Each of these approaches allows mechatronic systems to be designed as modular
products and thus can be used to develop modular architectures for PSS.

3.4. Development Business Models for PSS

Different definitions exist for the concept of business models [72]. A business model de-
scribes the mechanisms of a company to generate revenue [73,74]. According to
Gassmann et al. [75], a business model comprises the following four dimensions: Who,
What, How and Value. In the context of this research, the How is especially of interest, as it is
the connection to the modular architectures that are needed to enable the How.

As modularization of PSS is initiated late in the development process, variety-induced
complexity needs to be addressed early in the development of business models. Since
companies often offer different business models in parallel, these business models should
be developed as a business model family [36]. All business models should be realized
based on the same elements with the smallest possible number of product and service
elements. Existing approaches to identify PSS-based business models usually focus on the
development of single business model variants (see, e.g., [76-78]).

However, approaches that support the development of multiple business
models [79-81] neglect the aspect of variety.

4. Method for the Development of Modular Architectures for PSS

In order to overcome the issues identified in Section 3, the following method was
designed. It aims at the reduction of the variety-induced complexity by focusing on
the development of a PSS-based business model family and a sub-sequential life phases
modularization of this business model family. A previous publication [33] introduced
this method’s general framework, which comprises five phases that run sequentially and
have since been refined. The method targets small- and medium-sized companies that
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want to expand their market reach by creating PSS-based business models and offering
product-related services. The structure of this method is shown in Figure 1.

7
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Figure 1. Schematic representation of the developed method (based on [33]).

A sequential flow of the phases is shown, but, within the phases, an iterative and
workshop-based development of the contents is foreseen so that new insights can be
included and considered in the development at any time. The workshop-based approach
enables the (external) method experts to collaborate efficiently with the company’s internal
technical experts. The outcomes of this method’s applications are possible PSS-based
business models with the corresponding modular product and service architectures that
are required to offer business models.

4.1. Defining the Objective (Phase I)

The first phase begins with a review of the company’s strategy and objectives. The aim
is to clarify whether the new PSS to be developed should offer new products to existing
customers or to enter new market segments.

For this, unfulfilled customer requests are evaluated together with the sales depart-
ment to decide whether these could have been fulfilled with a higher degree of servitization.
Additionally, a SWOT analysis [82] can define the strategy regarding PSS. This allows a com-
parison of strengths and weaknesses along with opportunities and threats and uncovers the
potential for PSS, and is already being used in the context of PSS (see [77,83]). Alternatively,
compared to the SWOT analysis, other methods and tools can be used for strategic planning.
One example is the Impact Model of Modular Product Families (IMF) [84], which links the
characteristics of modular product architectures to the economic targets of time, cost, quality
and flexibility via life-phases-specific impact chains. The generic model can be adapted to
a specific company and used for an objective evaluation of alternative concepts [84]. The
result of this phase is the company’s objective regarding PSS.

4.2. Development of PSS-Based Business Models (Phase 1)

Systematically identifying potential PSS-based business models that fit the company
and its existing products is the objective of the second phase. For this purpose, the Business
Model Graph (BMG) was developed [38]. Figure 2 presents the solution space for PSS-
based business models in the BMG (see 3 in Figure 2) by plotting the Product-Customer
Interaction (PCI) on the vertical axis (see 1 in Figure 2) and the PSS continuum according to
Oliva and Kallenberg [5] with the PSS archetypes according to Tukker [9] on the horizontal
axis (see 2 in Figure 2). The PCI describes the activities that the customer is performing
in connection with the products in question, as these can be performed by the provider in
the context of a PSS. The PCl is described from a customer’s perspective, with a focus on
the use of the product. With the help of the solution space, possible new business model
concepts can be identified by varying the two axes. A detailed description of the PCI and
BMG is available in the literature [38].
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Figure 2. Business Model Graph (BMG) for an example of a mobile laser processing machine based
on [38].

The business model concepts identified with the help of the BMG (see 4 in Figure 2)
are discussed in a workshop with company representatives from sales and product man-
agement. The business model concepts that are most promising for the company are then
chosen. A business model concept primarily describes the activities that are performed by
the provider and the billing mechanism, in other words, the mechanism used to generate
revenue. The selected concepts are then detailed using the Business Model Canvas (BMC).
The BMC describes the critical elements of a business model based on nine fields [74] and
is used in the literature as an established tool in various methods for the development of
PSS (see e.g., [76,77,85]).

The outcomes of the second phase are the documented business model concepts,
which are elaborated to PSS concepts in the next phase.

4.3. Development and Evaluation of PSS-Concepts (Phase I11)

Based on the previously selected business model concepts, possible PSS concepts
and corresponding PSS architectures are developed in this phase. To do this, the process
steps that are performed by the customer in relation to the considered product are initially
collected based on the PCI. Examples of this are machine monitoring, process planning, but
also the procurement of raw materials or the configuration of machines. In a second step, these
customer processes are analyzed to determine which of them creates value for the customer,
and the Value-Providing Mechanism (VPM) is properly defined. In the third step, the
activities and/or functions required on the supplier’s side to fulfil the VPM are specified.
This relationship is shown schematically in Figure 3.
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Figure 3. Connecting customer processes with the associated provider activities/functions via
Value-Providing Mechanisms (VPM).

As the next step, potential principle solutions are developed for the provider activ-
ities/functions. These are arranged in a morphological matrix after consistent solution
concepts are assembled. These solution concepts are called PSS architectures. A PSS archi-
tecture comprises the product and service elements, as well as the associated product and
information flows, and thus represents the physical and functional structure of the PSS.

Different available tools are combined to create the visualization of the PSS architec-
tures. The selected principle solutions, which are to be arranged to an architecture, form
the basis. They are arranged according to their allocation in the product or service domain.
In the product domain, the Module Interface Graph (MIG) [1] can provide orientation as
a simplified representation of the product. Around the MIG, the elements are arranged
according to how they interact with the customer in a service blueprint adapted from
Shostack [49]. Finally, the flows and functional interdependencies are added, like in the
MIG or as suggested by Maussang et al. [86]. Optionally, the values of the elements could
also be added, as shown by Bertoni et al. [87]. Figure 4 shows the template of a PSS archi-
tecture (above in Figure 4) and due PSS architecture for a mobile laser processing machine
(below in Figure 4).

The evaluation of the PSS architectures is performed regarding the following three
dimensions: technical feasibility, economic efficiency and attractiveness for the customer. Specific
evaluation criteria which are to be evaluated depend on the company and cannot therefore
be specified in a generally accurate manner. Regarding the technical feasibility, it must
be considered that technical solutions, which do not yet exist, can be implemented subse-
quently by developing mechatronic systems and improving various factors, e.g., economic
efficiency. Moreover, the aspect of sustainability can also be evaluated for concept selection.
For this purpose, existing approaches from the literature [24,88] can be used.
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of a mobile laser processing

4.4. Variety-Oriented Design of Product and Service Components (Phase IV)

The goal of this phase is to optimize the previously selected PSS architecture regarding
the variety of the product and service domains. For this purpose, the tools of the Variety
Allocation Model (VAM) (see [1,40]) for the product domain and the newly developed
Resource Allocation Model (RAM) for the service domain are used. The two models are
linked via the business models. Figure 5 shows the structure of the VAM and RAM and

their linkage.
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Figure 5. Variety Allocation Model (VAM) and Resource Allocation Model (RAM) connected via
business models.

The VAM comprises four levels. The top level lists the product properties relevant to
the customer, while the bottom level lists the variant product components. The relationships
between the outer levels are made via the levels of the functions and the operating principles.
Further information about the VAM can be found in the literature (e.g., [1]). For the service
domain, the RAM connects the service characteristics (the individual services offered) via
the corresponding activities in the second column, the types of fulfillments in the third
column with the resources and competencies required for the service in the fourth column
(see Figure 5).

There are already design guidelines and ideals for the VAM, which support a reduction
of the variety. For the RAM, these are redefined. For instance, resources and competencies
should be bundled to increase their utilization. The same objective is pursued by the n-to-1
assignment, where the aim is to increase utilization by fulfilling the offered services (n)
with the smallest possible number of resources (ideally 1 resource). This objective allows us
to reduce the variety on the product and service domain. The final concept for the service
domain, documented in the RAM, can additionally be converted into a service blueprint.

A more comprehensive reduction of variety is possible by linking the business model
to the VAM and RAM. For this purpose, the business model is linked to the product and
service characteristics that are relevant for the customers in the respective business model.
The more service-based a business model is, the less relevant the customizability of the
physical product is and the more diversified the service offering becomes [38]. Therefore,
for a result-oriented PSS, fewer product features will be relevant to the customer compared
to the as-is situation. This often allows us to standardize the components linked to the
feature that is no longer relevant and thus to further reduce the variety. Since several
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business models are covered by one architecture, the linkage of business models, the VAM
and RAM, represents the whole PSS family and allows us to align the PSS architecture with
the business model family and to develop a PSS family.

Figure 6 schematically shows the relationship between the different types of business
models (BM1 and BM2) and the related product and service structures. It is evident that,
for product-oriented business models, the focus lies on the product domain and only a
few services are offered. In contrast, the service architecture becomes more complex with a
results-oriented business model and variety and thus complexity can be reduced on the
product domain.

Product
oriented

Result Product Result
oriented oriented oriented oriented oriented
~ ~— ~ ~—  ~__

—Soge

Figure 6. Comparison between the service degree of the business model and the VAM/RAM.

Using this phase requires an existing product portfolio to be used as a starting point.
If the existing products cannot technically realize all the elements specified in the PSS archi-
tecture, it is necessary to enhance these components to mechatronic systems in a parallel
development project. The authors recommend an agile approach for the combination of the
two development processes. Thereby, the differing requirements for the new PSS family
can be iterated collaboratively and be synchronized with each other in the development
within different domains. This step-by-step collaborative approach enables the necessary
new mechatronic components to be developed at an early stage with a very high degree
of coordination.

The outcome of the phase is a PSS family whose components have been optimized
regarding variety and which can be clustered into modules in the following phase.

4.5. Modularization of the PSS Family (Phase V)

The last phase focuses on the modularization of the PSS family. This modularization
is based on the Life Phases Modularization (LPM) [1] developed for products. In this,
technical-functional modularization approaches are combined with product-strategic mod-
ularization by using network diagrams and module drivers. The LPM is extended for the
application in PSS by the dimension of the service perspective [39], e.g., by using new
module drivers in the context of PSS [39]. PSS can increase sustainability by covering the
entire life cycle of the product [26,89]. Then, the LPM considers each product life phase
separately and harmonizes them afterwards which enables sustainability potential to be
exploited effectively.

Figure 7 shows how technical-functional and PSS-strategic approaches are combined.
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Figure 7. Schematic representation of the modularization approach used.

The first step is modularization from a technical-functional perspective. Here, for
example, a matrix-based performance can be applied using functional dependencies be-
tween components. Examples of these methods are given in Section 3. Alternatively, the
heuristics, according to Stone et al. [90], can be applied to the functional structure of the
PSS family in order to develop modules from a technical-functional perspective. For the
product- or PSS-strategic modularization, a network diagram is prepared for each life
phase of the PSS family. This links so-called module drivers and the more specific module
driver characteristics with the product and service components. Based on this connection,
modules are defined for each life cycle phase, which are harmonized across all life phases
afterwards. This enables a reduction in complexity within the processes, reduces develop-
ment times and opens up further potential for modular (product) architectures. A detailed
description of the approach to PSS strategic modularization can be found in [39]. It should
be emphasized that, because of the unique characteristics of services (e.g., simultaneous
production and consumption), not all service components are present at every life phase.
For example, service components are considered in modularization from a development
perspective since the functional relationships are relevant there. Whereas, in the produc-
tion life phase, services are not modularized because they cannot be created and stored
alongside the physical product.

The result of the last phase is a consistent modular architecture for the PSS family,
which can be transferred for further use, e.g., to design a configurator.

5. Application of the Developed Method

The developed method was applied to the example of a product family of pressure-
reducing valves (see Figure 8). The main function of the valves is to reduce a varying inlet
pressure to a constant and lower outlet pressure. The outlet pressure can be adjusted during
the usage. The starting point was a small German valve manufacturer with an existing
product range of solely mechanical pressure-reducing valves. As a result of a growing
diversity and very heterogeneous customer structure, a great external product variety had
arisen over the years, which also led to a high internal variety, variety-induced complexity
and finally to increasing (complexity) costs. For the following product generation, a module
kit was to be developed that would enable a more efficient configuration of the valves but
would also be capable of supporting future PSS-based business models. To achieve this
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goal, the previously presented method for the development of modular architectures for
PSS was applied.

Figure 8. Examples of the considered product family of pressure-reducing valves (see [91]).

Excerpts of the results are presented in the following subsections. In parts, simplifica-
tions have been made for reasons of confidentiality.

5.1. Results of Phase I

The core competence of the valve manufacturer is the development and production of
valves adapted to applications in a wide range of industries. A SWOT analysis showed
how the company’s strengths (e.g., expertise in pressure-reducing valves) can exploit the
identified opportunities, e.g., strengthening customer loyalty and increasing the company’s
share of the value chain.

Weaknesses and, above all, risks of implementing PSS exist, but the opportunities
outweigh them. Hence, the following objective was defined: Through the development
of PSS, existing customer groups should be kept, and new customer groups should be
acquired. The PSS should secure the market position and at the same time be used for
advertising. In addition, the PSS should increase the amount of value added by the valve
manufacturer without increasing the company’s internal variety and thus reduce the costs.

To enable a more objective evaluation of concepts, a company-specific IMF was created
in collaboration with the company. Of the 68 impact chains included in the IMF, a total
number of 17 chains were selected that particularly interest the company and that should
be considered in the concept evaluation (see the last figure in Section 6 for an excerpt).
The selected impact chains primarily describe the effects of an increase in commonality on
process times. One example is effect chain No. 1210, which describes how an increase in
commonality can reduce the number of components, resulting in less administration of
parts and reduced part search times. This can reduce development times and thus reduce
the costs.

5.2. Results of Phase 11

As an excerpt of the results of the second phase, Figure 9 shows the BMG for the
considered product family of pressure-reducing valves. The left side of Figure 9 shows
the BMG for the existing, purely mechanically actuated pressure-reducing valves. The
lack of sensors respectively to the lack of the ability to collect operational data limits
the solution space to a large extent. The limits of the solution space can be expanded
by developing technology so that customers can be offered additional benefits such as
condition monitoring or suggestions for process optimization. To define the requirements
for technology development, the business model concepts are first generated to derive
specific requirements for the sensor technology in the third phase of the method. The BMG
on the right shows that some use-oriented business models are not relevant. This refers to
sharing and pooling, as these are not relevant for the valves as individual components of a
more extensive system. Besides the consultancy service (1) and the leasing of the valves
(2), the result-oriented PSS are interesting (3-5) since they cover a large part of the PCI and
thus open up a high value-added potential.
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Figure 9. Business Model Graph (BMG) for the pressure-reducing valves; left side shows the
technological limitations; right side shows the final BMG assuming that the valves are equipped
with sensors.

The business model concepts were refined with the help of BMCs. It was decided
by company representatives that all concepts should be pursued to minimize the risk of
prematurely excluding possible solutions.

5.3. Results of Phase III

In the third phase, the customer processes associated with the business models and
provider activities/functions required for these processes were identified. The results are
shown in Figure 10. In the level of customer processes, the entire workflow of the process
steps is shown, including information on whether the customer or the provider assumes
responsibility in each case. The level of the VPM in Figure 10 describes the aspects the
customer will pay for, in other words, the value proposition.

Figure 10 illustrates that many process steps are relevant for all or almost all business
models and that the responsibility for these steps therefore lies with the provider of the
PSS, e.g., maintain valve (see 1 in Figure 10). In contrast, process steps such as adjust plant
setting or propose plant settings are classified as relevant for only two business models (see 2
in Figure 10). Eight VPMs were found for the process steps, for which the required supplier
activities and functions were defined. During the development of the functions, it became
apparent that sometimes several VPMs can be fulfilled by the same set of functions. An
example of this is the installation and setting of valves (see 3 in Figure 10).

Using the analysis as a basis, internally consistent PSS architectures are developed
with the help of a morphological box. The premise that all five identified business model
concepts should be covered remains valid. Figure 11 shows two possible architecture
alternatives. The scope covered is identical, only the realization varies. Concept I (on the
left in Figure 11) is structured in such a way that a technician of the customer is assigned
a central role. This technician is involved in almost all VPMs and, for example, reads out
sensor data on site or performs maintenance independently (under supervision). Concept II
(on the right in Figure 11), by contrast, is designed in such a way that data are automatically
transmitted to the provider for evaluation and a technician from the provider travels to the
customer, if necessary.
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Assessing the two concepts revealed that Concept I has lower manufacturing costs
and lower development costs. Additionally, by involving the customer’s technician, fewer
resources are required for the operation from the supplier’s point of view. In contrast,
the development costs and manufacturing costs, because of additional electronics, as well
as the resources required, are higher for Concept II. Despite these drawbacks, Concept
II is pursued further since the benefits and thus also the attractiveness to the customer
are significantly higher in this case. With the PSS based on the architecture of Concept 11,
customers can order an “all-inclusive” package and no longer have to worry about the
operation of the valves. From the valve manufacturer’s point of view, there is a significant
hidden potential in this field, especially for safety-critical applications where the failure of
a valve can lead to expensive downtimes for entire plants.

5.4. Results of Phase IV

The next phase is to establish the product and service structures for the selected
PSS architecture using the VAM and RAM. The aim is to translate the BM, and the value
proposition behind it, into specific product and service components, respectively. Figure 12
shows an excerpt of the two models with the link to the business models.
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In the product domain, the VAM was generated based on the existing products.
Figure 12 shows that the customer-relevant property condition monitoring is relevant for
Business Model 5, but not for Business Model 2. This mapping results from the customer
processes (see Figure 11). The goal of the fourth phase is to reduce the variety of the PSS
architecture as much as possible. The VAM supports this. An example is the implemen-
tation of the outlet pressure control (see 1 in Figure 12). The function maintain constant
pressure can be realized by two different principles, which are implemented by different
components. In the process of variety reduction, the change of the effective diameter is
removed as a working principle so that the variety caused by this for the body is also elimi-
nated. The combined approach of reducing the (mechanical) variety and simultaneously
developing the innovative sensor technology is shown in Figure 13. The development of
the sensor technology was done in short development cycles, which were aligned with the
primary process of variety reduction at defined points within the development cycle. This
ensured an efficient development despite unclear requirements for the sensor technology at
the beginning.
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Figure 13. Development process of the mechatronic system.

In Figure 12, area 2 illustrates that the data transfer for condition monitoring can be
carried out either manually via a flash drive, or wirelessly via an antenna. Since condition
monitoring is not required for all business models, relatively lower quantities are expected
here. Considering the pros and cons, it was decided to offer only the wireless solution
as it offers more functionalities. The variety, due to the manual readout of the data,
is eliminated.

In the service domain, an initial service design was performed, since only a few
services were available so far. In some cases, different possible solutions were devised
and added to the RAM. The area marked with 3 was identified for the subsequent variety
reduction and increase in resource utilization (see 3 in Figure 12). The valve set-up can either
be performed by a technician on site, or the customer can be enabled to do this by using
augmented reality. Since the resource AR glasses would only be used for this purpose, the
alternative solution should be eliminated from a variety viewpoint. This simultaneously
increases the utilization of the technician resource, which is needed for all customer-relevant
service features shown. Logistics and data analytics are also used only to a limited extent,
such as the AR glasses, but cannot be replaced and thus they are kept.

The results of the phase are the product components and service resources optimized
with regard to variety. By linking in the VAM and RAM, the previously described abstract
PSS architectures are linked with specific product and service components. This describes
the PSS family.

5.5. Results of Phase V

An important constraint for the modularization from the company’s perspective is
the fact that the valves should also be available without additional services and sensors.
For this reason, the modularization process attempts to distinguish the service and sensor
components as independent and thus optional modules from the actual valve as far as
possible. For the LPM, a technical-functional modularization was first performed using
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Figure 14. Excerpt from the functional modularization as follows: the Service Blueprint of the PSS
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This was followed by modularization for the individual life phases by using network
diagrams. An excerpt of the results for the module architecture of the product domain is
shown in Figure 15. It is evident that the module structures of the life phases differ from
each other and contradict each other in some cases. For example, while the connector (CO)
and body (BO) should be considered separately from the perspective of the development
life phase, the two components should form a common module from the perspective of
the usage life phase. These contradictions were resolved by harmonizing the various
module structures and creating a homogeneous module architecture for all life phases of
the company.
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6. Discussion of the Results and Evaluation

This section is organized in two parts. First, the result of the method is discussed,
followed by a detailed discussion of the application of the method.

6.1. Discussion of the Developed Concept

To evaluate whether the method has increased the service share in the business models,
the servitization index St was developed. The index describes the degree of servitization
based on the identified business model concepts in the BMG (see Figure 16). The index
ranges between the extreme values 0 (no service share) and 1 (max. possible service share).
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Figure 16. Introduction of the servitization index to assess the degree of servitization.

For the initial situation before the development of the PSS family, the index is calculated

as follows: )
n
Si1 = = =0.03 1
I Ctimax — mex) (96 — 34) @

In Phase II, possible PSS-based business model concepts were identified with the help
of the BMG. For these, the index is calculated as follows:

n 42
Siy = - = 0.68 2
T2 Ctimax — Mex) (96 — 34) @)

While comparing S;1 and S;, it becomes clear that the service share in the business
models increased significantly because of the application of the method.

In order to evaluate the effects on complexity, it was examined how the internal variety
could be reduced by the developed concept. Figure 17 illustrates that the internal variety
could be significantly reduced. The modular product architecture developed enables a
reduction in the number of components from 109 to 44, while at the same time 6 components
can be standardized. If the additional sensor technology components required to provide
the new business models are considered, the number of components increases slightly
again, but even in this case the internal variety can be reduced by approx. 51%.

The effects of the variety on the economic target values, for example, costs, are visual-
ized in the IMF for the valve manufacturer in Figure 18. In the IMF, it is evident how the
reduction of variety affects costs and process times, which can also be converted to costs.
For information on how key figures can be used to calculate the impact chains see [84]. For
reasons of confidentiality, not all relevant impact chains and no quantitative data are men-
tioned. Instead, it is qualitatively shown how the concept affects the economic target values.
This is performed by comparing the current reference (dashed circle) and the changes
resulting from the developed modular architecture concept. Figure 18 shows the effects
of the developed concept that are primarily positive for the company. In the life phase of
product development, the process times can be reduced noticeably. In procurement, the
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standardization enables improved purchase conditions and in the life phase production the
potential for automation increases. Nevertheless, there are also negative effects, such as the
increase in product volume and thus also in product costs due to oversizing.
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Figure 17. Comparison of internal variety of the initial situation and the developed concept.
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Since no services have been offered to the extent developed so far, no reliable compari-
son could be made between the initial status and the concept in terms of service complexity.
However, according to statements by the company, the variety-oriented design of the PSS
family that has been achieved will enable the services to be implemented with a low level
of complexity in the future. The modular product architecture developed, together with
the planned services, provides the basis for offering a future-proof overall product.

6.2. Discussion of the Application of the Method

To evaluate the application of the developed method, an external method expert
worked closely with the company to generate the results. During this process, the pre-
liminary results were regularly reviewed and discussed (e.g., with the managing director,
head of sales and the product manager). This allowed feedback on the results to be directly
integrated into subsequent steps and to gather information regarding the usefulness of the
method. As a final part of the method application, a semi-structured interview with the
product manager of the company was conducted to record the company’s feedback on the
method with a focus on usability and applicability. The one-hour interview was conducted
digitally via Zoom after the last phase of the method was applied. Besides the interviewer,
a third person was attending to protocol the answers. The interviewer asked a set of
five higher-level questions regarding the application of the method. The focus was placed
on questions concerning the comprehensibility and applicability of the method, as well as
which parts of the method will be used for future development projects. The interviewee’s
answers are the basis for the following discussion of method application and are given in
quotation marks.

As the company had no previous knowledge about the development of PSS before, the
method was described as very helpful with the following extract: “The method’s structured
approach and the tools and visualizations provided enabled the company to develop a
modular PSS family in a comprehensible and reproducible manner”. This closes one of
the research gaps identified in Section 3. The newly developed BMG was highlighted.
This vividly visualized which aspects need to be considered in the development of new
business model concepts. In the case of the pressure-reducing valve, the BMG showed
“which business model options can be exploited through the development of technology”
in a targeted manner. Since its introduction, the BMG has also been used internally in other
projects to communicate within the company.

Phase IV’s approach, i.e., the development of the VAM and RAM and their linkage, was
likewise highlighted with the following extract: “The VAM summarizes the relationships
between components and product properties and allows specific components to be identi-
fied for redesign”. The RAM is a helpful tool for the initial planning of complex services as
it shows which process steps and resources are required for which services. This enables a
reduction of variety that existing methods cannot offer (see Section 3). To summarize, the
tools and visualizations of the Phase IV document the implementation of the PSS concepts
very well and can be used as a repository of information. Through visualizations, the
relationships could be documented in a comprehensible way and therefore “still be used
as a reference for the following product generation development or other development
projects several years from now”.

From the company’s point of view, a criticism is the extent of specific visualizations.
As an example, the PSS architecture was mentioned and described as follows: “It [the PSS
architecture] requires more effort to familiarize oneself with, but once an understanding has
been gained, it can reveal possible complications in the flow of information and customer
communication”. The second visualization that is rated as too extensive at first glance is
the representation of the customer processes and provider activities/functions. Again, this
visualization requires additional effort for familiarization. However, the higher effort for
familiarization enables the potential for monetarization to be shown via the VPM. The VPM
“can be used as a basis for realigning the product portfolio with the sales department”.
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In the example application, the implementation and preparation of the data using
Microsoft PowerPoint 2021 were emphasized as an advantage, especially for SMEs, since
no special software would have to be introduced. However, this type of implementation
could be too time-consuming for more complex products. In such a case, it is advisable
to support the method in a model-based manner with special software since even large
amounts of data can be handled in this way. The model-based implementation has already
been successfully realized for Phase V of the method (see [39]).

The considered valves are a particular application example because they are a rela-
tively inexpensive component of larger plants and systems. In the past, rather high-priced
capital goods were discussed in the context of PSS [6]. The pressure-reducing valves rep-
resent an example of the increasing relevance of product-centric servitization, in which
existing products are extended by services. Since the valves are only one component of
larger systems, PSS-based business models for pressure-reducing valves will not be relevant
for all customers. This is exacerbated because data sovereignty between manufacturer,
system integrator and customer is often not clarified. Nevertheless, PSS can be relevant
for particular applications of the valves. For example, PSS can be relevant when valves
are installed in safety-critical systems and malfunction-free operation must be guaranteed.
This is consistent with the findings from the literature which depict that companies in
the context of PSS rarely undergo a complete transformation of the business model, but
somewhat different business models are offered in parallel [16]. In such cases, in which the
existing product is offered in different configurations across different business models, the
presented method represents an added value for manufacturing companies, which are sup-
ported by the five phases in developing modular PSS architectures for the above-described
boundary conditions.

Regarding this study’s quality, it is noted that a single example of method applica-
tion per se only permits claims to be made for comparable applications. For generaliz-
able statements regarding validation, further validations must be carried out on other
product examples.

7. Conclusions and Outlook

In this article, we introduced the topic of Product Service Systems (PSS) in general
and discussed literature-based challenges in the implementation of PSS afterwards. It was
shown that the most frequently named complexity driver is the increasing variety in the
context of PSS. Therefore, variety-induced complexity can be seen as the main challenge
in the development and implementation of PSS. Next, two possible levers to reduce the
variety-induced complexity were analyzed, along with the respective research gaps.

To close these gaps, an approach has been outlined in earlier publications, which
was described holistically for the first time in this paper and was refined into the Method
for the Development of Modular PSS Architectures. The five phases of the method and the
corresponding steps and tools were described using the example of a mobile laser pro-
cessing machine. Afterwards, the method was applied to the example of a product family
of pressure-reducing valves, for which a module kit was developed that already foresees
potential future PSS-based business models and reduces the total number of components
by 50%. By applying the method, it was possible to develop a business model family com-
prising five business models that fit the given company and product constraints. Among
other tools, the newly developed Business Model Graph was used for this purpose. To
implement the business model family, two alternative PSS architectures were designed,
which were evaluated regarding the criteria of cost-effectiveness, technical feasibility and
attractiveness for the customer. The chosen architecture was then refined, and the related
product and service components were optimized in terms of variety. Finally, the PSS family
was modularized to get a module kit that can be used as the basis for configuring PSS to
meet individual customer requirements in the future.

The application of the method was evaluated through an analysis of the process,
continuous exchange with the participating company and a final interview. The evaluation
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proved that the method is suitable for the development of modular PSS architectures and
that the newly developed tools such as the Business Model Graph are used in the company for
other projects as well. The mentioned points of criticism mainly refer to the partly complex
visualizations, which can be eliminated by software support. Overall, the method can thus
be considered validated within the restrictions of a single example application. From the
practical application, it can be concluded that manufacturing companies, especially SMEs,
are enabled by the method to develop PSS and the supporting architectures that match
their existing products. The visualizations support the preliminary planning of the services,
in particular, they enable an initial service concept to be developed quickly, which can be
used as a starting point for further detailing in the company.

The restrictions of an example application are at the same time the limitation of this
contribution. The results of a method application can only be transferred to similar applica-
tion examples. This implies that further studies should be conducted for a comprehensive
validation. Furthermore, the identified business models with the associated PSS were
not yet offered on the market at the time of the data evaluation so that no reliable state-
ments can yet be made regarding market success and the assessments, especially regarding
attractiveness for the customer, which are still subject to uncertainties.

Future work should investigate not only the application of the method in further
industry examples but also the software support. For one phase of the method, the
model-based implementation using SysML could already be shown, but it remains to be
investigated how the other phases can be supported.
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