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Abstract

Integrating digital technologies into traditional products
and services is revolutionizing various industries. Smart product-
service systems (SPSS) combine smart products with
data-driven services with, enhancing benefits for companies.
Digital twins (DT) offer a promising approach to further enhance
the value creation of SPSS, enabling observation, analysis,
visualization, simulation, interaction, and integration throughout
the entire product lifecycle. Existing literature lacks methodolo-
gies for SPSS that integrate DT. This paper addresses this re-
search gap by proposing a methodology, applying a model-
based systems engineering approach, as emphasized in the lit-
erature on DT and SPSS. Its effectiveness was demonstrated
through the development of an SPSS for a fuel cell system.
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1. Introduction and motivation

The rapid advancement of digital technologies and capabilities has significantly influenced
various aspects of industry and economy, leading to the emergence of smart product-service
systems (SPSS). They integrate smart products with data-driven services to enhance function-
ality and user experience [1, 2]. Digital twins (DT) present a promising concept, enabling con-
tinuous observation, analysis, visualization, simulation, interaction, and integration throughout
the entire lifecycle of products. Thus, DTs offer a variety of value creation opportunities in the
context of SPSS [2]. Durao et al. conducted a literature review on the current state of research
regarding the integration of SPSS and DTs [3]. The key challenged they identified is the lack
of development methodologies for SPSS that integrate DTs (DT-SPSS) [4]. This paper aims
to address this gap and contribute to the advancement of DT-SPSS. Given that model-based
systems engineering (MBSE) is frequently employed in the development of SPSS and DTs,
this aspect is also be examined in this work [5, 6].

This paper is structured as follows: Section 2 explains the fundamental concepts relevant
to understanding the identified research gap. Section 3 outlines the research objectives. Sec-
tion 4 presents the proposed methodology and its implementation. Section 5 details the results
of the implementation. Section 6 critically assesses the effectiveness of the methodology. Fi-
nally, section 7 summarizes the paper and provides an outlook for future research.

2. State of the art and research
2.1. Key elements of smart product-service systems

To comprehensively understand SPSS, it is essential to distinguish them from traditional
product-service systems (PSS). Traditional PSS combine physical products and services to
fulfill customer needs. In contrast, SPSS integrate smart products and services, characterized
by embedded sensors, connectivity, and intelligent algorithms. This enables a higher degree
of digital servitization [7, 8]. The concept of smart products is rooted in cyber-physical systems
(CPS), which enhance mechatronic products through embedded systems and communication
capabilities (e.g.: Bluetooth, OPC UA, Wi-Fi) [1, 9]. CPS involve a combination of hardware
and software designed for specific tasks, with typical hardware components including proces-
sors, memory, and 1/O devices, and software tailored to the system's functions [9].

Smart products extend CPS capabilities by incorporating internet-based communication,
allowing them to interact with other systems and respond autonomously to environmental
changes [1]. These smart services, facilitated by the Internet of Things (IoT), utilize remote
services, and optimization of production processes [10]. The IoT serves as a crucial enabling
technology, integrating data from smart products and platforms to offer sophisticated, applica-
tion-specific solutions across various industries.

2.2. Digital twins in the context of smart product-service systems
2.2.1. Digital twin definition

The literature presents various definitions of digital twins, each emphasizing different of their
intended use. [11]. Stark et al. define a DT as "a digital representation of an active, unique
product (real device, object, machine, service, or intangible asset) or unique product-service
system that comprises its selected characteristics, properties, conditions, and behaviors by
means of models, information, and data within a single or even across multiple lifecycle
phases” [2]. For DTs, the products in question are often CPS, which can collect operational
and usage-specific data. This data forms the digital shadow of a product. By integrating the
digital shadow of a product with product description models stored in the digital master, the DT
is created (see Figure 1).



2.2.2. Value creation potential of digital twins

A DT serves not only as a comprehensive model of physical products but also as a system
that interconnects data between physical products and their virtual counterparts. This facili-
tates the efficient execution of product lifecycle activities such as design, manufacturing, and
service, addressing the future needs of product management across the entire lifecycle. There-
fore, DT represent an effective tool for product lifecycle management [12]. The broad scope of
applications holds significant potential for digital value creation in SPSS [13]. The DT is a
standalone digital product with its own lifecycle. Figure 1 visualizes the interaction between the
DT lifecycle and the product lifecycle (PLC) of its physical counterpart.
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Figure 1: Relationship between the lifecycle of the product and its digital [2]

It is important to emphasize that the DT does not necessarily need to be used in every
phase of the product lifecycle. Rather, the focus is on utilizing the DT economically and tech-
nically feasibly throughout the entire PLC [11]. Lindow identified various application scenarios
where DTs can enhance value creation throughout the product lifecycle (PLC), highlighting
their supportive role in the entire PLC [14]:

= Begin of Life (BoL): Optimization of product development by creating a DT for a
Physical prototype.

= Mid of Life (MoL): Continuous monitoring and analysis, predictive maintenance,
formulation of maintenance and repair measures.
= End of Life (EoL): Ongoing evaluation between continued use and discontinuation

of a product

2.3. Development methodologies for smart-product service systems and digital twins

Existing literature includes several reviews on approaches and methodologies for the de-
velopment of SPSS and DTs [15]. Halstenberg proposed a methodology defining smart-circu-
lar PSS system architectures (MESSIAH), which uses a MBSE approach for product and ser-
vice architecture development [5]. Other work model-based PSS framework by Apostolov et
al., which emphasizes the application of MBSE in SPSS development [6]. Other works mention
that concurrent product and service development is crucial in the context of SPSS [16].
Gogineni et al. conducted a fit-gap analysis to identify suitable development methodologies for
customizable IoT products, also known as smart products [17]. They found that the V-model is



well suited for the DT development [18]. This conclusion was also reached by Riedelsheimer
et al., which proposed a methodology for energy-efficient, customizable loT-based smart prod-
ucts. The approaches discussed in this section provide insights into SPSS development meth-
odologies. However, the current literature lacks systematic approaches specifically for devel-
oping SPSS integrating DT, underscoring the need for a structured methodology [4].

2.4. Model-based systems engineering for managing development complexity

Systems engineering is a widely recognized approach for managing complexity, offering a
systematic and holistic approach to product development [19]. This approach emphasizes sys-
tem thinking, which involves viewing a system as a whole and understanding the relationships
between its parts, rather than isolating individual disciplines. This method captures the com-
plexity of a system and finds more effective solutions by considering problems in their entirety
[20]. MBSE extends this concept by using formalized modeling to support all development
phases — problem analysis, design, implementation, verification, and validation. It involves cre-
ating and documenting detailed digital models that represent all relevant system aspects, with
these models collectively forming a virtual system model. It facilitates cross-domain linkages
with software tools not only during the development but also throughout later lifecycle phases,
reducing the risk of errors and ensuring the system's overall sustainable functionality [21]. Ex-
isting literature discusses leveraging the system model in a digital twin's digital master to en-
hance its robustness throughout its whole lifecycle by serving as a single source of truth [12].

3. Research goals

To address the lack of development methodologies for DT-SPSS, this paper presents an
approach for converting a physical product into a smart product while concurrently creating its
DT and smart services for an SPSS. Additionally, it explores how MBSE approaches can man-
age the complexity in multidisciplinary system development, specifically within the context of
DT-SPSS. The focus is on the phases of problem analysis, planning, and system design. The
implementation of a DT-SPSS for Horizon Educational's fuel cell system (FCS) Edustak Junior
FCSU-32 will serve to evaluate the effectiveness of the proposed approach.

4. Methodical implementation of the smart fuel cell system

As discussed, the V-model is a suitable approach for developing SPSS, encompassing
problem analysis, system design, domain-specific design, and system integration. This com-
prehensive framework makes it a widely used process model for MBSE [22]. MBSE methods,
however, vary in their choice of modeling languages [19]. Many methods (e.g., MagicGrid,
SysMod, OOSEM) use SysML as modeling language [23, 24]. Although SysML-based meth-
ods effectively integrate the entire development process, they require a dedicated software-
based MBSE tool. Given the scope of this research, the authors selected the MBSE approach
known as Conceptual design specification for engineering complex systems (CONSENS),
which focuses on the design of systems. The eponymous modeling language is less complex
than SysML and does not require a dedicated MBSE tool, which makes this method suitable
for development teams lacking SysML expertise or access to MBSE tools [19].

The following subsections provide a detailed description of the methodological steps in-
volved in the proposed approach for the mentioned application example, with a focus on scope
definition and system design. As highlighted in section 2.3, the coordinated planning of the
product and its services is crucial for the development of SPSS and is conducted during the
scope definition phase, as illustrated in figure 2. The figure also demonstrates how CONSENS
divides system design into an analysis and synthesis phase, incorporating the outlined steps.
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Figure 2: The proposed methodology for the development DT-SPSS

4.1. Development problem and scope definition

This development problem serves as the initial input for the scope definition process, which
involves detailed planning of the digital twin and its associated SPSS services. This planning
phase ultimately establishes the foundation for the DT-SPSS. In the considered case the
development problem was to create a DT for a SPSS, specifically the Smart Fuel Cell System
(SFCS), with the objective of optimizing fuel cell performance. Firstly, the aspired services
were selected. Koldewey et al. identified 420 smart services through literature and market re-
view, deriving twenty generic functionalities. Based on the later, the authors have chosen to
implement the following services: monitoring, alerting, analytics, and remote control.

To define the scope and capabilities of the DT based on selected services, the 8D-model
for DTs by Stark et al. was employed [2]. This model, encompassing eight dimensions, aids in
classifying and planning digital twins, addressing aspects like integration breadth, update fre-
quency, connectivity, CPS intelligence, simulation capabilities, digital model richness, human
interaction, and lifecycle phases. Each dimension has multiple levels, where higher levels rep-
resent different realization spaces rather than superiority, though some dimensions reflect in-
creasing richness (dimensions 2 and 7) or scope (dimensions 1 and 8) at higher levels.
Figure 3 shows the selected levels of the digital twin for the SFCS across each dimension,
along with their corresponding definitions.

According to the development problem, the integration breadth of the digital twin was re-
stricted to the context of the product, specifically the fuel cell (dimension 1). The implementa-
tion of smart services required bidirectional and real-time data transmission between the prod-
uct and the DT platform (dimension 2 & 3). The CPS intelligence was both automated, via
service logic on the platform, and human-triggered (dimension 4), with responses occurring
physically through a smart device and virtually via the platform (dimension 7). Simulation ca-
pabilities are defined as ‘static’, meaning the digital twin does not perform simulations (dimen-
sion 5). This choice reflects the research's focus on methodology rather than developing a
highly autonomous DT. Since the fuel cell is an existing product, which was not developed
independently, no models from the development phase (BoL) were available. The DT was
designed to represent and influence the fuel cell's behavior during the MoL (dimensions 6 &
8). Considering the specified scope, the digital twin can be classified as an informative digital
twin with additional user interaction capabilities according to Wilking et al. [11].



The authors selected the open-source loT platform ThingsBoard for the DT, leveraging its
capabilities for data collection, processing, visualization, device management, and user inter-
action. As a platform-as-a-service (PaaS) cloud solution, it reduces the implementation effort
for IT infrastructure and digital capabilities. Since the fuel cell lacks communication capabilities,
a Smart Module (SM) was developed to enable bidirectional interaction with ThingsBoard. The
development goals can be summarized as follows:

= Development of a module for converting a fuel cell into a smart product (smartification)
= Software implementation of the selected smart services on ThingsBoard
= Creation of a DT dashboard on ThingsBoard for user interaction with the fuel cell
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Figure 3: Defined scope of the SFCS according to the 8D-model for the digital twins ([2], edited)

4.2. System design according to CONSENS

Context analysis: In this step the system boundary of SFCS was defined by considering
the system-of-interest (Sol) as a black-box and representing it within its environment. In this
process, the environment elements are identified and their interactions with the system are
examined. Figure 4 shows the developed context diagram of the SFCS.
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Figure 4: Context diagram

Use cases: Use cases define the application scenarios of the Sol and specify how it should
behave in these scenarios. In this process, the Sol is treated as a black box to avoid premature
decisions regarding the system architecture. The use cases (UC) of the SFCS, where ideated
on basis of the selected smart services. Table 1 gives an overview on the specified UC
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activities. A UC diagram was utilized to depict the interaction between the user and the SFCS,
as well as the relationships between the use cases.

Table 1: Use case descriptions

Use Cases Use case activities

= Measure electrical parameters (voltage, current, power) with the smart module
= Transmit data in real-time to the ThingsBoard

= Store measurement data in the database

= Visualize data in the user interface (Ul)

= Alarm user when the FC output power is outside the user-defined range

= Display alarms on both the Smart Module and the Ul

= Allow the user to resolve alarms through the Smart Module

Alarm resolution = Communicate alarm resolution to ThingsBoard

= Update and display the status in the Ul

Performance monitoring

Performance analysis

= Determine the energy produced by the FC over a specified period

Energy analysis . . . .
= Set the time period and display the results via the Ul.

Actuator control = Enable remote control of a smart module actuator elements through the Ul

Requirements: Based on the environmental analysis and defined UC scenarios, the sys-
tem requirements for the SFCS were developed. These requirements were further specified
and documented during the product development process. The requirements were divided into
software, hardware, and smart services. Each requirement was described in a solution-neutral
manner using the SOPHISTEN wording enhance clarity [25]. Furthermore, the systems re-
quirements were prioritized as mandatory or desirable and were distinguished in functional and
non-functional requirements.

Functional breakdown: Taking the overall function of SFCS, its defined use cases and
system requirements into account, the main functions were derived and divided into subfunc-
tions in an iterative process until solution patterns or operating principles can be identified for
the lowest-level functions. To keep the solution space open, these functions were kept solu-
tion-neutral and formulated using noun-verb structures.

System architecture: In this step, the system elements required to realize the desired sys-
tem functions were identified and derived. It was also determined which functions would be
implemented in software, hardware, or both. Design-structure matrices (DSM) and Domain-
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mapping matrices (DMM) were used to identify internal system dependencies and eliminate
redundant functions and elements, as suggested in literature [20, 26]. The interactions be-
tween the derived system elements were modeled in the system architecture, which provides
a white box view of the SFCS and shows the interaction between all system elements (see
figure 5). As shown, the SFCS is subdivided into the subsystems ‘Smart Module’ and ‘Things-
Board DT platform’, with the latter representing the logical system architecture of the DT.

System behavior: In this methodological step, the system behavior within the defined use
cases is further specified. The system behavior was specified using sequence diagrams, which
illustrate the chronological interactions between derived system elements (see figure 6). These
diagrams served as the foundation for the subsequent software design.
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Figure 6: Sequence diagram for the smart service “Performance monitoring”

4.3. Domain specific design and system integration

The authors chose to address the system functions without employing mechanical princi-
ples to reduce design complexity. Consequently, the domain-specific design focused on hard-
ware and software design. For hardware design, solution principles for physical components
were identified, compared, and selected based on requirements, leading to the SM's assembly.
In software design, various implementation approaches were evaluated, with loT data commu-
nication technologies chosen for software functions. The SM and ThingsBoard rule chains
were then programmed using the ThingsBoard Arduino SDK to encode the logic for smart
services. Component testing verified both hardware and software. Integration tests ensured
proper interaction between them, using debugging tools in the programming environments for
the SM's microcontroller and ThingsBoard rule chains.

5. Results

The initial development goals for the SFCS have been achieved through the application of
the method proposed in this paper. The fuel cell under consideration has been transformed
into a Smart Fuel Cell (SFC) through the developed Smart Module. Additionally, a dashboard
has been created, allowing users to interact bidirectionally with the SFC and utilize the ser-
vices. Furthermore, all planned services have been implemented. Iterative approaches were
developed to encompass the attributes required for the services and to implement the rule-
based logic, based on developed sequence diagrams. Overall, the SFCS can be classified as
an DT-SPSS according to the definitions (see figure 7).
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6. Discussion

Creating partial models predefined in CONSENS greatly improved system understanding
and reduced complexity during the system design phase. For example, modeling the loT plat-
form within the SFCS clarified interactions between the Smart Module and ThingsBoard. Alt-
hough ThingsBoard could be viewed as an external element, it was modeled as part of the Sol
to better analyze component interactions. This approach was essential for the design process,
with sequence diagrams helping to manage complexity and clarify system behavior within the
smart services. Nevertheless, the models created during the system design were document
based, which prevented them from being interlinked to form a cohesive digital system model —
a key advantage of MBSE. This limitation resulted in a higher number of iterations throughout
the development process. Another critical consideration is that the CONSENS modeling lan-
guage, as established, does not adequately address the complexity of the DT-SPSS. Further-
more, the integration of the system model with the digital twin was not explored in detail. The
integration of the system model with the digital twin was not thoroughly explored since the DT
was defined to have an informational character. For example, using a PaaS loT platform com-
plicated the inclusion of behavioral models in the digital twin, which could have enabled ser-
vices such as predictive maintenance and enhanced value creation. However, it is important
to note that the stated limitations lay beyond the scope of the formulated research goal.

7. Conclusion and outlook

Within the scope of this paper, the hypothesis that MBSE is suitable for the design of SPSS
has been supported. Despite employing a document based MBSE approach, advantages in
system understanding and behavioral descriptions were evident. These aspects are particu-
larly significant for systems with high degrees of connectivity, such as SPSS. However, the
authors conclude that future research should focus on leveraging computer-aided MBSE
approaches for designing DT-SPSS. This is essential for fully realizing the benefits of DT-
SPSS, which come from integrating a system model created using MBSE with the digital twin.
Such integration would create a single source of truth for all description models throughout the
PLC. An additional consideration for future research could be exploring how to systematically
integrate the business aspect into the DT-SPSS development process to further enhance value
creation.
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