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Abstract

Model-Based Systems Engineering (MBSE) originated in aerospace engineering and has
emerged as a promising approach in other fields for designing, analyzing, and managing
complex interdisciplinary systems throughout their entire life cycle. While MBSE is ap-
plicable to various engineering domains, its applications remain closely tied to software
engineering. As software becomes a critical component of physical systems, such as vehi-
cles, appliances, and production plants, bridging the gap between software engineering
and other disciplines, such as mechanical, electrical, and civil engineering, becomes es-
sential. Despite its potential, MBSE is still in its early stages when it comes to integrating
executable models of physical systems into engineering environments. The purpose of this
research is to assess the present capabilities of MBSE by identifying existing missing links,
thereby enabling prospective users to make well-informed decisions about its integration
into organizational processes. In this analysis, it is important to have a comprehensive
view of the complexity of MBSE across different disciplines to obtain an overall picture. In
addition to identifying open challenges, we present three critical gaps in the MBSE practice
through a comprehensive demonstration case: limited tool interoperability and model
integration, modeling language limitations, and dependence on a specialized workforce.
Current studies largely view MBSE as the most applicable and effective for the design
phase of the system life cycle. Yet, to capture MBSE in its entirety, its principles must be
applied throughout the whole system life cycle.

Keywords: model-based systems engineering; MBSE genesis; missing links; system
development; MBSE Dissemination Domains; MBSE Challenges Domains

1. Introduction
Nowadays, systems, their interconnection, and integration are becoming increasingly

complex, especially when physical and digital parts are interconnected in systems, such
as Cyber-Physical Systems (CPS), and can no longer be clearly separated from one an-
other [1–3]. The concept of Model-Based Systems Engineering (MBSE) is a promising
approach to improve efficiency and effectiveness in system development [4]. It promotes
rational understanding, better complexity management, rapid information exchange, trans-
parency, and communication between disciplines and stakeholders, which leads to a solid
knowledge base even in the early stages of development. This knowledge base brings
long-term benefits throughout the System Life Cycle (SLC). According to an up-to-date
understanding of systems engineering, MBSE should be applied throughout the entire SLC.
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However, several survey studies show that MBSE application remains largely confined to
the early-design phase—particularly requirements and architecture modeling—while later
lifecycle phases (e.g., manufacturing, operation, maintenance, and decommissioning) are
underrepresented or modeled in isolation [5]. This limitation stems from several critical
factors. Although models are robust during the design phase, they often fail to propagate
into manufacturing and operations due to a broken “digital thread”. For example, in
the aerospace industry, a high-fidelity SysML model used by design engineers is rarely
accessible or useful to maintenance technicians on the hangar floor, who still rely on static
PDF manuals [6–8]. In addition, there is currently a lack of standardized data exchange
between MBSE tools (such as Enterprise Architect, MagicDraw or Cameo) and downstream
Enterprise Resource Planning (ERP) or Product Lifecycle Management (PLM) systems. This
creates “data silos”, where the early models of the PLC phase become an isolated artifact
rather than a living blueprint [8–10]. Keeping models synchronized with the physical
system during the “in-service” phase requires significant manual effort. Without auto-
mated updates from sensors or operational feedback, the models quickly become obsolete
(“as-built” vs. “as-designed” gap), leading stakeholders to abandon them after production
starts [7,11]. In aerospace, SysML-based MBSE is routinely used for requirements and
system architecture, yet digital continuity to manufacturing (e.g., CAM, PLM integration)
is rare—leading to manual re-translation of geometric or tolerance data [12–14]. In the
automotive industry, for example, MBSE supports E/E architecture design and functional
safety (e.g., ISO 26262 compliance), but rarely extends to service manuals or predictive
maintenance. This leads to “design–service gaps” where operational failures cannot be
traced back to model assumptions [13].

Although MBSE represents a methodological framework toward model-centric ap-
proaches for integrating various engineering disciplines, such as mechanical, electrical,
and software engineering, its inadequate application has led to disappointing project out-
comes [15]. Many industries have shown interest in implementing MBSE, as highlighted
by several surveys [16–23]. However, attempts to transform existing technical approaches
to MBSE often occurred without a proper introduction or explanation of the methodology,
resulting in insufficient applications. This underscores the necessity for tailoring MBSE
practices to specific engineering contexts, as it can be demonstrated by various industry
examples. In aerospace, a model-first approach utilizing SysML ensures compliance with
strict certification standards like DO-178C/DO-254, facilitating thorough verification along
the whole PLC. In contrast, Small to Medium-sized Enterprises (SMEs) in smart agriculture
often adopt a code-first strategy, allowing for rapid prototyping in Simulink before integrat-
ing key interfaces into SysML; this flexibility speeds up time-to-market. Civil infrastructure
projects typically focus on asset lifecycle modeling, where detailed real-time behavior may
complicate processes unnecessarily. Moreover, the development of an aircraft navigation
system exemplifies how varying requirements necessitate different MBSE models, while
advanced driver-assistance systems (ADAS) in automotive engineering must adapt to
urban and highway conditions. Similarly, in healthcare, electronic health record (EHR)
systems reveal differing requirements between rural and urban clinics.

These cases illustrate that MBSE is not a monolithic methodology, but a flexible frame-
work whose scope, depth, toolchain, and lifecycle coverage must be calibrated to project
context-size, domain, regulation, risk, and innovation pace. Hence, we posit “To be applicable,
MBSE must be understandable and adaptable to the specific engineering situation”.

This article aims to identify the missing puzzle pieces necessary for establishing a
rational understanding of MBSE. To be precise, we investigate potential missing links
related to the experience and implementation of MBSE. In doing so, we aim to provide an
overview of the requirements related to successful MBSE applications.
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The remainder of the paper is as follows. Section 2 provides related work in the area
of MBSE challenges. In Section 3, we give a short overview of our applied methodology.
Section 4 shows the historical evolution of MBSE that leads to the current state of the
art of MBSE. Section 5 presents the missing links toward MBSE from the perspectives of
the Challenges and Dissemination Domains. Section 6 shows the challenges and missing
links in its application. Finally, in Section 7, we conclude our work and give an outlook to
future work.

2. Related Work
This section provides an overview of related work to highlight both the similarities

and differences in comparison to our approach. First, we investigate the current state
of MBSE implementation across various industries. Second, we examine challenges and
limitations identified in multiple scientific studies.

Concerning the industry, we analyzed which sectors use MBSE, which technical disci-
plines are involved in the application, in which SLC phases MBSE is used, and in which
phases the companies achieve significant benefits. Several sources confirm the increasing
adoption of MBSE in various industries, especially in aerospace, defense, automotive,
information technology, medical, and consulting [12,23–29]. The most crucial engineering
disciplines include mechatronics and systems engineering, software engineering, mechan-
ical engineering, and electrical and electronics engineering [12,24,25]. Regarding SLC
phases, it can be seen that MBSE brings the most significant benefit in requirements en-
gineering, followed by system architecture development and V&V. MBSE is also used in
requirements elicitation and detailed design. The analysis shows that MBSE is used in
different industries, technical disciplines, and SLC phases. However, it also highlights a
critical gap, which is the need for improved integration along the different system lifecycle
phases in MBSE practice.

In the following, we review some scientific studies regarding challenges and limita-
tions related to MBSE.

The publication of Chami and Bruel [12] presents the findings of a survey investi-
gating challenges associated with adopting MBSE in real-world applications. The survey
solicited participants’ perspectives on these challenges, including their occurrence within
the phases of MBSE adoption and the interdependencies among them. This approach
aims to improve the understanding and measurement of the challenges associated with
MBSE adoption. In comparison, we examine MBSE from three perspectives (cf. Section 5),
highlighting its missing links. Furthermore, we illustrate these challenges using the design
and development process of an e-bike.

Cordero et al. [30] examine initial efforts to integrate an MBSE approach into the
Nanospace open-source framework. They highlight the challenges of knowledge reuse,
design convergence, and architecture candidate evaluation. Our paper presents the missing
links holistically in the context of MBSE. It is about the overall view of what is missing for
a successful implementation of MBSE.

Kim et al. [31] address the challenges of applying MBSE through a human-centered
design perspective. Using the Human-Centered Design (HCD) framework, the authors
identify key challenges, such as cultural changes, and discuss their impact on the devel-
opment of tools and infrastructure. They emphasize the need for a deep understanding
of existing systems engineering practices, investment in domain-specific ontologies, and
the definition of MBSE methods, processes, tools, and infrastructure. Choosing tools
without a comprehensive understanding potentially leads to acceptance issues [31]. In
contrast to their approach, our paper highlights missing links from historical perspectives
to domain-specific viewpoints.

https://doi.org/10.3390/systems14020158

https://doi.org/10.3390/systems14020158


Systems 2026, 14, 158 4 of 21

Albers and Zingel [32] discuss in their study the challenges of MBSE-related languages,
particularly SysML, and the difficulty in understanding SysML syntax and semantics in
MBSE-related applications, especially in software and mechanical engineering. They note
that understanding basic terms, such as “function” and “behavior”, is still very inconsistent
among systems engineers in academia and industry, but tends to converge. As a result,
there is an opportunity to harmonize and formalize the terms, especially within modeling
languages, such as SysML. Compared to this study, we propose a holistic approach where
different challenges throughout the PLC are identified.

Pinquié et al. [33] discuss the current practice and challenges with a survey, observing
that models are not used as they should, leading to model-based design review becoming a
real challenge during the product development initial phase. Other identified challenges in-
clude the modeling approach, model review, and interoperability problems. Notably, their
paper does not discuss common challenges, such as model management and tool integra-
tion. In contrast, our paper seeks to fill these gaps by addressing the entire product lifecycle
and identifying the challenges impeding the full potential of MBSE in real-world problem-
solving scenarios. We demonstrate these challenges and their implications, providing a
comprehensive understanding of the obstacles faced when applying MBSE.

D’Ambrosio and Soremekun [13] highlight several critical points regarding the chal-
lenges and opportunities in SE within the automotive industry, emphasizing the need to
address these in MBSE-based approaches. One of the key challenges they discuss is the in-
creasing complexity of high-performance computing platforms, where managing numerous
Electronic Control Units (ECUs) and extensive software code becomes difficult. Another
important challenge is the application of MBSE, which, while showing promise in its early
stages, requires further demonstration of its benefits to validate its effectiveness. Addition-
ally, the authors address the need for a comprehensive enterprise-wide acceptance strategy
and the development of effective methodologies. D’Ambrosio and Soremekun [13] also
outline several specific applications of MBSE, particularly highlighting feature modeling,
system safety case development, and testing procedures. Compared to this approach, our
paper takes a unique approach to identifying MBSE-related challenges, where the impor-
tance of understanding the field of MBSE by tracing its historical evolution is emphasized,
and discipline-specific perspectives are addressed.

It is crucial to note that none of the compared works delve into the genesis or historical
schools of thought related to MBSE, which is fundamental for grasping the essence of
MBSE. Understanding the historical evolution of MBSE provides valuable insights into its
foundations and evolution, which is essential for applying MBSE effectively to real-life
problem-solving scenarios. Furthermore, our approach of investigating the challenges from
the Dissemination Domain’s specific views allows us to identify and address challenges
specific to each field. This approach enables us to address all key stakeholders who must
work together to overcome the challenges of MBSE. Our research aims to holistically identify
and demonstrate the missing links to contribute to a more comprehensive understanding
of MBSE, its practical implications, and eventually, to advancing and disseminating MBSE
across disciplines and application domains.

3. Methodology
As an emerging technology, MBSE is entangled with diverse challenges, presenting

a contrast where specific challenges can be mastered while others remain subtle. Conse-
quently, not all promising options may be thoroughly explored when using MBSE, leading
to unsuccessful attempts, especially by inexperienced users. Such failures permeate the
engineering domains and might brand MBSE as a technology prone to shortcomings [34,35].
In light of this evolutionary perspective, our objective is to formulate a methodology ensur-
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ing comprehensive exploration of critical avenues, providing individuals with a thorough
understanding of MBSE capabilities. Subsequently, individuals can make informed deci-
sions about whether integrating MBSE would contribute value to their engineering projects,
thus enabling conscious and deliberate utilization. In formulating our methodology, we
have drawn upon three theoretical frameworks: the “MBSE Maturity Model” [36], the
“MBSE knowledge Graph” [37], and the “MBSE logical framework” [38]. These conceptual
frameworks guide our exploration of three facets, namely MBSE Genesis, MBSE Domains
(more presisely: MBSE Challenges Domains and MBSE Dissemination Domains), and
MBSE Applications, which are identified as pivotal components encompassing missing
links within the MBSE landscape.

Building on those historical and theoretical perspectives, we developed a methodol-
ogy, presented graphically in Figure 1. To illustrate this methodology, we employed the
metaphor of a house. Viewing the house from the outside provides an external perspective
akin to observing the outer structure of a building. However, a comprehensive understand-
ing requires an exploration of the interior, just as one cannot determine the suitability of
a house for its inhabitants without looking at its internals. From an architectural point of
view, external and internal observations are essential for the architecture and construction
of the house. In alignment with this concept, the challenges faced by MBSE are divided into
two categories: external challenges and embodied challenges, where embodied challenges
cover missing links directly in the process and implementation of MBSE, and external
challenges represent a broader external perspective. Developing and applying the MBSE
landscape involves systematically reducing missing links—traversing from MBSE Genesis,
through MBSE Domains, to MBSE Applications. The MBSE Genesis focuses on understand-
ing its historical development, while MBSE Domains’ Missing Links highlight related
domains and their associated challenges. The MBSE Applications’ Missing Links reveal
challenges related to implementation. It is worth noting that these missing links not only
fall under either external or embodied challenges but span both areas. This is also due to
the holistic understanding required for the MBSE Applications.
Ex
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Figure 1. Methodology regarding navigation of the MBSE missing links.

The following sections provide a detailed description of each part of the methodology.
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4. MBSE Genesis
This section synthesizes the conceptual and methodological evolution underlying

MBSE by identifying the principal schools of thought that contribute to its formulation.
Rather than providing a comprehensive historical account, the section clarifies how differ-
ent system-related paradigms progressively have evolved in formalization and practical
applicability, ultimately enabling MBSE. This perspective is essential for fostering a co-
herent and rational understanding of MBSE and for recognizing the fundamental stages
that have led to its current state. Figure 2 presents this synthesis as a “road metaphor”
structured by the degree of formalization rather than by exhaustive historical chronology,
supporting the interpretation of MBSE application processes and bridging domain-specific
knowledge gaps.

Model-Based 
Systems Engineering

MBSE

System 
HypothesisSSH

Systems 
Theory

ST

Systems 
Engineering

SE

Systems 
Thinking

ST*

Operations 
Research

OR

th
an

th
e
su

m
of
its

part
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Philosophical Stage

Theoretical Stage

Digital Transformation 

Stage

Application Stage 

Figure 2. Evolution of foundational schools of thought towards MBSE.

The conceptual foundations underlying MBSE can be traced to the Aristotelian concept
of wholeness, which stated that all things have parts and that the whole is distinct from the
sum of its parts [39–41]. We adopt this notion as the philosophical foundation and consider
it as the “seed” from which the field of MBSE has emerged. Aristotle also emphasized the
connections and unity between elements within a system. This philosophical foundation
has influenced the development of artificial systems for centuries. Accordingly, this foun-
dational school of thought is designated as the System Hypothesis (SH), representing the
philosophical stage of the system concept that underpins later formal developments
and serves as a driving force that ultimately contributed to the emergence of MBSE.

As the field matured, it entered the theoretical stage, which represents the gradual
“sprouting” of systems concepts through increasing abstraction and formalization. This
evolution leads to another fundamental component within the MBSE schools of thought,
namely Systems Theory (ST), which accentuates the holistic nature of complex systems.
The inception of ST can be traced back to the theoretical biology of von Bertalanffy [42] and
was later formalized as General Systems Theory (GST). GST examines the concept of whole-
ness in a generalized and abstract manner. Moreover, Shannon’s information theory [43]
and Wiener’s cybernetics [44] contribute significantly to this domain by addressing uncer-
tainty, communication, and control in both biological organisms and machines—marking
a transition from philosophical insight to formal theoretical abstraction essential for arti-
ficial systems [45]. Operations Research (OR), following ST, as an analytical precursor,
supports decision-making, optimization, and resource allocation, aligning with the founda-
tional principles of MBSE.
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The next phase of the progression is the application stage, representing the “grow-
ing plant” where system concepts are operationalized into engineering practices. To address
the escalating complexity of artificial systems, Systems Engineering (SE) evolved into an
independent discipline, particularly suited to manage uncertainty in large-scale technical
systems [46]. The initial methodological application of SE took place at Bell Labs in the
1940s [47,48]. Systems Thinking (ST*) represents the cognitive and methodological mindset
required to apply system concepts in practice and serves as a conceptual bridge between
theoretical understanding and practical engineering implementation [49].

Building on the impacts and implementations of the previous stages, we have now
reached the digital transformation stage, where digital recording and consistency are used
to improve data analysis and to automate processes. In this context, MBSE evolved. The
term Model-Based Systems Engineering (MBSE) was coined by Professor Wayne Wymore
in 1993, and it delves into the theoretical underpinnings of SE through the use of explicit
models and formal representations [50]. This approach received further impetus through ini-
tiatives led by the International Council on Systems Engineering (INCOSE) [50,51]. Currently,
INCOSE defines MBSE as “the formalized application of modeling to support system requirements,
design, analysis, verification, and validation activities beginning in the conceptual design phase and
continuing throughout development and later life cycle phases” [52] (p. 15).

The staged representation in Figure 2 does not imply that MBSE is solely derived from
ST, ST*, and SE, but rather delineates their interconnected contributions based on increasing
levels of formalization and practical applicability. While ST provides the abstract foundation
for understanding holistic system behavior, SE operationalizes these ideas into structured
engineering processes—particularly in managing complexity and uncertainty in large-scale
technical systems. ST* serves as the cognitive and methodological bridge between the two,
enabling practitioners to interpret system interdependencies and to apply holistic reasoning
within engineering contexts. Although ST primarily constitutes a mindset, its integration
into SE is essential, as systematic implementation inherently requires structured thinking.
Similarly, OR, with its focus on decision-making, optimization, and resource allocation,
aligns closely with the analytical underpinnings of SE and MBSE. As noted by Wymore [50],
OR’s problem-solving orientation complements SE’s lifecycle-oriented approach, making it
an integral facet of the broader systems engineering framework. Based on the preceding
discussions, Figure 3 is proposed as a consolidated depiction of essential elements within
MBSE necessary for comprehending and applying it in practical contexts.

MBSE

Systems 
Engineering

System 
Theory

Figure 3. The concentrated presentation of MBSE in terms of application understanding.
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5. MBSE Domains Specific Missing Links
In this section, we outline the main challenges and missing links encountered by

moving towards MBSE. These challenges are based on conference discussions with aca-
demics [53], interviews with tool developers [38], and consultations with practitioners
from various industries [12,31–33]. While we aim to offer a comprehensive overview,
we recognize that our coverage may not be exhaustive. The challenges presented have
been identified as prevalent across multiple contexts. To categorize these challenges, we
distinguish between three different MBSE Domains: applications, tool developers, and
academics [38]. Each MBSE Challenges Domain refers to a specific sector of activities
involving stakeholders that contribute to and interact with MBSE methodologies and tools.
Each of the three key MBSE Domains (Figure 4) plays a distinct but interconnected role in
advancing and applying MBSE. Understanding these Domains and their interactions is
essential for realizing the full MBSE potential.

Academics Domain

Industries

Scholastics
& R & D

Developers
& Vendors

Figure 4. MBSE Challenges Domains based on [38].

5.1. Challenges of the Applications Domain

The Applications Domain, which includes industries that are applying and imple-
menting MBSE to support the Product Life Cycle (PLC) [38], has to overcome the following
shortcomings.

5.1.1. Unified Implementation Process

The Applications Domain encompasses various industries, departments, projects, and
tasks. However, the main challenge lies in creating a transparent implementation pro-
cess addressing fundamental questions like application location, requirements, methods,
and benefits. This process should be comprehensive and step-by-step, supplementing all
types of system development. Different implementation processes for various industries
or products can lead to confusion and conflicts during the system integration phase of
interdisciplinary products. For instance, language and tool selection may differ if one
subsystem is developed using a PLC approach and others using a System Development
Life Cycle (SDLC) approach. Therefore, a unified, however, maximum flexible and adapt-
able implementation process is the ultimate goal. Providing such a clear workflow is a
significant challenge.

Probable Solutions: An MBSE-centric implementation process should define common
phases, artifacts, and decision gates, while enabling configurable tailoring across indus-
tries and project types. This process framework requires clear, step-by-step guidance for
integrating diverse lifecycle models, supported by reference workflows and best-practice
patterns to ensure consistency and to reduce ambiguity. Agile approaches can enhance flex-
ibility and responsiveness through iterative cycles and embedded feedback loops, fostering
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continuous improvement [54]. Finally, targeted process automation streamlines repetitive
tasks, freeing teams to focus on strategic and creative problem-solving.

5.1.2. Available Workforce

Implementing new technologies in industries often faces challenges due to a scarcity
of trained workforces. Building a trained workforce is time-consuming and involves risk
factors like cost-benefit issues, trainer hiring, team motivation, and convincing authorities.
Part of the responsibility for building a workforce for new technology applications can be
taken on by academia. The challenge, however, is to create a culture where all essential
factors and risks are considered.

Probable Solutions: It is important to establish collaborative programs between industry
and academia to systematically train and certify a workforce in new technologies, ensuring
alignment with real-world industrial needs. Additionally, fostering a culture of continu-
ous learning, risk awareness, and institutional support can help organizations effectively
overcome challenges related to costs, motivation, and acceptance. To accelerate workforce
development, targeted MBSE certification courses covering essential topics can be offered
to quickly train and prepare new professionals.

5.1.3. Unified Languages and Methods

Languages are crucial for the exchange of information between humans and machines
because they provide a standardized vocabulary and rules (grammar) to communicate
without confusion. The languages capture the concepts and relationships between them,
regardless of the notation that users want to use to manipulate models of the languages.
For instance, UML (https://www.uml.org/) and SysML (https://sysml.org) are widely
used languages. In the context of MBSE, however, it must be noted that these concepts
cannot model the entire PLC. For example, SysML does not cover all systems engineering
processes, such as design synthesis and analysis, or verification and validation of all
relevant properties of a proposed solution (e.g., basic design or detailed design). It also
cannot express the aesthetic appearance of a system, which is a non-functional requirement
for many products. In addition, Micouin [55] argues that SysML requirements diagrams
do not fully fulfill the promise of MBSE because they are a new representation of text-
based traditional requirements. Other languages, such as Business Process Model and
Notation (BPMN (https://www.omg.org/bpmn/)) or Lifecycle Modeling Language (LML
(https://www.lifecyclemodeling.org/specification)), can support further MBSE use cases.
The challenge is to ensure consistency, standardization, and exchange between these
languages and to provide methods for manipulation. However, language models could
reduce new users’ learning curve, facilitate tools’ use, and support interoperability as the
concepts follow clear definitions.

Probable Solutions: MBSE-focused languages, such as SysML v2 (https://www.
omgsysml.org/SysML-2.htm), aim to provide comprehensive coverage of the PLC while
supporting clear definitions for concepts, relationships, semantics and interoperability.
The textual and graphical syntax not only increases user-friendliness but also promotes
automation possibilities. The SysML v2 specifications were officially adopted by the OMG
in July 2025, and a standard API and associated set of services for navigating, querying, and
updating the model are intended to enable interoperability with other tools and software
applications throughout the system development lifecycle [56–58]. As a result, SysML v2
may hold the potential to address this missing link. However, there is currently no empiri-
cal evidence that proves this claim, and further research is needed to validate the actual
benefits and effectiveness of its implementation in practice. Moreover, a modeling language
alone cannot resolve all gaps in MBSE adoption, rather the method or implementation
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approach, and supporting tools play equally critical roles. In the meantime, integrating
standardized exchange protocols and APIs between modeling languages and tools (e.g.,
CAD, BPMN, and LML) can enhance consistency, facilitate tool adoption, and reduce the
learning curve for new users.

5.2. Challenges of the Tool Developers Domain

The Tool Developers Domain incorporates companies that develop MBSE-related
tools in cooperation with developers and vendors [38]. Below, we describe some of the
challenges that arise during realization.

5.2.1. Factual/Interdisciplinary Requirements

“Correct” requirements are crucial for a successful product. However, MBSE tool
developers often fail to meet user expectations due to a lack of explicit, factual requirements
and their application. Kautz et al. [15] stated that MBSE, akin to numerous other new
and innovative technologies, has made multiple promises, not all of which have been
fulfilled. This leads to a mismatch between supply and demand for MBSE and poses an
open challenge. It could be counteracted with interdisciplinary domain research, such as
mechanical–electrical software.

Probable Solutions: Tool-developer organizations should engage directly with real-
world projects to understand stakeholders’ actual pain points and derive tool requirements
from those insights.

5.2.2. Unified Tool Exchange

The success of a new technology relies on its consistency, and MBSE depends on
various tools to support the PLC. However, using different tools in different phases of
various PLCs probably creates inconsistencies in information exchange, disrupting the
potential for a consistent flow of information, which is central to the concept of the digital
thread for seamless integration of data across all phases, minimizing information silos and
promoting better collaboration [59]. Due to these inconsistencies, the lack of exchange
between the tools, and the issue that tools cannot serve all phases of the PLC, models
become “static” (document-centered SE) again instead of being used dynamically across
all PLC phases. The challenge is, therefore, to unify the exchange among tools so that
information can be shared across different databases depending on requirements. This issue
is intertwined with the challenge of uniform languages and methods, as only together can
redundancies and inconsistencies be avoided. It should be noted that creating a uniform tool
that covers the entire PLC is not feasible, as the tools have grown over decades and fulfilled
specific tasks. Thus, the unified exchange must enable the integration and automation of
various tools that a user can perceive as one uniform working environment. In addition,
this integration of tools should also include design, analysis, evaluation, and decision
methods, such as QFD, CAD, FEM, CFD, FMEA, decision matrix, and regression analysis.

Probable Solutions: Tool-developer organizations should support bidirectional im-
port/export of models and provide standardized APIs to enable seamless toolchain integra-
tion, ensuring interoperability across modeling platforms, disciplines, and lifecycle phases.
Implementations of SysML v2 may offer a possible solution in this case, although the tool
adaptations are not yet publicly available but at least are currently under development [60].

5.2.3. Unified Standards

Standards can create a framework to automate tasks for methods and tools [61].
Currently, most MBSE tools support standardized formats, such as Extensible Markup
Language (XML) or XML Metadata Interchange (XMI). However, files generated by one tool
are often only partially readable or not readable by another tool. This is because the formats
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allow for variations, and each program has specific peculiarities in creating and reading files.
Therefore, the challenge lies in specifying a standardized global exchange format to support
all MBSE tools and to create a common platform for processing the PLC. In this respect,
INCOSE could be crucial in introducing appropriately unified standards. Such standards
should ensure tool interoperability and guide the entire MBSE implementation process.
In the area of CAD tools, the interoperability of 3D and 2D geometry models, parts, and
design data between different CAD tools is being driven forward by, for instance, the STEP
standard [62–64]. Similarly, the MBSE ecosystem requires standards that specify specific
file formats and ensure file exchange and interoperability within the MBSE ecosystem.

Probable Solutions: A vendor-neutral exchange standard should be introduced that
ensures consistent model semantics and automated tool integration across the MBSE
ecosystem [65]. This must be supported by a common interoperability platform that links
heterogeneous tools through standardized APIs.

5.3. Challenges of the Academics Domain

The Academics Domain represents academic and research institutions, such as univer-
sities, research institutes, and training organizations [38]. Concerning MBSE, this Domain
also faces some challenges and shortcomings.

5.3.1. Educational Courses

Education is directly related to workforce training, which is an essential link in the
scope of the application. However, very few MBSE courses are offered by universities and
educational institutions [53]. Most are short or certificate courses instead of bachelor’s
or master’s programs. Good training is essential to take advantage of the opportunities
offered by MBSE. However, delivering and implementing these courses is still an open
challenge (in terms of both the budget and well-trained teaching staff).

Probable Solutions: It is essential to integrate MBSE into formal engineering curricula
through collaborative programmes involving universities, industry partners, and stan-
dardization bodies to ensure sustainable funding and relevant course content. At the
same time, institutions should invest in training educators and developing modular, open-
access teaching resources to build long-term instructional capacity. Initiatives, such as
those undertaken by SparxSystems Europe (e.g., https://etraining.sparxsystems.eu/) in
training and consultancy, could serve as a model for other tool vendors to strengthen
MBSE-related education.

5.3.2. Hands-On Training

In addition to basic training, proper education requires a wealth of examples related
to courses following INCOSE’s MBSE definition, but they are not freely available. In most
cases, only SysML, UML, or Simulink-based models are available, which do not provide
a holistic view of MBSE, including all PLC phases. Examples of tool integration, ease of
use, reusability, traceability, cybersecurity, and data management are rare or not publicly
available [38]. Expanding the range of examples across all phases of the PLC and making
them freely available is an open issue and essential for training on MBSE.

Probable Solutions: It is necessary to develop open-access MBSE example repositories
that cover all phases of the PLC, created collaboratively by universities, industry part-
ners, and standardization bodies. Additionally, tool vendors should provide publicly
accessible reference models demonstrating integration, traceability, cybersecurity, and data
management to support comprehensive hands-on training.
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5.3.3. Interdisciplinary Research

Interdisciplinary research is crucial to the success of MBSE, as it combines the strengths
of different disciplines to develop better systems. However, this collaboration is still an
open challenge and is often not practiced. On the one hand, interdisciplinary developments
require time to understand the “language” of others. On the other hand, people usually
are not used to thinking outside their own box (e.g., internal research, which is more
straightforward in calculating budgets). As a result, knowledge and requirements are not
exchanged, and, for example, relevant knowledge from mechanical engineering, electrical
engineering, or mechatronics is not passed on to software development. Consequently,
the expected goal is difficult or impossible to achieve. Thus, introducing interdisciplinary
research in academia is increasingly needed to achieve a technological leap and to fulfill
the need for systems architects and systems engineers who are able to take the duty of
system architecting during design, integration, verification, and validation of the overall
system (product).

Probable Solutions: It is important to establish structured interdisciplinary research pro-
grams that bring together mechanical, electrical, software, and systems engineers through
joint projects, shared laboratories, and interdisciplinary domain curricula. Additionally,
universities and industry should incentivize cross-disciplinary collaboration by allocating
dedicated funding, recognition, and time resources to foster sustained knowledge exchange
and to cultivate skilled systems architects.

The advancement of MBSE is intrinsically linked to the collaboration and integration of
its constituent disciplines and domains (Figure 4). The core components and methodologies
within one domain are often interdependent with those in other domains, emphasizing
that isolated improvements within a single domain are insufficient for advancing the MBSE
field as a whole. Therefore, a coordinated and participatory approach across all MBSE
Domains (i.e., Tool Developers, Applications, Academics) is essential to ensure balanced
and holistic progress. This highlights the need for a systemic alliance, where the strengths
and innovations of each domain contribute synergistically to the overall MBSE framework.
Building on the identified shortcomings, Figure 5 illustrates critical issues within these
challenges that impact the different MBSE Domains. For example, inadequate training and
resistance to change not only produce an underqualified workforce but also hinder the
adoption of new technologies and collaborative practices. The absence of standardized tool
interfaces and data exchange protocols further complicates system integration, resulting
in inefficient processes. Additionally, financial constraints—such as unclear investment
strategies and insufficient cost-benefit analyses—undermine organizational willingness
to pursue necessary transformations. To ensure successful MBSE implementation, organi-
zations must proactively address these interrelated challenges, as their ripple effects can
significantly undermine transformation efforts.

5.4. Synopsis

Interdisciplinary research serves as the cornerstone for MBSE, enabling the fusion
of diverse perspectives and methodologies to effectively address complex systems en-
gineering challenges. This integration can be further strengthened through structured
educational programs and hands-on training initiatives, which not only disseminate theo-
retical knowledge but also provide practical experience in applying MBSE principles across
various contexts. Such initiatives cultivate a workforce equipped with the necessary skills
to navigate and innovate within the dynamic landscape of MBSE.

However, the active involvement of tool developers is essential for the effective
advancement of MBSE. Consistent implementation processes are necessary to achieve a
holistic application, ensuring that all aspects of the system are aligned. Furthermore, unified
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languages and cross-disciplinary methods facilitate seamless tool integration, promote
interoperability, and maintain consistency across models. These elements collectively
support the efficient exchange of information within the MBSE ecosystem.
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Figure 5. Overview of the critical issues of MBSE in light of the fishbone diagram from Ishikawa and
Loftus [66].

6. MBSE Applications Missing Links
In this section, we demonstrate open challenges of applying MBSE to the PLC. One

crucial part of the PLC is the system design, which is explained in more detail below.
The MBSE approach to domain-specific implementation emphasizes the development of a
well-structured systems architecture, serving as a comprehensive blueprint for the system.
It also underscores the effective management of models to ensure consistency, facilitate
traceability, and to support seamless integration across tools and processes.

As a demonstration example, we create an electric bicycle (e-bike) architecture in a
linear fashion using the RFLP approach (Requirements–Functional–Logical–Physical) [67].
We know that this process covers many different aspects and includes various application
tools. Our example, therefore, only shows an overview and is created with Enterprise
Architect (EA) Version 16 (https://www.sparxsystems.de/) and SolidWorks 2022 (https://
www.solidworks.com/). In the process, we use SysML, CAD volume modeling (tools), and
the Finite Element Method (FEM) to realize our network of models and to show a snippet
of their individual perspectives, in detail for the load-bearing capacity (marked in orange
in the figures), to make the example easy to understand. The entire use case with detailed
pictures and sources is available under [68]. It is essential to note that RFLP represents
only one of many potential approaches and is not a requirement for the application of
MBSE. While it has been selected as an option in this context, alternative methodologies,
such as the V-Model or agile approaches, are equally viable. In this demonstration case,
although it is relatively simple, we can already observe missing links in applying MBSE
and the importance of enabling consistent data exchange. Thus, it necessitates addressing
connectivity fragments within the toolchain, both horizontally across the PLC stages and
vertically across various functional layers of the e-bike system.

We did not conduct an experimental study [69–71] with the usual metrics and inde-
pendent comparison groups that would allow for an analysis of the employed method and
tools in terms of various KPIs, such as validation time, user satisfaction, error rate, and
model consistency. These additional analyses would provide valuable insights, but they
fall beyond the scope of this paper and remain of interest for future research.
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6.1. E-Bike Demonstration Case

As a starting point for the system architecture, we identify the various user require-
ments, such as aesthetics, operation modes, lightweight design, and ease of use. While
such user needs are not explicit parts of the RFLP approach, they support how to form the
technical requirements. These technical requirements are essential for the system design
and Verification and Validation (V&V), since they serve as a guideline for synthesizing
and evaluating the solution. The technical requirements for the e-bike include aspects of
security, performance, production costs, usability, and structure. Each requirement can,
in turn, consist of several more detailed requirements. Figure 6 shows an excerpt of the
technical requirements, where carry weight (baggage and passengers) is a part of the
usability requirement. The requirement specifies a weight (more precisely mass) of up to
150 kg, which means the e-bike’s frame must be able to carry a load of 1.5 kN.

Figure 6. Excerpt of the e-bike’s technical requirements (orange rectangle: requirement for the
load-bearing capacity).

The structure for the requirements is defined in the requirements architecture to assem-
ble the specifications and to ensure that all requirements meet the business objective. Such
architecture can be created in various ways, e.g., through verification, system integration,
and functional and non-functional requirements separation. The aim is to keep the model
as simple as possible, but to consider all requirements.

The next step is to create the functional architecture. This architecture should identify
the purpose of the system, the flow of materials, energy, and information between the
individual functions and their relationships. For the e-bike, the functional architecture
includes functions, such as “decelerate”, “ride bike”, “accelerate”, etc. For instance, the
function “ride bike” includes weight support, as shown before as a technical requirement.

The logical architecture is built once the requirements and functional design have been
created. This architecture aims to clarify the system components responsible for deploying
functions and to provide a comprehensive overview of the behavior and functionality of
the system. It is an extended version of the functional architecture and allows a better
understanding of how systems operate during service. Figure 7 enhances the functional
architecture of the e-bike by structures, such as wheels and powertrain.
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Figure 7. Overview of the e-bike’s logical architecture (orange oval: capability for the load-bearing
capacity).

Based on the previous parts, the next step is the physical architecture, which outlines
the placement of the logical components in the physical environment of the system (sys-
tem elements and physical interfaces) and illustrates how the system architecture relates
from one step to another to ensure a clear understanding of the system structure and
to fulfill the system requirements [72]. Figure 8 shows an excerpt of the architecture, in
particular, the frame of the e-bike with its relationships, since this part has to fulfill the
load-bearing capacity.

Figure 8. Excerpt of the e-bike’s physical architecture (orange rectangle: relevant block for the
load-bearing capacity).

To verify if the frame sustains 1.5 kN, the definition of the block frame (Figure 8)
alone as part of the physical architecture, as it can be modeled in Enterprise Architect, is
unsatisfactory. Instead, a tool is needed to model the frame with its defined properties (as
in that architecture), and a specific load (1.5 kN) can be applied to analyze the load-bearing
capacity of the frame. Figure 9 shows the e-bike’s frame drawn and tested in SolidWorks.
For this carry weight test, the material selection plays a crucial role, as it may conflict with
production cost requirements.
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Figure 9. E-bike frame simulation in SolidWorks (purple arrows represent the load applied; green
arrows represent the clampings, URES: magnitude of the displacement vector).

6.2. Discussion

The e-bike demonstration case was selected due to its interdisciplinary nature. It
integrates mechanical (frame and drivetrain), electrical (motor and battery), embedded
software (control logic), and human-system interaction (user interface, safety). Its moderate
complexity enables a clear illustration of MBSE workflows.

Even this simple case highlights various challenges:

• Tool interoperability gap: Although the frame’s mass property (150 kg → 1.5 kN
load) is defined within the SysML block as text, transferring these data to SolidWorks
required manual intervention (Figures 8 and 9). Consequently, any modification in the
SysML model necessitates a manual update in the CAD environment, introducing a
significant risk of data inconsistency. This case underscores the unified tool exchange
challenge (Section 5.2).

• Language limitation: The aesthetic requirement, such as “sleek, modern appearance,”
could not be formally modeled in SysML—it remained a text note, breaking trace-
ability to styling CAD surfaces. This reflects the unified languages and methods gap
(Section 5.1). Although language limitations are a long-standing challenge, this issue
remains unresolved and is currently a factor that should not be underestimated in the
digital transformation.

• Workforce dependency: The FEM validation required a specialist in structural
mechanics—outside the core MBSE modeling team—highlighting the available work-
force challenge (Section 5.1). There is a growing trend toward specialists sharing
the workload, while exchange and collaboration between different disciplines are
becoming increasingly challenging. The use of diverse technologies within a single
discipline or across multiple disciplines may enhance problem-solving in one area but
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intensifies dependencies in another one. This underscores the importance of education
and training.

• Seamless integration throughout the PLC: A critical gap persists in the seamless orches-
tration of data across PLC phases and diverse engineering disciplines. To effectively
operationalize sustainability, data frameworks must evolve from static repositories
into dynamic, semantically rich models that explicitly represent upcycling, recycling,
and even broader circular economy pathways. This structural transformation is essen-
tial to bridge the gap between early-stage conceptual design and tangible end-of-life
management—ensuring that sustainability is not merely an afterthought, but an inte-
grated, traceable dimension throughout the system’s lifecycle.

The application of MBSE often relies on a diverse set of tools, yet integration across
these tool landscapes remains a significant challenge. In our shown use case, we utilize
only two distinct tools for developing and validating the system architecture (see Figure 10).
Although properties are defined in the architecture and used in the simulation, the transfer
is completed manually. Thus, inconsistencies may arise if several changes occur over
time (the property is not automatically changed in both places). The challenge is that
there is no standardized way of automatically exchanging data. While both tools offer
interfaces, developing communication and integration requires an implementation effort
that should not be underestimated. In this context, research activities try to close this
gap. For instance, Demuth et al. [73] present the DesignSpace, an innovative engineering
infrastructure, that enables integrating and managing different development artifacts. The
DesignSpace promotes distributed collaboration and provides services, such as consis-
tency checks, traceability, and transformation of artifacts. The goal is to enable seamless
interaction between teams and tools through improved (meta-)modeling and engineering
history documentation.

However, even if interoperability has been established, whether through APIs or other
solutions, it can be undermined by updates and enhancements. In addition, proprietary
developments usually only work for specific cases that are not freely available for users
of various tools, which complicates the exchange again. Thus, offering and maintaining
interoperability involves considerable effort. Integrating more tools, such as circuit design,
fluid dynamics, 1D simulation, and project management, can be even more complex. But
integrating multiple tools is essential to achieve consistency and interconnected digital
models over time, where information is not redundant but is retained and forwarded
as needed.

Figure 10. Model and Tool interoperability as an open challenge.

Neither a single tool nor a single language can comprehensively address the entire
PLC. Moreover, the previously defined three MBSE Domains are so closely interlinked
that even minor changes in one Domain can have a ripple effect on others, analogously
to the butterfly effect in chaos theory [74]. Therefore, establishing unified standards is
important to promote interoperability and consistency across models and tools. Such
standards could also catalyze new interdisciplinary research, driving further exploration to
address emerging requirements of different disciplines and MBSE Domains.
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7. Conclusions and Outlook
This study contributes to a more nuanced understanding of MBSE by critically exam-

ining current gaps—thereby enabling practitioners to evaluate the adoption of MBSE based
on evidence rather than on prevailing hypes. We conclude that the different domains and
disciplines face various challenges when applying MBSE, including the absence of a unified
process framework, insufficient workforce preparedness, and a lack of standardized model-
ing languages and methodologies. These shortcomings hinder holistic system development
and complicate interdisciplinary domain integration. Notably, academic institutions face
difficulties in cultivating MBSE-competent professionals, highlighting the urgent need for
curriculum enhancements and experiential learning opportunities. Furthermore, exist-
ing modeling tools exhibit limited capability to support end-to-end modeling along the
full PLC; effective application often necessitates tool interoperability or hybrid toolchains.
Therefore, a synchronized orchestration among languages, methods, and tools is essential
to enable truly integrated and sustainable MBSE.

Future research should also explore the integration of emerging technologies, such
as AI, IoT, blockchain, and quantum computing, within MBSE to strengthen its capabili-
ties and to improve model maturity. In particular, studies should investigate how these
technologies can automate modeling tasks, enhance semantic consistency, and support
real-time system validation. Further research is also needed to evaluate the impact on
lifecycle efficiency, system reliability, and the scalability of MBSE practices across diverse
disciplines and domains.

In conclusion, the future development of MBSE research should address current
challenges while anticipating and adapting to evolving technological landscapes and
industry needs.
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