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INTRODUCTION

Modern engineering challenges increasing-
ly demand systematic approaches to managing 
requirements, architectural decisions, and system 
complexity [1]. The traditional document-centric 
systems engineering (SE) approach struggles to 
maintain consistency, traceability, and integration 
across large, heterogeneous teams [2]. Model-
based systems engineering (MBSE) addresses 
these limitations by shifting focus from document 
generation to a formal system model serving as 
the single source of truth [3]. 

Student engineering competition projects — 
such as the Canadian International Rover Chal-
lenge (CIRC), the European Rover Challenge, 
or Formula Student — combine real-world 

constraints with educational objectives, provid-
ing unique environments for exploring MBSE. 
The Silesian Phoenix student association at Sile-
sian University of Technology (SUT) exempli-
fies this setting: competing in the CIRC with a 
multidisciplinary team coordinating mechanical, 
electronics, control, and software work, it offers 
an authentic context for examining how MBSE 
manages project complexity [4].

While MBSE frameworks are increasingly 
adopted in industry, their application in student 
engineering education remains under-explored. 
Existing literature focuses principally on North 
American settings or isolated course modules 
[5, 6, 7], leaving the European academic context 
and sustained competition-based environments 
uncharted. Published studies moreover tend to 
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report either technical or pedagogical outcomes in 
isolation — a gap reflected in engineering gradu-
ates’ limited exposure to formal SE methodologies 
increasingly expected in professional practice.

Four questions motivate the study: How can 
MBSE be adapted for student-driven projects 
while maintaining pedagogical value? What ben-
efits does structured MBSE provide to team coor-
dination, requirements management, and design 
quality? What are the primary adoption barriers 
and how can they be addressed? How does MBSE 
practice shape the development of systems think-
ing and professional competencies?

This paper presents an exploratory case study 
— in the tradition of Yin [8] and Eisenhardt [9] of 
MBSE implementation within the Silesian Phoe-
nix rover project. Rather than testing universal 
hypotheses, the study documents one implemen-
tation trajectory to yield transferable insights and 
theoretically generalisable propositions.

Five objectives guide the work: first, to char-
acterise MBSE adoption in student engineering 
projects through a literature review; second, to 
document the implementation strategy within the 
Silesian Phoenix project; third, to analyse quan-
titative process indicators and qualitative par-
ticipant perceptions; fourth, to identify critical 
success factors and implementation barriers; and 
fifth, to provide evidence-based recommenda-
tions for educators and project leaders integrating 
MBSE into comparable contexts.

BACKGROUND

System engineering and MBSE

Systems engineering (SE), as defined by 
INCOSE, constitutes a transdisciplinary and inte-
grative approach enabling the successful realisa-
tion, use, and retirement of engineered systems 
[3]. The foundational document-centric paradigm, 
described by Kossiakoff et al. [1], relies on tex-
tual specifications as the primary vehicle of design 
intent. While effective for relatively stable, low-
complexity systems, document-centric SE has 
been widely criticised for its inability to maintain 
consistency, traceability, and integration in large 
heterogeneous projects [2]. MBSE emerged as a 
response, formalising the application of model-
ling to support requirements, analysis, design, and 
verification across the full system lifecycle [3].

Madni and Purohit [10] provide an empirical 
economic case for MBSE, demonstrating measur-
able reductions in integration failures and rework 
costs across aerospace and defence programmes. 
Cole et al. [6] corroborate this through the TALOS 
technology maturation project, where a unified 
SysML model enabled traceability from perfor-
mance requirements to hardware integration across 
a distributed team. Siddique [11] further docu-
ments MBSE adoption in small satellite develop-
ment, arguing that even resource-constrained proj-
ects benefit from the architectural clarity and early 
risk identification afforded by formal models.

The literature does not, however, present a 
uniformly positive picture. Vogelsang et al. [5], 
drawing on twenty semi-structured interviews 
across ten embedded-systems companies, identi-
fy a persistent tension between MBSE’s theoreti-
cal benefits and its practical adoption: key hinder-
ing forces include tool immaturity, unclear ROI 
for small-scale projects, and organisational resis-
tance to process formalisation. Ma et al. [7] simi-
larly highlight tool-chain fragmentation and the 
lack of standardised integration pathways as bar-
riers disproportionately affecting teams without 
dedicated SE support. This tension has received 
limited empirical investigation in student project 
contexts, where resource constraints and transient 
team composition compound the challenges iden-
tified in industry.

SysML and requirement management

SysML, standardised by the Object Manage-
ment Group [12], provides the primary formal 
notation underpinning MBSE practice, extend-
ing UML to encompass requirements, behav-
iour, structure, and parametric modelling within 
a single framework. SysML v2 introduces a uni-
fied metamodel, textual notation, and improved 
interoperability; however, its educational adop-
tion remains nascent — most published instruc-
tional studies still employ v1 toolchains [13], and 
empirical evidence on its pedagogical effective-
ness in student environments is largely absent.

Requirements management is one of the 
highest-value MBSE applications. ISO/IEC/
IEEE 29148:2018 [14] establishes structured 
requirement statement templates, and Wheaton 
and Herber [15] demonstrate how an INCOSE-
derived SysML meta-model can implement these 
programmatically, enabling automated trace-
ability links between requirements, architectural 
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elements, and verification artefacts — making 
requirements engineering an executable, trace-
able process rather than a documentation activity.

Bajczi et al. [13], reporting on an MBSE 
course with more than eighty students annually, 
show that version-controlled model repositories 
and automated feedback significantly reduce 
coordination overhead in large student teams — 
an insight directly relevant to the present case. 
Existing studies on SysML in educational settings 
nonetheless predominantly address tool selection 
and diagram usage rather than how students inter-
nalise requirements traceability as a disciplined 
practice; evidence specific to the European aca-
demic context, where MBSE is less embedded in 
curricula than in North American or aerospace-
dominated environments, remains sparse.

Project-based learning and engineering 
competition projects

Project-based learning (PBL) has accumu-
lated substantial empirical support for developing 
higher-order engineering competencies. Hmelo-
Silver [16] established the foundational frame-
work linking authentic problem contexts, student 
agency, and iterative design cycles to deep con-
ceptual learning. Picard et al. [17], in a study of 
306 engineering students, demonstrate that com-
munication and cross-functional coordination are 
most reliably developed through team-based proj-
ects, while planning and risk management require 
more explicit scaffolding. Ghannam and Chan 
[18], reporting a hybrid PBL and Team-Based 
Learning approach over five years with more 
than 300 undergraduates, show that systems-level 
thinking — difficult to achieve through conven-
tional instruction — can be cultivated through 
sustained project work.

Engineering competition projects are a par-
ticularly rich PBL context. Lemu [19] docu-
ments how Formula Student, European Rover 
Challenge, and comparable competitions provide 
external validation and impose authentic con-
straints — time pressure, budget limits, multidis-
ciplinary coordination — absent from purely aca-
demic exercises. Talmi et al. [20] add the moti-
vational dimension, demonstrating that Formula 
Student participants develop intrinsic motivation 
and twenty-first-century competencies — sys-
tems thinking, iterative problem-solving, pro-
fessional communication — that persist beyond 
the project, findings directly applicable to rover 

challenge programmes sharing the same struc-
tural characteristics.

The integration of formal SE methodology into 
PBL-based competition projects remains poorly 
documented. Halvorson et al. [21] represent one 
of the few exceptions, reporting a SysML-based 
MBSE model deployed across approximately 
eighty-five undergraduates in a CubeSat mission 
and highlighting MBSE’s value for managing 
knowledge transfer during the high turnover char-
acteristic of student teams. Li et al. [22] propose 
a structured MBSE-driven PBL framework, dem-
onstrating that lifecycle-oriented process model-
ling improves both systems thinking and project 
execution quality. Both studies originate from 
North American contexts; comparable empirical 
evidence from European competition-based rover 
or spacecraft projects is absent from the literature.

Research gap and positioning of the present 
study

The f oregoing review reveals three converg-
ing gaps. First, while MBSE’s industrial benefits 
are well documented [10, 6], its adoption dynam-
ics in student engineering projects remain empiri-
cally under-examined — existing studies either 
target professional engineers [5] or focus on iso-
lated course modules rather than sustained com-
petition projects [20, 21]. Second, the few stud-
ies addressing MBSE in student contexts [22, 21] 
originate almost exclusively from North American 
institutions; given that Vogelsang et al. [5] note 
adoption barriers vary substantially with context, 
the European academic setting has not been sys-
tematically studied. Third, despite strong evidence 
that competition-based PBL develops professional 
competencies [17, 20], the deliberate integration 
of MBSE into such projects — and its effect on 
both technical outcomes and student learning — 
has not been documented with longitudinal depth.

The present study addresses these gaps 
through an in-depth, longitudinal account of 
MBSE implementation within the Silesian Phoe-
nix student association at the Silesian University 
of Technology — a Polish institution within the 
European engineering education system. Examin-
ing a 24-month project cycle with access to quan-
titative project metrics and qualitative participant 
perspectives, the study contributes empirical evi-
dence on MBSE adoption dynamics, pedagogical 
outcomes, and implementation barriers in a con-
text largely invisible in the existing literature.
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METHODOLOGY

This research employs a single in-depth case 
study design, as outlined by Yin [8]. Case study 
methodology is particularly appropriate for 
addressing “how” and “why” questions in real-
world contexts where the researcher has limited 
control and where contextual factors are important 
[9]. The choice of case study design reflects the 
research aim: to understand the nuanced process 
of MBSE implementation in authentic project con-
texts rather than to evaluate universal hypotheses.

Case study and context

The empirical investigation centres on the 
Silesian Phoenix student association Canadian 
International Rover Challenge project cycle at 
SUT. The team comprises approximately thirty 
engineering students from mechanical engineer-
ing, automation and robotics, electrical engineer-
ing, and computer science backgrounds. The proj-
ect spans 24 months (September 2023 – August 
2025), providing longitudinal depth for observing 
methodology adoption and maturation. The case 
was selected on five criteria: sufficient technical 
complexity to justify MBSE; team size and disci-
plinary composition requiring systematic coordi-
nation; extended duration enabling methodology 
maturation; feasible research access to artefacts 
and team members; and an explicit organisa-
tional decision by project leadership to imple-
ment MBSE, creating conditions favourable for 
embedded observation.

Data collection

Data collection proceeded through two com-
plementary channels. The primary source consist-
ed of project artefacts: the SysML v2 system model 
developed in Magic Systems of Systems Archi-
tect Community Edition, serving as the principal 
repository of requirements, architectural decisions, 
and interface specifications; requirements trace-
ability matrices linking mission-level objectives 
to component-level specifications and verification 
evidence; and design review records documenting 
identified issues and change requests.

The secondary source comprised informal 
conversational interviews with student team mem-
bers at two project milestones: the early imple-
mentation phase (months 4–6) and the closing 
design phase (months 20–22). These exchanges 

were unstructured, functioning as reflective dis-
cussions rather than standardised interviews, ori-
ented towards capturing participant perceptions of 
the methodology’s utility, challenges encountered, 
and observed changes in practice. Approximately 
fifteen students participated across both rounds, 
drawn from mechanical, software, and systems 
integration roles. Given their informal nature, 
these exchanges are treated as qualitative contex-
tual evidence rather than primary interview data, 
with no claim of representational completeness.

Analysis framework

Quantitative indicators

Given the exploratory single-case design, 
the quantitative component does not employ 
inferential statistical methods. A set of process-
oriented indicators was defined to enable struc-
tured comparison between the MBSE-supported 
Phoenix III cycle (2023–2025) and the immedi-
ately preceding design cycle for the same science 
module subsystem, executed by a different team 
without a formalised MBSE approach. These 
indicators serve as illustrative proxies rather 
than statistically validated outcome measures, 
and were defined as follows: (a) Requirements 
ambiguity rate — the proportion of requirements 
at a given milestone containing vague qualifiers 
(e.g., “should be robust”) or lacking verifiable 
acceptance criteria, assessed through structured 
requirements review sessions. (b) Traceability 
coverage — the percentage of L2/L3 require-
ments with a complete upward link to mission 
objectives and a downward link to at least one 
verification test case within the SysML model at 
the time of the final design review. (c) Interface 
incompatibility detection rate — the propor-
tion of interface-related issues identified dur-
ing design review rather than during physical 
integration. (d) Rework iteration count — doc-
umented design change requests requiring re-
work of previously approved elements, recorded 
in the change management log during the inte-
gration phase.

Indicator values were estimated through sys-
tematic review of SysML artefacts, design review 
minutes, and change management records; com-
parison values for the preceding cycle were 
reconstructed from available documentation. 
This comparison is not a controlled experiment: 
the two cycles differed in team composition, 
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accumulated experience, supplier relationships, 
and competition requirements. The indicators are 
therefore presented as contextual illustration, not 
as evidence of causal attribution to MBSE alone.

Qualitative analysis

Qualitative analysis draws on three evi-
dence streams: project artefacts and documen-
tation, informal participant conversations, and 
the researcher’s embedded observation in the 
role of systems engineering advisor. Analyti-
cal procedures included document analysis trac-
ing the evolution of requirements, model struc-
ture, and design decisions; pattern identification 
within participant accounts, focusing on recur-
ring themes related to adoption, perceived ben-
efits, and obstacles; and reflective interpretation 
of the researcher’s observations, made explicit 
to address potential observer bias from the dual 
practitioner-investigator role. Data source trian-
gulation [23] was employed to strengthen cred-
ibility: claims were cross-validated across at least 
two evidence streams before being reported as 
findings. Where convergence was absent, find-
ings are presented as tentative observations, con-
sistent with interpretive case study practice [24].

Limitation of the methodology

This investigation is subject to several 
explicit limitations. The single-case design con-
strains comparative and cross-case analysis. The 
bounded institutional context limits contextual 
diversity. The quantitative indicators derive from 
comparative estimation rather than controlled 
measurement, as the reference baseline involved 
a different team under partially different condi-
tions. The dual role of the principal researcher 
as systems engineering advisor and investigator 
introduces potential observer bias, partially miti-
gated through triangulation.

A further consideration concerns the inherent 
difficulty of comparative interpretation in student 
engineering project research. Unlike industrial 
MBSE deployments executed by stable profes-
sional teams, student projects are characterised by 
structural variability that limits cross-case com-
parability: team composition changes substantial-
ly between cycles due to graduation and recruit-
ment; members’ prior experience varies across 
cohorts; and the competitive context evolves as 
organisers revise scoring criteria annually. The 

present study is therefore best understood as a 
documented academic experiment — an attempt 
to systematically implement MBSE in an authen-
tic student engineering context and observe its 
effects — rather than a controlled evaluation of 
MBSE’s causal impact. Following Yin [8] and 
Eisenhardt [9], its contribution aspires to analytic 
rather than statistical generalisation.

USE CASE: MBSE IMPLEMENTATION FOR 
THE SCIENCE MODULE

Motivation for MBSE implementation

Technical drivers

Increasing system complexity constituted the 
primary technical motivation. The progressive evo-
lution of the rover architecture resulted in a dense 
network of interdependencies among mechani-
cal, electrical, and software subsystems, intensi-
fying integration challenges - particularly dur-
ing system-level verification, where requirement 
inconsistencies frequently remained undetected 
until late project stages. The science module addi-
tionally required compliance with approximately 
eighty technical requirements and competition 
evaluation criteria, necessitating rigorous trace-
ability across all design and verification activities. 
Supply chain constraints further strengthened the 
need for early and precise requirement formula-
tion to mitigate late-stage design risks.

Organisational drivers

Transient team composition typical of student 
projects created a continuous need for systematic 
knowledge retention and transparent documenta-
tion. Collaboration across mechanical, software, 
and scientific subsystem teams — together with 
faculty advisors and external mentors - intro-
duced coordination challenges that hindered 
efficient communication. Adopting MBSE also 
aligned with institutional expectations for pro-
fessional engineering practices and strengthened 
the connection between student experience and 
INCOSE-aligned industrial systems engineering.

MBSE framework for the science module

Requirements management approach

Requirements engineering follows ISO/IEC/
IEEE 29148 [14], ensuring a consistent language 
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and hierarchical structure across abstraction lev-
els. Each requirement adheres to the formalised 
template <subject> shall <action> <object> <con-
dition>, facilitating clear interpretation and digi-
tal traceability. An illustrative functional require-
ment reads: “The system shall acquire regolith 
samples with a maximum extraction depth of 
30 cm and a ±2 cm tolerance when operating on 
simulated Martian terrain.” Requirements are 
structured into four levels: L0 — Mission-Level 
Objectives; L1 — System-Level Requirements; 
L2 — Subsystem-Level Requirements; and L3 
— Component-Level Requirements. Bidirection-
al traceability was maintained across all layers: 
L0 objectives were decomposed into L1 system 
requirements, allocated to L2 subsystems, and 
expanded into L3 component specifications, with 
verification test cases explicitly mapped to the 
corresponding requirements.

SysML profile customisation

Given the scope and interdisciplinary nature 
of the rover system, a tailored SysML v2 model-
ling profile was developed rather than employing 
the complete language specification. This prag-
matic strategy aimed to balance model precision 
and usability within an academic, student-driven 

environment, ensuring that essential system 
aspects were captured without excessive method-
ological overhead.

A tailored SysML v2 modelling profile was 
developed — rather than adopting the full lan-
guage specification — to balance model preci-
sion and usability within a student-driven envi-
ronment. The profile focused on four model 
view types: requirement and traceability views, 
capturing mission, system, and interface require-
ments with typed relationships (satisfy, verify, 
refine, derive) (Figure 1); structure views for 
hierarchical system decomposition and interface 
specification; use case and scenario views bridg-
ing stakeholder needs and behavioural models 
(Figure 2); and behaviour and state views repre-
senting operational modes, transition logic, and 
event-driven state changes.

In the context of this case study, most 
observed benefits are attributable to the shift 
towards a model-centric approach rather than to 
SysML v2-specific features per se. The unified 
metamodel and textual notation primarily lowered 
the entry barrier for students and improved model 
consistency; the underlying MBSE process gains 
could in principle also be achieved with a suitably 
disciplined SysML v1 toolchain.

Figure 1. Requirements derivation view
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DISCUSSION

Table 1 summarises the key quantitative indi-
cators observed before and after MBSE adoption 
in the Silesian Phoenix project.

Nature of contribution

The Silesian Phoenix case study constitutes 
an application-oriented contribution: its primary 
value lies not in advancing MBSE theory, but in 
providing a documented, contextualised account of 
how MBSE principles can be adapted and imple-
mented within a student engineering project oper-
ating under authentic competitive constraints. The 
study does not seek to establish universal causal 

laws; rather, it offers an empirical description of 
one implementation trajectory - the choices made, 
the outcomes observed, and the conditions that 
shaped them — from which transferable insights 
for educators and project leaders may be drawn. 
The quantitative indicators discussed below func-
tion as illustrative process markers rather than sta-
tistically validated outcome measures.

MBSE attributable effects and confounding 
factors

Interpreting the observed improvements 
requires distinguishing between effects mecha-
nistically linked to MBSE adoption and those 
reflecting broader organisational learning across 

Figure 2. Use case view for deep sample collection
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competition cycles. The most directly MBSE-
attributable outcomes are those depending on 
the presence of a coherent model-centric repre-
sentation. The increase in requirements trace-
ability coverage is the clearest example: bidi-
rectional links between mission objectives, sub-
system requirements, and verification test cases 
cannot exist without a structured model to host 
them. Similarly, the shift of interface incompat-
ibility detection from integration to earlier design 
reviews is a direct consequence of formal inter-
face specification, since typed SysML connec-
tions permit analytical consistency evaluation 
before physical hardware is assembled.

By contrast, improvements such as the reduc-
tion in integration-phase rework iterations are 
more appropriately attributed to an interaction 
between MBSE adoption and accumulated team 
maturity — returning members brought estab-
lished supplier relationships and refined manufac-
turing knowledge that cannot be isolated from the 
methodological effect. Vogelsang et al. [5] note 
that the perceived value of MBSE varies sub-
stantially with team compositional stability and 
modelling expertise, while Cole et al. [6] observe 
that a unified system model’s benefits become 
most tangible where shared understanding cannot 
be maintained through informal communication 
alone — a condition that characterises large mul-
tidisciplinary student associations.

Requirements engineering

The most striking qualitative observation con-
cerns the transformation in how team members 
related to requirements. In the early implemen-
tation phase, participant accounts consistently 
described requirements as an administrative obli-
gation — a checklist imposed by the competition 
or by project leadership. By the closing design 
phase, the same participants articulated require-
ments as a navigational instrument: a means of 

evaluating design trade-offs, justifying decisions 
to external reviewers, and detecting inconsisten-
cies before they propagated downstream. This shift 
in epistemic stance represents the internalisation of 
a professional engineering discipline rather than 
mere procedural compliance, and is more signifi-
cant than any individual metric improvement.

The structured requirement statement template 
derived from ISO/IEC/IEEE 29148 [14] – demand-
ing that each requirement specify a subject, an 
action, an object, and a condition – played a central 
role in this transformation. Participants reported 
that writing verifiable requirements changed how 
they approached design problems: rather than pro-
ceeding from intuitive solutions toward post hoc 
justification, they increasingly began from explicit 
requirement statements. Wheaton and Herber [23] 
describe precisely this cognitive shift as a primary 
mechanism through which SysML-based require-
ments engineering improves design quality, not-
ing that formalising requirements exposes ambi-
guities that informal communication consistently 
conceals. Requirements engineering represents 
a well-documented competency gap in engineer-
ing graduates [23]; several participants noted that 
the experience altered their approach to problem 
specification in other contexts, suggesting durable 
competency development rather than project-spe-
cific skill acquisition.

Interface management and architectural 
thinking

Prior to MBSE adoption, interface agree-
ments between subsystems were typically 
negotiated bilaterally and informally, with no 
formal record binding subsequent design deci-
sions. Under the MBSE framework, interface 
specifications were encoded as typed connec-
tions within the SysML structural model, mak-
ing them visible to the entire team and subject to 
formal review. This shift produced two distinct 

Table 1. Comparison of selected metrics before and after MBSE adoption

Metric Before MBSE After MBSE

Share of ambiguous requirements ~22% ~5%

Traceability coverage ~58% ~91%

Interface incompatibilities detected during design review (vs. integration) ~20% ~85%

Rework iterations in integration phase 4 2

Team members using the SysML v2 model 3 15

Note: Values are illustrative estimates based on systematic review of project artefacts and comparison with the 
preceding design cycle. They do not constitute statistically validated measurements.
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benefits: systematic identification of inconsis-
tencies – voltage mismatches, mechanical clear-
ance conflicts, and communication protocol 
incompatibilities – before physical integration; 
and a shared reference point for cross-subsys-
tem communication that reduced dependency 
on individual relationships and informal knowl-
edge. The latter is particularly critical in student 
teams where personnel turnover is structural 
rather than exceptional. Halvorson et al. [21] 
identify knowledge transfer management during 
turnover as one of the primary justifications for 
a comprehensive integrated system model, and 
the Silesian Phoenix experience corroborates 
this directly.

Pedagogical outcomes: System thinking 		
and professional competency

The MBSE implementation produced learn-
ing effects aligned with established frameworks 
for engineering competency development. Par-
ticipants consistently identified systems think-
ing — the capacity to reason above the compo-
nent level, trace how interface choices propagate 
through the architecture, and anticipate down-
stream implications of requirement changes — 
as a qualitative shift in their engineering perspec-
tive. Ghannam and Chan [18] report that students 
engaging with SE methodologies in authentic 
project contexts develop more sophisticated men-
tal models than peers taught through convention-
al instruction, and Picard et al. [17] demonstrate 
that cross-functional coordination, structured 
communication, and systematic planning — pre-
cisely the competencies MBSE practice demands 
— are most robustly developed through extended 
team-based projects. The competition context 
amplified these effects, consistent with Talmi et 
al.’s [20] analysis of Formula Student: scoring 
criteria and expert evaluation gave requirements 
concrete, consequential meaning — an ambigu-
ous requirement was a practical competitive risk 
— motivating sustained engagement with formal 
methodology that is difficult to replicate in pure-
ly academic settings.

Barriers to MBSE adoption and mitigation 
strategies

The most consistently reported barrier was 
the initial learning investment: approximately 
sixty hours of training in SE concepts and SysML 

modelling were required before productive inde-
pendent work became possible, generating visible 
frustration among team members whose prior expe-
rience emphasised hands-on fabrication. Vogelsang 
et al. [5] identify the inability to demonstrate short-
term ROI as a primary driver of resistance, and the 
student project context amplifies this dynamic. The 
mitigation strategy — explicit leadership commit-
ment, communication that the upfront investment 
would prevent costlier downstream rework, and 
early celebration of instances where formal model-
ling prevented concrete errors — proved effective 
over the first four to six months.

Tool selection presented a secondary barrier. 
The initial trial of Papyrus generated significant 
friction due to interface complexity and limited 
SysML v2 documentation; the transition to Magic 
Systems of Systems Architect Community Edi-
tion reduced this friction, though it introduced 
dependency on a proprietary platform with licens-
ing costs that may limit replicability — consistent 
with Ma et al.’s [7] findings on tool-chain frag-
mentation. An experienced systems engineering 
advisor emerged as a critical enabler: David et al. 
[24] and Li et al. [25] independently report that 
MBSE training effectiveness depends on expert 
facilitation during the early phases when students 
are constructing mental models of how modelling 
activity connects to design decisions, a finding 
with direct implications for institutions consider-
ing MBSE integration without prior investment in 
faculty SE capability.

Positioning with priori research and unique 
contributions

The findings are broadly consistent with prior 
MBSE case studies and educational research. 
Requirements management benefits align with 
Madni and Purohit’s [10] economic analysis and 
Cole et al.’s [6] TALOS lessons; adoption barri-
ers match those reported by Vogelsang et al. [5] 
in industry and by David et al. [24] and Bajczi et 
al. [13] in education; and the pedagogical benefits 
are consistent with competency development lit-
erature on competition-based PBL [17, 20].

Three distinctive contributions distinguish 
the present study. First, it provides longitudinal 
evidence spanning a full 24-month cycle from 
a European student engineering context largely 
absent from the literature — in contrast to the 
closest comparable studies, Halvorson et al. [21] 
and Li et al. [22], which originate from North 
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American institutions. Second, by integrating 
technical outcome analysis with pedagogical 
observation within a single case, it offers a holis-
tic account of MBSE’s dual role as engineering 
methodology and pedagogical framework. Third, 
by explicitly separating MBSE-attributable 
effects from those arising from team maturation, 
it contributes a more nuanced causal account than 
prior single-cycle case studies have offered.

Limitations and generalisability

The structural variability inherent in student 
engineering projects — fluctuating team compo-
sition, variable individual experience, evolving 
competition requirements, and episodic project 
cycles — means that observed outcomes can-
not be straightforwardly attributed to MBSE 
adoption alone, nor assumed to replicate with-
out modification in different environments. The 
reference baseline was conducted by a partially 
different team without the accumulated organisa-
tional learning the present team had developed, 
introducing confounding factors that cannot be 
disentangled through available data. Student 
engineering projects occupy a distinctive posi-
tion between educational exercise and profes-
sional practice, requiring any applied method-
ology to accommodate team turnover, partially 
restarting learning curves, and the dual objective 
of producing a functional artefact while develop-
ing student competencies.

The study’s contribution is therefore not a 
demonstration of specific, reproducible quanti-
tative MBSE outcomes in student projects gen-
erally. Rather, it provides an in-depth account 
of how MBSE principles were adapted to this 
distinctive context, what challenges arose, and 
what forms of value emerged — constituting 
what Yin [8] terms an analytic generalisation 
that can inform subsequent empirical investiga-
tions across different institutions, competition 
formats, and team configurations.

CONCLUSIONS

This study reports the outcomes of a deliberate 
academic experiment: the structured introduction 
of MBSE methodology into a student engineer-
ing project operating under authentic competitive 
conditions. The results presented — improve-
ments in requirements clarity, earlier detection of 

interface incompatibilities, reduced integration-
phase rework, and the development of systems 
thinking competencies — are observed effects 
within a specific, bounded context, not univer-
sal outcomes replicable across all student project 
environments, nor statistically validated evidence 
of MBSE’s causal superiority. The student proj-
ect setting introduces variability — team com-
position turnover and cumulative organisational 
learning across cycles — that prevents straight-
forward causal attribution, and differences in team 
maturity and external conditions between the two 
compared cycles represent confounding factors 
acknowledged to ensure findings are interpreted at 
the appropriate level of evidential strength.

With respect to requirements management, 
the adoption of structured requirement statement 
templates aligned with ISO/IEC/IEEE 29148 [14] 
produced a measurable reduction in requirement 
ambiguity. The mechanism driving this improve-
ment — the forced articulation of verifiable accep-
tance criteria — is independent of team-specific 
factors and represents a structural MBSE benefit 
theoretically expected to transfer across compara-
ble contexts. Bidirectional traceability linking mis-
sion objectives through subsystem and component 
requirements to verification evidence was achieved 
at a substantially higher coverage level than in 
the reference cycle, enabling systematic change 
impact analysis throughout the design phase.

With respect to design integration, explicit 
interface specification within the SysML archi-
tectural model resulted in a substantial propor-
tion of interface incompatibilities being identified 
during design reviews rather than during physical 
integration — one of the most directly MBSE-
attributable findings of the study. The practical 
consequence of reduced late-stage design correc-
tions was observed, though it also reflects team 
coordination improvements and accumulated 
manufacturing experience that cannot be fully 
isolated from the methodological effect.

With respect to pedagogical outcomes, par-
ticipant accounts and the researcher’s embedded 
observations indicate that sustained MBSE engage-
ment developed systems thinking capabilities and 
requirements engineering competency among team 
members — competencies increasingly expected 
in professional engineering roles [5, 23] and dif-
ficult to develop through conventional coursework 
alone. This qualitative evidence is corroborated by 
established findings in the PBL literature [17, 20] 
and is theoretically well-grounded.
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Regarding adaptation (RQ1): a pragmatic, 
phased approach using a tailored SysML v2 
profile and a community-edition modelling tool 
proved sufficient for meaningful MBSE imple-
mentation. The key decisions — simplified mod-
elling profile, version control integration, and 
phased introduction — are specific to the student 
context and may not transfer to industrial settings 
requiring higher process rigour.

Regarding benefits (RQ2): quantifiable 
improvements in requirements clarity and inter-
face integration quality were observed, broadly 
consistent with industrial MBSE adoption stud-
ies [10, 6]. Their magnitude will vary with team 
maturity, institutional support, and system com-
plexity; the findings should be understood as evi-
dence of feasibility and directional consistency, 
not precise effect-size estimates.

Regarding barriers (RQ3): the primary chal-
lenges — a training investment exceeding forty 
hours, tool usability difficulties, and resistance 
from team members who perceived formal pro-
cesses as overhead — are consistent with barri-
ers reported in both industrial [5] and educational 
[13, 24] MBSE adoption studies. This cross-con-
text convergence suggests these barriers reflect 
structural properties of MBSE adoption rather 
than artefacts of the specific case.

Regarding competency development (RQ4): 
structured MBSE practice within an authentic 
competition project provides effective conditions 
for developing professional SE competencies. 
The combination of genuine engineering stakes, 
extended project duration, and formal methodol-
ogy appears to produce deeper competency devel-
opment than either element alone, consistent with 
theory on authentic learning environments [18, 20].

For educators and curriculum designers, 
MBSE integration into competition-based student 
projects is both feasible and educationally valu-
able, provided three enabling conditions are met: 
faculty or mentor SE capability; sufficient proj-
ect duration to recoup the initial learning invest-
ment; and explicit institutional legitimation of 
the formal process overhead MBSE imposes in 
early phases. Without these conditions, adoption 
is likely to remain superficial or be abandoned 
under schedule pressure. For student project lead-
ers, the key lesson is that MBSE value is realised 
cumulatively and non-linearly: early months will 
feel slower than informal approaches, but the 
benefits — in design coherence, integration qual-
ity, and team communication — compound as the 

model matures. This requires leadership patience 
and willingness to invest in process discipline at 
the expense of short-term output velocity, a cul-
tural shift that may be the single most important 
determinant of successful adoption.

This study is subject to several limitations. 
The single-case design precludes cross-case 
comparative analysis and limits statistical gen-
eralisability. The case is embedded in a specific 
institutional context — a Polish technical univer-
sity with SE mentoring access and a competitive 
student association culture — that may not repre-
sent student project environments more broadly. 
Quantitative indicators are estimative rather than 
precisely measured, the comparison baseline dif-
fers in multiple confounding dimensions, and the 
dual researcher role as SE advisor and investiga-
tor introduces observer bias partially mitigated 
through triangulation.

Generalisation is therefore analytic rather 
than statistical [23], refining theoretical proposi-
tions about MBSE adoption dynamics and peda-
gogical effects in student engineering contexts. 
The findings are most likely to transfer to con-
texts sharing these structural characteristics: mul-
tidisciplinary student teams, moderate-to-high 
system complexity, project duration exceeding 
twelve months, SE mentoring availability, and an 
authentic external evaluation framework. Three 
future research directions would substantially 
advance understanding: comparative multi-case 
studies across European institutions and compe-
tition formats; longitudinal tracking of MBSE-
engaged students to evaluate competency per-
sistence into professional roles; and controlled 
pedagogical experiments comparing MBSE-inte-
grated and conventional PBL approaches within 
the same institutional setting.

The Silesian Phoenix case (2023–2025) 
demonstrates that while MBSE requires deliber-
ate upfront investment, the returns — in project 
quality and professional competency develop-
ment — justify this investment in student proj-
ects of comparable scope. More importantly, it 
demonstrates that the student project context 
provides a distinctive environment in which 
MBSE’s dual technical and pedagogical value 
can be simultaneously realised. As engineer-
ing education increasingly recognises systems 
thinking as a core graduate competency, the 
deliberate integration of MBSE into authentic 
project-based learning represents a promising 
mainstream pedagogical investment.
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