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Abstract

Virtual Commissioning (VC) is an increasingly integral practice in the engineering of production systems, evidenced by
growing research and industrial adoption. Advancements in VC model fidelity, computational performance, and automated
generation are improving the validation of complex production systems and point toward further applicability beyond
conventional control software validation. In industrial practice, however, VC models are still confined to their original use.
While emerging applications for VC models in the operational phase highlight the potential for model reuse, a structured
method for transforming these valuable engineering assets into Digital Twins (DTs) is still absent. This paper addresses
this gap through three main contributions: first, by clarifying the VC/DT boundary within production contexts and identi-
fying open research questions; second, by introducing a novel six-phase transformation method; and third, by identifying
industrially-derived use cases and their specific requirements. The proposed method adopts the Design Science Research
(DSR) methodology to systematically structure the problem space, derive actionable objectives, and design the iterative
development process. Initial results include a set of industrial use cases with their corresponding requirements, as well as
the exemplary execution of one development cycle. Finally supplemented by a qualitative cost-benefit analysis, this work
offers practical guidance for realizing VC-based DTs that support operational tasks in production environments.
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1 Introduction

In recent years, Virtual Commissioning (VC) has emerged
as a key method in engineering complex, highly automated
production systems [1]. By leveraging simulation models
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and connecting them to the real control systems, manufac-
turers can validate and test production systems and their
associated control programs before physical implementa-
tion, accelerating the commissioning process and signifi-
cantly reducing control software errors [2]. Although VC is
becoming established in industries with highly automated
and complex production systems, its application is typically
confined to the engineering phase. The broader concept of
the Digital Twin (DT), promising capabilities like real-time
decision-making, manufacturing optimization, operation
control, and predictive maintenance throughout the entire
operational phase [3], continues to shape academic and
industrial discourse. Subsequently, this focus on DTs often
overshadows the practical advantages of VC models, which
are already highly capable, readily available, yet frequently
underutilized beyond their initial purpose.

While DTs are often considered as potential solve-all tar-
gets in digitalization, this work proposes a shift in perspective
toward VC and its models. Often dismissed as engineering by-
products, VC models, thanks to their hardware connectivity
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and control level fidelity, hold untapped potential for opera-
tional support. In light of rising cost pressures and shrinking
product life cycles, extending the utility of these valuable
models offers clear economic and operational advantages. The
reuse of VC models in operational contexts, such as for the
validation of system changes [4], real-time collision predic-
tion [5], predictive maintenance [6], quality monitoring [7],
and training [8], is beginning to attract increasing attention.

Despite growing interest, a systematic approach for
repurposing VC models from software validation into appli-
cation-oriented DTs is still lacking. This specific gap also
reflects a broader shortcoming: the lack of practical con-
cepts for implementing concrete DT applications in indus-
trial settings [3]. Our work addresses this methodical gap
by exploring how existing VC models from engineering can
be transformed into DTs that deliver tangible benefits in the
operational phase of automated production systems.

This work advances a methodological approach that
anchors open research questions in this area in concrete
industrial needs and addresses them systematically. Drawing
on Design Science Research (DSR) principles, we propose a
structured transformation method to extend VC models from
engineering into production-supportive DTs. The method is
operationalized by deriving five relevant applications from
a needs analysis with key stakeholders and translating them
into achievable design goals and core requirements. Its appli-
cability is further demonstrated through an exemplary execu-
tion of one development cycle for a selected use case.

This paper is structured as follows: First, we review the
current state of the art, focusing on the definitions and distinc-
tions between VC models and DTs. Next, we present our pro-
posed six-phase transformation method, providing detailed
results for the first two phases and conceptually addressing
the subsequent phases through one selected use case. The
paper concludes with an economic assessment and a discus-
sion of broader implications and future research directions.

2 State of the art

The following section examines the definition and role of
VC within the broader framework of DTs, highlighting their
relevance for modern production systems. Furthermore, a
literature review addresses existing approaches for extend-
ing the use of VC models beyond their original purpose of
control software validation during engineering.

2.1 Definitions and delimitation
Virtual Commissioning is a simulation-based validation

methodology for mechatronic systems in which the control
system is connected to a simulation model of a component,
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machine, or production system to perform early, develop-
ment-accompanying tests before physical realization [1]. In
contrast to conventional approaches, where the mechanical,
electrical, and software domains are typically integrated for
the first time during physical commissioning, VC enables
early synchronization and parallel engineering across all
disciplines. This increases transparency in the development
process, facilitates early detection and resolution of domain
inconsistencies, reduces the risk of costly late-stage errors,
and improves overall software quality [2]. In a typical VC
setup, a geometrical plant model with kinematic capabilities
is augmented by behavioral logic elements that accurately
replicate the system’s dynamic responses to real control sig-
nals. This enables the actual control system to interact with
a digital counterpart in near real-time, allowing functional
sequences, material flows, and operator interactions to be
tested and visualized before deployment on the physical
system.

Although DTs are an essential concept within the scope
of production digitalization, the lack of a consistent under-
standing necessitates a clear definition and delimitation of
the term before its use in this work. The basic concept of the
DT, as introduced by Grieves [9], describes a virtual rep-
resentation of a physical product in real space, connected
through bidirectional data exchange. This foundational per-
spective has been expanded by Tao et al. [10] into a five-
dimensional DT architecture. In addition to the physical and
virtual entities and their interconnections, they highlight the
essential roles of data integration and service capabilities,
as illustrated in Fig. 1. These software services are vital for
achieving the intended functionalities of the DT and enable
a wide variety of applications. The informational backbone,
which is the core driver of DT functionality, consists of
diverse data streams derived from physical assets, virtual

> Engineering > Commissioning >>
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Services

Virtual
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Fig. 1 Placement of VC in the concept of Tao’s DT. Adapted from [10]
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models, domain knowledge, and services. Complementing
this, the German Mechanical Engineering Industry Associa-
tion (VDMA) defines the DT in manufacturing as a prac-
tical digital representation of a real system that combines
simulation models, historical data, and live data to enable
evaluation, prediction, and optimization [1]. In this work,
the definition of Tao et al. is adopted and aligned with the
VDMA'’s practical manufacturing perspective, which posi-
tions VC models in the engineering phase and DTs in the
operational phase.

While VC models provide realistic virtual representa-
tions that enable validation services and encapsulate rele-
vant domain knowledge, they are, by design, not integrated
into operational environments. As shown in Fig. 1, they lack
three essential elements:

(i) System-Model Alignment: addresses the static validity
of the model. This refers to the challenge of maintaining
consistency across mechanical, electronic, and software
domains between the virtual representation and the "as-
operated" physical system. It requires a system-model
coupling where changes in operational structure, hard-
ware configurations, or control logic continuously drive
model updates, ensuring the model’s actuality is main-
tained in response to physical changes.

(ii) Integration of Operational Data: concerns the
dynamic validity of the model’s process state. The miss-
ing component is an operational data-acquisition and
integration pipeline that captures heterogeneous shop-
floor streams and injects them in a timely and aligned
manner to achieve state synchronization. This step
ensures the model’s process state accurately reflects
the real system’s state, whether operating in parallel or
based on recorded data.

(iii)Provision of Operational Services: represents the
functional gap necessary to unlock the DT’s added
value. Whereas VC models typically deliver software
validation services to experts during engineering,
operational DTs require further functional extensions
for ongoing services. By returning actionable insights
or direct control commands to the shop floor, these
services effectively close the bidirectional loop,
generating tangible operational benefits on the shop
floor.

2.2 Continued use of VC models

Recent studies have demonstrated substantial potential
for extending the role of VC models beyond the engineer-
ing phase into operational use. The review first examines
approaches originating directly from VC research before
broadening the scope to related DT developments.

2.2.1 VC-specific approaches

In the following, we provide an overview of relevant devel-
opments categorized by the shortfalls identified for the con-
tinued use of VC models.

Integration of operational data Early research by Kain et
al. [11] introduce an architecture for reusing Hardware-in-the-
Loop (HiL) simulation models from engineering, for diag-
nostic and prognostic purposes. The methodology proposes a
“Synchronous Simulation” mode, where the HiL. model, utiliz-
ing its own controller, runs in parallel with the physical asset,
enabling model-based diagnostics by comparing the simulated
behavior with the measured real-world outputs. Additionally,
a “Forward Simulation” mode is outlined for prognosis and
controller optimization, which uses the model to predict future
system behavior based on the current plant state. This reuse
requires the models to be parameterizable and necessitates a
synchronization mechanism to align the simulation with the
real plant state, ensuring the model accurately reflects the
physical system and allows for reliable conclusions.

Building on this concept of parallel execution, Zipper et
al. [12] introduce a model architecture for passive process
monitoring, leveraging a modular co-simulation framework
to detect deviations between operation-parallel VC models
and the physical asset. This framework integrates special-
ized sub-simulation models coupled to the running pro-
duction cell via a shared PLC. Building on this, Zipper et
al. [13] propose an active, real-time state synchronization
method to compensate for the inherent *Reality Gap’. This
extension reformulates synchronization as a dynamic opti-
mization problem, continuously adapting simulation inputs
to minimize the error between simulated and measured
physical outputs. While this achieves a highly synchronized
state, the optimization-based approach is computationally
intensive, demanding high-performance FMI implementa-
tions for effective scaling to complex production plants.

Seeking areal-time-capable alternative to computationally
intensive state synchronization methods, Heller et al. (2024)
develop a dynamic prescheduling method to enable operation-
parallel monitoring and predictive collision avoidance. A
high-fidelity VC model, assuming its geometric accuracy as
a baseline, is permanently coupled to the running production
cell via a shared PLC, with the simulation intentionally
executing each actuator movement slightly faster than the
physical system. This predictive lead enables continuous,
on-the-fly adjustment of motion parameters, particularly for
event-discrete actuators, providing a lightweight solution
for simultaneous synchronization. The approach requires an
initial state alignment and, as the authors note, encounters
limitations in scenarios with high stochastic process
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variability or in close-proximity movements, where the
predictive lead may cause false-positive collision reports.

System-model alignment While the aforementioned
approaches focus on synchronizing dynamic process
behavior, Talkhestani et al. [14] develop the "Anchor-
Point-Method" to maintain long-term structural alignment
between VC models and the physical manufacturing sys-
tem, primarily to support plant reconfiguration. The method
links mechatronic components to stable "anchor points,"
which serve as references across the mechanical, electri-
cal, and software domain models. Changes are identified
by comparing the current PLC control software, exported
via a neutral XML format, against a stored reference base-
line. A rule-based analysis then detects the affected anchor
points and their inter-domain dependencies. This process
automatically generates a "Change-Request-Model", which
assists engineers in updating the relevant domain models to
keep them synchronized with the physical asset. However,
the method’s effectiveness is limited to detecting only those
modifications that are reflected in the control software,
meaning purely physical changes without a corresponding
software update remain unrecognized.

Provision of operational services Akey strategy for enabling
operational use of VC models is to advance model fidelity
beyond traditional VC levels. This is often achieved through
co-simulation, which orchestrates domain-specific simula-
tors via standards such as the Functional Mock-up Interface
(FMI) [15]. Addressing the resulting computational load,
Littfinski et al. [16] propose methods for intelligent, autono-
mous partitioning of these models to ensure real-time co-
simulation performance. This fidelity can also be enhanced
by embedding operational knowledge, such as the failure
modes and error models proposed by Kuhn et al. [17]. Chen
et al. [18] and Klingel et al. [5] extend the trajectory of
operational-parallel simulation frameworks that maintain
VC model execution alongside the physical system. Chen
et al. [18] employ a real-time co-simulation between CNC
controllers and high-fidelity VC models to continuously
assess the workpiece quality. Klingel et al. [5] develop a
predictive collision avoidance system by embedding VC-
based simulations directly into the control loop or coupling
them via a fieldbus, utilizing CNC lookahead for sub-milli-
second trajectory forecasting and hybrid bounding-volume
collision detection. Also, an increasingly popular alterna-
tive application for VC models is operator training, where
immersive environments enhance situational understanding
and practical capabilities of plant operators [8].

These VC-specific works collectively address concepts
for the continued operation of VC models by keeping the
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model up to date, acquiring and integrating real-world data,
as well as providing extended operational services.

2.2.2 Digital twin research

A wider range of relevant research explores developments in
simulation-based DTs for mechatronic systems. In the fol-
lowing, we provide an overview of relevant developments
related to the key shortfalls identified for the continued use
of VC models.

Integration of operational data Effective DT implementa-
tion relies on high-fidelity, low-latency data-acquisition and
integration pipelines. Current research emphasizes robust,
time-aware data exchange to enable real-time interaction
and time-critical processing, relying on standardized pro-
tocols such as the Open Platform Communications Unified
Architecture (OPC UA) for semantic interoperability and
lightweight messaging frameworks like the Message Queu-
ing Telemetry Transport (MQTT) as the technical basis for
efficient data transfer [19, 20]. To minimize latency, edge
computing places filtering, compression, feature extraction,
and preliminary inference close to the asset before forward-
ing curated streams to the DT [21]. In operational produc-
tion environments, open questions remain about how to
effectively collect, process, and integrate operational data.
This must be done without compromising the integrity of
delicate production processes, while also ensuring a favor-
able cost-benefit ratio for the integration effort. In particu-
lar, there is a lack of methods that can be scaled to entire
production systems and ensure state synchronization with
application-driven accuracy.

System-model alignment To ensure model actuality, meth-
ods are proposed to continuously detect and compensate for
discrepancies arising from wear or changes in configura-
tion. This ranges from algorithmic parameter tuning to auto-
mated adaptation, such as reinforcement-learning-based
approaches that minimize deviations between observed and
simulated behavior [22]. For structural accuracy, common
pipelines reconstruct as-built geometry from laser scan-
ning or photogrammetry [23, 24]. However, these existing
methods are often heavyweight and primarily address the
initial "as-built" state. A clear gap remains for practical and
scalable methods that can detect and incorporate deviations
occurring during production. Furthermore, approaches that
focus on leveraging existing data sources, while also con-
sidering the adaptation of operational work processes, have
not yet been fully exploited.

Provision of operational services DT research already
offers a rich portfolio of operational applications. These
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include real-time monitoring and diagnostics, logistics
support, quality prediction, prognostics, and health man-
agement [3, 25]. Human-centered applications are increas-
ingly coming into focus, especially for operator training
and operational support, as exemplified by concepts such
as augmented reality for maintenance tasks and train-
ing scenarios based on DTs [26, 27]. This development
reflects the paradigm shift towards Industry 5.0, which
strives for symbiotic human-machine collaboration [28].
To unlock the full value of simulation models beyond
complex engineering tools, their simulative capabilities
must be packaged for non-expert use, emphasizing light-
weight deployment, explainable feedback, and human-in-
the-loop workflows. Realizing this routine use requires
functionally extensible architectures capable of translat-
ing complex models into accessible, practice-focused
tools that emphasize lightweight deployment, explainable
feedback, and human-in-the-loop workflows with clear
operational benefits.

2.3 Need for action

The continued use of VC models in the operational phase of
production systems presents a significant opportunity, yet its
realization is hindered. Current research in this field often
addresses isolated technical problems, while an overarch-
ing development methodology for practical, highly effective
operational applications is not sufficiently considered. This
gap is particularly evident in the lack of scalable approaches
for transferring existing VC models of complex, real-world
production systems—the very environments where VC
promises the greatest benefits.

Although applicable architectures and procedures for
realizing production system DTs exist, they predominantly
assume a "top-down" implementation [3, 29, 30].
This focus creates a practical barrier, as implementing
complex, general-purpose architectures from scratch
is less feasible than the "bottom-up" transformation of
existing, high-value engineering artifacts, such as VC
models.

While technical challenges persist, this work focuses
on addressing the identified methodological gap first. We
posit that a bottom-up approach, deriving operational DTs
from simulation models originating in VC, offers a more
pragmatic pathway for industrial adoption. Rather than aim-
ing for monolithic, top-down architectures, our approach
focuses on the fundamental challenges of transforming VC
models into accessible, practice-focused tools. This requires
a systematic methodology that aligns application-specific
requirements with scientific principles to overcome key
implementation barriers.

3 Transformation method

Building on the identified need for action, we propose a
VC-based DT as a logical extension of VC models towards
production-supportive DTs. The core idea of the concept is
to reuse validated VC models, including geometry, kine-
matics, behavioral logic, and control interfaces, and aug-
ment them with VC’s three missing capabilities required for
operational DTs: system-model alignment, integration of
real system data, and provision of operational services. To
systematically develop the necessary methodological and
technical solutions in these areas while ensuring both sci-
entific rigor and industrial applicability, we propose a novel
transformation method. It integrates industrial requirements
with state-of-the-art research insights, enabling the develop-
ment of practically deployable DT solutions. This approach
accelerates the implementation of DT solutions by reducing
modeling effort and leveraging existing software solutions.

Our transformation method is grounded in the DSR para-
digm, which provides a framework for developing scien-
tifically founded artifacts that address real-world problems.
DSR integrates innovation-oriented design with the evalu-
ative rigor of behavioral science, yielding artifacts, such
as concepts, methods, and implementations, that are both
practically relevant and scientifically robust [31]. Build-
ing on Hevner’s framework and the methodological phases
proposed by Peffers [32], we adapt these foundations to
develop methods and tools for creating VC-based DTs that
leverage existing VC models.

As depicted in Fig. 2, the approach links the production
environment with the knowledge base through an iterative
cycle of problem identification, artifact development, evalu-
ation, and refinement, explicitly tailored to operationalize
VC models as DTs in industrial production contexts. The
subsequent section details this process in six phases.

I. Problem Identification and Motivation The first phase of
the transformation method focuses on identifying research
problems and justifying the need for action by analyzing
the practical environment. Starting from the overarching
need for a methodological approach to develop practical
DTs, the problem is further delineated into three deficiency
areas: missing system-model alignment, insufficient inte-
gration of real system data, and the limited provision of
operational services during plant operation. To motivate
addressing the gaps, there follows an examination of indus-
try practices to understand stakeholder responsibilities
and to locate groups likely to benefit from a VC-based DT
application. Their needs are then elicited through a qualita-
tive protocol that combines role-focused, semi-structured
interviews with cross-functional focus groups oriented
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Fig. 2 Transformation method for VC-based DTs

toward open, explorative discussion. The interviews probe
task-specific challenges and information flows, while the
focus groups surface shared pain points, desired simulation
capabilities, and candidate service scenarios across disci-
plinary boundaries. The phase concludes with a practice-
validated needs statement.

Il. Solution Objectives Based on the identified scientific
challenges and industrial needs, the second phase
formulates solution objectives that guide the development
of VC-based DTs and derive the corresponding
requirements. While the objectives articulate the intended
application of the DTs, the requirements translate this
vision into concrete specifications that guide artifact
development. Together, they ensure that the resulting
VC-based DTs are relevant and implementable in real-
world production contexts. Following Hevner’s DSR
framework [31], the resulting requirements are categorized
into the three interrelated design domains of Human,
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Organization, and Technology, which jointly define the
socio-technical environment of artifact development:

e Human-centric requirements are mainly derived from
discussions with stakeholders who are expected to in-
teract directly with VC-based DTs. These requirements
focus on aspects such as training relevance, ease of use,
and the comprehensibility of virtual representations.

e Organizational requirements stem from planning, de-
velopment, and management stakeholders and reflect
structural and procedural factors relevant to deploy-
ment. These include role clarity, alignment with existing
workflows, and process ownership.

e Technology requirements are developed in collabora-
tion with domain experts in modeling and control sys-
tems. They relate to technical feasibility, including inte-
gration into system landscapes, infrastructure readiness,
and the accuracy and connectivity of simulation models
with the real system.
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lll. Design and Development In the third phase, artifacts
are designed and developed to meet the previously
defined objectives and requirements, drawing on
applicable scientific knowledge to inform and support
the design process, as illustrated in Fig. 2. In the context
of VC-based DTs, this is achieved through methods,
functional extensions, or other technical solutions that
address the missing capabilities required for operational
DTs. Each artifact is conceived and developed to satisfy
a distinct subset of requirements while remaining
interoperable within the VC-based DT. This modular
structure enables incremental build—evaluate cycles in
line with DSR principles, while also ensuring scalability
across diverse industrial applications. This translates
into artifacts such as model plug-ins for operation-
parallel data acquisition, methods for geometrical change
detection, and functional extensions for operational
services.

IV. Demonstration In this phase, the developed artifacts are
instantiated and applied within a representative industrial
context to demonstrate their utility in solving the identi-
fied problem. For VC-based DTs, this entails deploying the
prototypical system in a production-near setting that reflects
real operational constraints. By showing how these arti-
facts interact within the socio-technical environment, the
demonstration provides evidence of practical applicability
and establishes a foundation for the subsequent evaluation
phase.

V. Evaluation The evaluation phase builds upon the
demonstration by systematically assessing whether the
developed artifacts satisfy the objectives and requirements.
To ensure both formal compliance and practical relevance,
the implemented services are verified against the specified
requirements and validated with respect to their objective
and operational utility in the production environment.
Evaluation combines quantitative performance indicators
with qualitative expert feedback to determine applicability,
robustness, and user acceptance of the VC-based DT.
Insights from this phase feed directly into iterative
refinement cycles, allowing continuous improvement of
the artifacts, adjustment of design choices, or adaptation
of solution objectives where necessary, as illustrated in
Fig. 2.

VI. Communication The final phase ensures effective com-
munication of research outcomes to academic and industrial
audiences. This includes disseminating the developed arti-
facts and evaluation results to support understanding, appli-
cability, and broader adoption. As illustrated in Fig. 2, this

addition to the knowledge completes the cycle between the
production environment and the knowledge base.

4 Results

This chapter presents the results obtained by applying the pro-
posed transformation method, with a focus on the practical real-
ization of VC-based DTs that provide direct support during the
operational phase of automated production systems. It begins
with the outcomes of Phase I, Problem Identification, highlight-
ing in Section 4.1 the key stakeholder roles and their associated
operational tasks. Based on the identified support needs, Sec-
tion 4.2 derives objectives and requirements in accordance with
Phase II, resulting in five representative use cases of VC-based
DTs. To demonstrate the method’s applicability further, Section
4.3 examines the exemplary execution of one design cycle for a
selected use case in greater detail, covering the transformation
steps from design to evaluation (Phases I1I-V).

4.1 Problem identification

To address Phase I of the proposed transformation method,
this section presents the results of implementing a struc-
tured approach to identify key stakeholders and their needs.
The problem identification process began with an analysis
of industry practices and expert insights, spanning manage-
ment, development, planning, and shop floor levels. This
top-down perspective helped determine where support
potential exists and which stakeholders are most likely to
benefit from a VC-based DT. Based on this screening, we
conducted role-focused interviews and subsequently priori-
tized shop floor stakeholders, as they hold direct operational
responsibility, face time-critical decisions, and experience
the immediate consequences of tool limitations.

As a result, four central roles emerged as particularly rel-
evant for the practical deployment of VC-based DTs:

e Production Operator: Responsible for ensuring the
continuous operation of the production system, report-
ing any anomalies or faults, and performing basic main-
tenance and troubleshooting tasks.

e Maintenance Technician: Tasked with the upkeep of
equipment, performing maintenance, and resolving me-
chanical or electrical issues to minimize downtime.

e Control Engineer: Focuses on diagnosing control soft-
ware problems, implementing updates, and optimizing
system behavior to enhance performance.

e Quality Engineer: Ensures product quality by monitor-
ing production processes, analyzing quality data, and
initiating corrective actions when necessary.
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Building on this foundation, interdisciplinary workshops
were held with the identified stakeholder groups at multiple
international production sites to capture a broad spectrum
of operational procedures. To establish a common basis
for discussion, VC and DT concepts were first introduced
through demonstrations of site-specific VC models and
detailed walkthroughs accompanied by modeling experts.
The workshops followed a semi-structured format that
combined guided discussions, open exploration, and role-
specific reflection. Stakeholder needs were elicited by
systematically analyzing task-related challenges, decision-
making processes, and recurrent tool limitations. This
approach enabled the identification of both routine opera-
tional requirements and exceptional scenarios where exist-
ing practices exhibit significant shortcomings. The collected
insights were iteratively consolidated and validated across
stakeholder groups, resulting in distinct areas of need. These
areas were subsequently positioned within the commission-
ing and operational phases of the production system life
cycle, thereby highlighting when and under which condi-
tions simulation-based support can create the greatest value.

Table 1 provides an overview of these needs by mapping
them to the corresponding stakeholder roles and life cycle
phases. In the following section, these needs are examined
in detail, forming the basis for the definition of objectives
and the derivation of targeted use cases.

4.2 Use case definition

In this section, the previously identified needs are exam-
ined in greater detail to ensure a clear understanding of the
underlying challenges. Based on this analysis, objectives
are derived that translate stakeholder needs into application-
oriented and practical use cases. Executing Phase II of the
proposed method objectives, core requirements are formu-
lated that guide the development of methods and technical
solutions. The requirements specifically address the short-
comings of VC models and define the conditions under
which they can be transformed into operational DTs.

To achieve this, a structured use-case analysis was
applied. A goal concept was derived jointly with stakeholders

Table 1 Stakeholders and Associated Support Needs

Stakeholder Support needs Phase
Production eShop Floor Training Commissioning
Operator
Maintenance oShop Floor Training
Technician eFault Reconstruction
Control eFault Reconstruction Operation
Engineer eSoftware Optimization

oCollision Avoidance
Quality eQuality Monitoring
Engineer
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by translating the identified needs into application-oriented
objectives. Based on this foundation, functional require-
ments were elicited through user stories and supported by
mock-up representations. These mock-ups served as bound-
ary objects to capture requirements from the user perspec-
tive and to structure them across three dimensions: human,
organizational, and technical. This procedure ensured that
the problem definition not only reflects industrial practice
but also specifies how a future system is expected to be used
and which functionalities are required to enable this use.

4.2.1 Shop floor training

In highly automated and complex production environments,
there is a consistent need for effective training opportunities,
particularly for production operators and maintenance tech-
nicians who must operate and support the systems reliably
under dynamic and fault-prone conditions. This demand is
particularly critical in greenfield projects, where entire oper-
ating teams must be prepared within tight timelines before
production starts. During these phases, production systems
are often unavailable for training because of assembly and
commissioning activities, and they may not yet include
all final functionalities. Once production begins, the use
of real systems for training becomes severely constrained.
Operational equipment cannot be paused without disrupting
productivity, and safety-critical scenarios, such as malfunc-
tions or emergency procedures, must not be intentionally
triggered. This is particularly limiting for maintenance tech-
nicians, who depend on realistic fault conditions to build
diagnostic expertise. Moreover, training workpieces are
often unavailable in the variety needed for comprehensive
training. Even during scheduled production downtimes, the
time available for training remains very limited. As a result,
traditional training methods often remain theoretical or rely
mainly on learning through practical experience during
actual operations. Neither approach is satisfactory, nor do
they contribute to an attractive and safe working environ-
ment for new operators.

Objectives The objective of the VC-based DT for shop floor
training is to establish a flexible, production-independent
simulation environment that facilitates skills development
for production operators and maintenance technicians. It
is intended to enable effective hands-on training by visual-
izing machine structures, simulating system behavior, and
supporting realistic interaction with the control system.
Leveraging the high control level fidelity of VC models, the
DT aims to create a virtual environment where operational
tasks, such as system operation, fault handling, and mainte-
nance, can be practiced. This approach is intended to allow
shop floor employees to acquire the necessary competencies
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safely, efficiently, and independently of system or hardware
availability, starting immediately after software validation
and before actual commissioning. In addition, the VC-based
DT is envisioned not only as a training platform but also as
a long-term knowledge carrier bridging the transition from
engineering to operation.

For production operators, the VC-based DT aims to sup-
port early familiarization with system layout, workflows,
and process behavior. It should enable the practice of key
operational tasks, such as interacting with control inter-
faces, performing manual changeovers, and responding to
component faults, within a realistic virtual environment.

For maintenance technicians, the VC-based DT aims
to provide a realistic environment to train the handling of
machine errors, including rare or safety-critical faults that
cannot be recreated on physical systems. This enables the
development of diagnostic and troubleshooting skills by
using established diagnostic tools and procedures. In addi-
tion, the early provision of training environments allows
early access to control logic as well as mechanical and elec-
trical planning data, which promotes an in-depth understand-
ing of the system even before the actual commissioning.

Requirements To realize the outlined training objectives,
the following requirements must be met across the human-
centric, organizational, and technical design dimensions.

From a human-centric perspective, the VC-based DT
must feature intuitive interfaces, immersive visualization,
and easy-to-configure simulation environments, enabling
users to focus on mastering the complexity of the production
system. To maximize acceptance and support self-directed
learning, the DT should offer scalable training scenarios
that accommodate different skill levels. Guided exercises,
repeatable checkpoints, and feedback mechanisms help
users build confidence and learn from mistakes.

On an organizational level, using a VC-based DT
for training requires seamless integration into existing
operational workflows and defined processes for knowledge
transfer from engineering to operation. Simulation-based
training should be systematically scheduled and supported
by proper infrastructure, necessary training equipment,
and qualified trainers. To ensure consistent and scalable
qualification across sites, the reuse of standardized training
setups should be enabled. In addition, clear responsibilities
for maintaining the DT, updating training content, and
managing user access are essential to ensure long-term
operability.

The technical requirements of the VC-based DT focus
on replicating realistic operating conditions. This includes
integrating actual control elements, support for various

operating modes, and the simulation of complex fault sce-
narios. The DT must accurately represent the system’s cur-
rent functions and incorporate the latest control software to
enable effective training. Also, to ensure long-term appli-
cability, mechanisms for deviation detection and tools for
efficient model updating are required to maintain alignment
with the real system. In addition, the VC-based DT for train-
ing should incorporate real production situations to keep
training content relevant throughout the system’s life cycle.

The setup shown in Fig. 3 exemplifies a training environ-
ment tailored to meet both human-centered and technical
design criteria.

4.2.2 Fault reconstruction

In fast-paced and highly automated production environ-
ments, maintenance technicians and control engineers often
face constraints when analyzing system faults. Technicians
are typically under pressure to restore system availability as
quickly as possible, leaving little room for thorough fault
diagnosis. As a result, errors, particularly those caused by
incorrect operations, higher-level control logic, or flaws in
automation sequences, are often addressed by quick fix-
ing and resetting the system, while the root causes remain
unidentified. This limits the ability of control engineers to
adapt or improve control software and prevent recurrence.
This issue is particularly significant for rare, sequence-
dependent faults that only arise under specific boundary
conditions during live production, which are distinct from
issues typically caught during pre-production VC tests.
Conventional methods in the operational phase, such as
signal tracing or manual inspection of control sequences,
are time-consuming and often result in overwhelming data
in complex systems. Also, inaccessible system areas or
secondary control systems usually hinder fault diagnosis.
Consequently, essential diagnostic information, such as the
precise sequence of material flow, sensor activation, and
actuator states, is often unavailable in a comprehensive and
easily digestible format.

| B
Training
Inte'rfaces
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Fig.3 VC-based DT Setup for Shop Floor Training
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Objectives The goal of the VC-based DT for fault recon-
struction is to provide a dedicated environment for retro-
spective analysis of recorded operational events, including
logic-related faults and process deviations, decoupled from
live production. It aims to enable systematic, time-resolved
investigation of specific occurrences by virtually recreating
the system conditions based on captured operational data.
This allows the DT to serve as a practical diagnostic tool for
maintenance technicians and control engineers, enhancing
understanding of complex behaviors, supporting targeted
maintenance, and enabling robust control logic modifi-
cations. Beyond pure fault diagnosis, this detailed virtual
replay facilitates the identification of performance bottle-
necks or suboptimal sequences by enabling visual explora-
tion and comparison against nominal behavior derived from
the model or previous recordings, thus supporting continu-
ous process improvement efforts. To enable production-
independent and reliable fault analysis, relevant operational
data such as signal values, control states, and higher-level
process information must be recorded continuously in a
synchronized manner. The VC-based DT must then accu-
rately reproduce these recorded sequences, allowing the
tracing of system progression, material flow, and comple-
mentary information states within the virtual environment.
Discrepancies between the model and the real system must
be accounted for to reconstruct reliable system states. Veri-
fied system states, such as a confirmed workpiece position
within a sensor’s detection range, should be distinguishable
from inferred states, such as workpiece position outside the
sensor’s observable area.

Requirements Achieving effective fault reconstruction
with a VC-based DT requires the fulfillment of essential
requirements:

From a human-centric perspective, the VC-based DT
must offer intuitive mechanisms for transforming heteroge-
neous data from multiple sources into a coherent and struc-
tured representation. This requires a form of data processing
and visualization that enables control engineers and main-
tenance technicians to explore system behavior without the
need for in-depth simulation or data analysis expertise. At
the same time, the platform must support sufficient ana-
lytical depth to allow focused inspection of specific system
areas when required.

On an organizational level, data management and
model maintenance responsibilities must be clearly
assigned. To enable efficient data recording and effective
integration of the DT into diagnostic workflows, efforts
should focus on critical bottleneck systems, well-defined
data scopes, and structured data storage and retrieval
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mechanisms. In addition, maintaining the model’s actual-
ity further requires dedicated training measures and stan-
dardized processes.

From a technical standpoint, the VC-based DT must pro-
vide a temporally precise and logically consistent recon-
struction of system states based on recorded operational
data. This requires the synchronized recording of selected
control signals across relevant subsystems, with data being
buffered cyclically and selectively persisted upon fault
detection to reduce storage overhead. To facilitate accurate
post-event analysis, reintegration of recorded data into the
VC model must allow for temporal alignment and support
interactive control features such as pausing and stepping
through sequences. Minor deviations between the virtual
and physical systems must be tolerated without compromis-
ing analytical validity, while larger discrepancies necessi-
tate dedicated tools for model adaptation.

4.2.3 Collision avoidance

The increasing demand for individualized products requires
more adaptable and flexible production systems. To achieve
this, control systems must also exhibit a high degree of
adaptability, enabling the rapid or even automated genera-
tion or adaptation of control software and parameters. How-
ever, this increased flexibility introduces potential risks,
particularly system faults that may not be detected before
the operational phase. One of the most critical challenges
for control engineers in this context is collision detection
and avoidance, which involves identifying and mitigating
potential collisions before they occur to ensure safe and effi-
cient operations.

Objectives The VC-based DT for collision avoidance aims
to establish a predictive, simulation-based solution for real-
time collision detection and prevention in the operational
phase for automated production systems. By integrating a
VC-based DT into the production system, a VC model that
is directly linked to the real control system can be used to
monitor and predict potential collisions. Through this real-
time coupling, the DT can accurately predict and visualize
impending collisions, enabling preemptive interventions to
avoid operational disruptions or safety hazards.

Control engineers can leverage this technology to opti-
mize system performance while simultaneously ensuring
safety. The ability to simulate and visualize potential col-
lision scenarios in real-time allows technicians to make
adjustments to the system’s parameters without the need
for physical trials, reducing downtime and minimizing
risks. Furthermore, the use of predictive algorithms within
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the VC-based DT enhances its capability to detect colli-
sions with high accuracy, even in dynamically changing
environments.

Requirements Realizing the potential of VC-based DT
solutions for collision avoidance necessitates addressing
specific requirements.

From a human-centric perspective, providing an intuitive
and interactive visualization of collision scenarios is vital
for effective decision-making. Such visualizations improve
situational awareness, enabling faster and more accurate
decisions, and ultimately enhancing safety and efficiency in
the manufacturing process.

On an organizational level, integrating VC-based DT
solutions into existing safety concepts is crucial to ensure
seamless integration while maintaining compliance with
established industry standards. Safety regulations such as
ISO 13849, which governs the safety-related parts of con-
trol systems, must be adhered to in order to guarantee that
automated collision avoidance mechanisms do not intro-
duce unforeseen risks.

From a technical level, real-time communication between
the VC-based DT and the physical system is essential to
ensure immediate response to potential threats. High-reso-
lution simulation models must be developed to provide an
accurate geometric representation of the production system,
allowing for precise collision detection and predictive col-
lision avoidance. Motion prediction is necessary to recog-
nize imminent collisions before they occur and, therefore,
realize the predictive collision avoidance. Depending on the
application focus, especially stringent model accuracy and
synchronization between virtual and real environments may
be required.

4.2.4 Quality monitoring

Ensuring high product quality is a critical objective in man-
ufacturing, particularly in flexible and automated produc-
tion environments. Traditional quality assurance methods
often rely on periodic inspections and post-production test-
ing, which may fail to detect defects during production. This
reactive approach can lead to increased rework, production
inefficiencies, and higher costs. Quality engineers need a
transformative solution for continuous quality monitoring
by synchronizing real-time production data with high-fidel-
ity simulation and process models.

Objectives The VC-based DT for quality monitoring aims
to provide a proactive, real-time quality assurance solu-
tion by integrating high-fidelity VC models directly into
the production process. By integrating VC-based DTs into

manufacturing systems, companies can transition from tra-
ditional quality control methods to an online and proactive
framework. A DT acts as a real-time virtual replica of the
production process, continuously updated with real-time
control data. This enables manufacturers to compare actual
production conditions with expected outcomes, detect
deviations early, and take corrective actions before defects
impact product quality. The ability to predict and mitigate
quality issues before they escalate enhances overall process
reliability and efficiency.

The implementation of VC-based DTs for quality moni-
toring benefits multiple stakeholders within a manufactur-
ing environment. Quality engineers, for instance, can utilize
DTs to monitor system performance in real-time, ensur-
ing compliance with industry quality standards while also
enabling in-depth root cause analysis of detected issues.
Meanwhile, production operators can leverage insights
provided by the DT to make immediate adjustments to pro-
duction parameters, preventing defects before they occur
and optimizing overall process stability. By offering these
advantages, VC-based DTs foster a more adaptive and data-
driven approach to quality assurance.

Requirements For successful deployment, several techni-
cal, organizational, and human-centric requirements must
be met.

From a human-centric level, the successful implemen-
tation of VC-based DTs for quality monitoring requires
intuitive and actionable data visualization. Customiz-
able dashboards should be developed to present real-time
insights tailored to different stakeholders, ensuring that the
information is accessible and easy to interpret. Further-
more, optimization strategies based on predictive analyt-
ics can help manufacturers enhance product consistency
and reduce material waste. Additionally, fault transparency
mechanisms should be incorporated, enabling quick identi-
fication and resolution of quality issues, thereby minimizing
downtime and improving production efficiency.

At an organizational level, it is crucial to integrate VC-
based DT solutions into existing quality assurance work-
flows to ensure that predictive insights are effectively
utilized. Compliance with industry standards, such as ISO
9001 for quality management and traceability, must also be
maintained to guarantee that DT-driven quality monitor-
ing aligns with established best practices. Ensuring smooth
adoption within an organization requires clear guidelines
and training programs for employees to fully leverage the
technology.

From a technical perspective, real-time state synchro-
nization between DTs and physical production systems is
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essential to ensure accurate and timely quality assessment.
High-precision simulation models must be developed to
enable detailed comparisons between expected and actual
production outcomes. Additionally, advanced online quality
comparison methods, powered by artificial intelligence and
machine learning, can be integrated to enhance defect detec-
tion and classification.

4.2.5 Software optimization

In the operational phase of automated production systems,
control software must undergo continuous refinement to
accommodate evolving process requirements, system modi-
fications, and productivity goals. These modifications are
typically carried out during scheduled downtimes, where
control engineers operate under significant time constraints
and with limited opportunities for system-level testing. Exist-
ing software testing methods often depend on test benches
requiring substantial software changes to work with a few
hardware components. Conventional testing approaches
usually rely on simplified test benches that require intru-
sive software adjustments and only represent partial system
functionality. Such environments fail to capture the com-
plexity and variability of real-world production processes,
limiting their ability to accurately predict the effects of soft-
ware changes. Furthermore, systematic methods for validat-
ing the effectiveness of control logic modifications before
deployment are largely lacking. Existing tools focus mainly
on syntactic or semantic code comparisons and provide little
insight into process-relevant performance indicators such as
cycle times, throughput, or buffer utilization. Consequently,
engineers are often forced to rely on live system testing to
evaluate improvements, introducing the risk of costly faults,
unintended behavior, or productivity losses.

Objectives The VC-based DT for software optimization
aims to provide a high-fidelity, production-parallel simula-
tion environment that enables both the identification of opti-
mization potential and the validation of control software
modifications. Unlike traditional VC approaches focused
primarily on functional verification, this DT integrates pro-
cess-oriented performance analysis as a core element of the
optimization workflow. Parallel to live production, control
engineers can simulate realistic production scenarios to sys-
tematically detect performance bottlenecks, inefficiencies,
or undesired system behaviors. These insights allow alter-
native control strategies or parameter configurations to be
implemented and tested in a risk-free environment. The DT
must continuously capture and visualize key performance
indicators, such as cycle times, buffer utilization, energy
consumption, and bottleneck frequencies, to facilitate direct
comparisons between different software versions. These
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metrics serve not only as a basis for performance analysis
but also to verify that implemented changes lead to mea-
surable performance improvements. By tightly coupling
simulation, analysis, and software adaptation, the VC-based
DT enables data-driven decision-making and significantly
reduces the risk of adverse effects during live deployment.

Requirements The practical realization of a VC-based DT
for software optimization entails addressing several essen-
tial requirements:

From a human-centric perspective, the DT must offer
intuitive interaction and visualization tools that make com-
plex performance relationships accessible and actionable.
The system should automatically capture, aggregate, and
present key performance indicators in a clear, goal-oriented
format. These visualizations must highlight deviations
across different software versions and support comparative
evaluations, enabling control engineers to trace optimization
effects without requiring in-depth data analysis expertise.

Organizational requirements include clearly defined
responsibilities and dedicated resources for model main-
tenance, updating, and continuous alignment with the real
system throughout its life cycle. A dedicated organizational
unit should oversee VC model versioning, accuracy, and
ensure adequate personnel and infrastructure resources for
ongoing simulation-based testing and analysis.

From a technical standpoint, the DT must align strictly
with the physical system to allow valid and reproducible
validation of software optimizations. The control code must
be executed within the VC-based DT without modification
while reproducing the same system behavior and process
performance as in the real environment. To achieve this, the
model must be continuously updated based on systemati-
cally acquired plant data, including geometric layouts, con-
trol structures, and parametric configurations. Depending on
the optimization objective, deeper parameterization of pro-
cess models may be required to adequately reflect relevant
system dynamics. Furthermore, the simulation must repli-
cate all relevant external influences, including supervisory
and interconnected control systems, to provide a realistic
and representative test environment.

4.3 Exemplary design cycle

Building on the objectives and requirements for practical
use cases defined in the previous section, this section details
a practical case study for a representative scenario: online
collision avoidance. This use case was deliberately selected
for its advanced state of development. While the techni-
cal concepts underpinning this scenario, such as percep-
tion, risk assessment, and real-time decision-making, have
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been published in detail [5, 33, 34], this section provides a
methodological overview. This case study serves to illus-
trate how one complete design cycle, comprising Phases
I (Design and Development), IV (Demonstration), and V
(Evaluation), is applied to convert a VC model into a VC-
based DT. This implementation represents the first devel-
opment cycle within our transformation method, focusing
primarily on establishing technical feasibility.

Design and development Online collision avoidance is
utilized during the operational phase to continuously moni-
tor and prevent potential collisions in automated production
systems. Such collisions may occur in flexible production
environments, particularly when manual teaching is required
due to changes in the production setup. Additionally, robot
paths generated from CNC programs can result in different
path strategies with varying motion ranges. These variations
may result in potential collisions, which an online collision
avoidance system can effectively mitigate. Existing solu-
tions are complex to configure and do not seamlessly inte-
grate into the life cycle of a production system. Therefore,
the utilization of a VC-based DT can prove advantageous.
To enable this, VC models must be transformed into a VC-
based DT. This transition is realized by developing targeted
socio-technical artifacts designed to address the identified
gaps of the VC model, guided by the previously derived
requirements.

The solution for Data Integration is realized via the archi-
tecture shown in Fig. 4. The VC-based DT remains con-
nected to the real programmable logic controller (PLC) (2)
and receives the same signal data as its physical counterpart
over the fieldbus driver (1). This necessitates real-time inte-
gration on the control level, ensuring seamless interaction
between the simulation model and the real-world system.
As the VC-based DT can directly interface with the control
system, it enables autonomous operation to stop in the event
of a predicted collision (3). Thought co-execution state syn-
chronization between the control system and the VC model
is inherently ensured, as the simulation model is executed
using the same solver as the machine control. This elimi-
nates the need for any additional synchronization mecha-
nisms, since both systems operate with a shared time base
and identical motion calculation logic.

Online collision avoidance requires the VC-based DT
to have a high model accuracy, especially in relation to
the geometric representation. In order to achieve accurate
System-Model Alignment, a manual approach had to be
chosen to transfer real measurements into the model and
check their accuracy. In the future, however, an approach
similar to that of Braun et al. would be possible, based
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Fig.4 Abstract representation of the architecture of the online collision
avoidance service. Based on [5]

on sensor fusion of operating data and transponder-based
workpiece localization [35].

The service of prediction avoidance requires a movement
prediction. This capability provides the basis for the solution
to Service Provision, which extends beyond the VC model’s
original purpose. The ability to predict potential collisions is
realized with the help of a feature of the open control system
by TwinCAT from Beckhoff. By leveraging the lookahead
of the motion control (MC), which calculates upcoming
movement positions, the VC-based DT can anticipate future
collisions in advance (see Fig. 5. This predictive capability
is facilitated by the real-time connectivity of VC models.
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Fig. 5 Illustration of the lookahead feature in a MC
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Demonstration The solution is implemented within
the ARENA2036 research campus, utilizing three
Staubli robots. These robots are controlled with the
mentioned open TwinCAT control system from Beckhoff.
The control system is directly interfaced with the
robots via the uniVAL interface, enabling real-time
communication over EtherCAT. On the simulation side,
ISG-virtuos is employed as VC software, facilitating
real-time connectivity with the control systems. Within
the VC-based DT, collision detection is integrated,
utilizing various types of geometric bounding volumes
for detection. The relative positions of each robot and
its surrounding workspace are continuously evaluated
by computing incremental positional changes (Apos).
When the accumulated positional deviation between two
volumes converges toward zero, a potential collision is
inferred (see Fig. 6). Upon detecting a collision between
these volumes, the control system immediately stops the
robot’s movements.

The physical demonstrator is depicted in Fig. 7, with the
simulation environment visualized in the background.
Within the simulation, the predicted movements from the
lookahead are visualized as translucent.

collision

Apos
Lookahead Apos
: Apos
0 T T T T l* T N >
! time [t]

Fig.6 Representation of the collision detection through distance calcu-
lation using the lookahead feature

Collision-prone
Robots

Fig. 7 Demonstrator of the online simulation for collision avoidance
using a VC-based DT: simulation and predicted movements (translu-
cent) on the TV in the background
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Evaluation The evaluation of the VC-based DT was con-
ducted by deliberately inducing potential collisions during
the robot’s motion sequences. The objective was to assess
the system’s effectiveness in predictive collision avoidance
under realistic operational conditions.

From a technical perspective, the results are promis-
ing: collisions were detected before any physical contact
occurred, allowing the robot to halt its motion preemptively.
This confirms the system’s capability for real-time com-
munication with the real control system and its accuracy in
motion prediction. For future work, using high-resolution
simulation models would enable more precise geometric
mapping, which would significantly contribute to success-
ful online collision detection and prevention.

From a human-centered perspective, the system provides
an interactive visualization of potential collisions, enhanc-
ing situational awareness. This feature supports production
operators in making informed decisions, thereby improv-
ing both safety and efficiency within the production envi-
ronment. For future situational awareness, it is essential
to evaluate whether operators trust and rely on the system.
Users must feel confident that the system provides accurate,
timely, and actionable warnings. Assessing this aspect of
human-machine interaction requires clarifying the trans-
parency of the system’s underlying processes, ensuring that
operators understand why and how alerts are generated.
Additionally, it is crucial to strike an appropriate balance
between necessary intervention and over-automation, as
excessive automated control can lead to disengagement or
complacency, thereby reducing the operator’s situational
awareness and overall effectiveness. Evaluating these fac-
tors allows designers to optimize the system’s support for
human decision-making while maintaining safety and
engagement in the production environment.

On the organizational level, the system is designed for
seamless integration into existing safety protocols. Com-
pliance with relevant standards, particularly ISO 13849
for safety-related control systems, must be considered in
future work to ensure that no additional risks are intro-
duced. Beyond technical compliance, organizational fac-
tors such as staff training, clear operating procedures, and
defined responsibilities for monitoring and responding to
system alerts are essential. Embedding the system within
the broader safety culture of the organization not only
ensures regulatory adherence but also promotes consistent
usage, trust among operators, and continuous improvement
of safety practices. Evaluating these factors in real-world
operational settings will be critical to understanding how
organizational structures, policies, and human factors inter-
act with the technological capabilities of the collision detec-
tion system.



The International Journal of Advanced Manufacturing Technology (2026) 142:4609-4626 4623

Overall, the evaluation of this first development cycle
shows that the defined requirements across the technical,
human-centered, and organizational dimensions are partly
met. The VC-based DT thus fulfills the key goal of enabling
predictive, real-time collision avoidance during operation.
These non-fulfilled requirements, particularly in the human
and organizational domains, must be explicitly addressed
in a subsequent development cycle. A thorough evalua-
tion of human and organizational perspectives is essen-
tial to validate and enable the effective deployment of this
use case in an industrial production system. This includes
assessing operator trust, cognitive workload, and interac-
tion efficiency, as well as examining how the system can
be integrated into existing safety protocols, workflows, and
organizational structures.

5 Discussion and outlook

This section discusses the proposed six-phase transfor-
mation method based on the results presented in Sec-
tion 4. The applicability of the transformation method
is demonstrated by its successful execution for a com-
plex, industrially relevant use case. As detailed in 4.3, a
complete design cycle (Phases III-V) was performed to
develop and evaluate the first viable artifact for a VC-
based DT for online collision avoidance. This demon-
strates the method’s capability to guide the development
of a technically feasible artifact that addresses a specific
operational need.

5.1 Cost-benefit analysis

In the production industry, cost is the most important fac-
tor in deciding whether a method or use case is imple-
mented or not. For this reason, we use a qualitative
cost-benefit analysis as an additional instrument to dis-
cuss the pragmatic value and economic viability of the
method, particularly its strength in leveraging existing
VC models for operational use. The evaluation of VC-
based DTs requires a balanced consideration of costs and
benefits. While costs can be qualitatively estimated with
reasonable accuracy, the benefits are far more context-
dependent and vary strongly with the specific implemen-
tation and operational environment. The primary cost
drivers for VC-based DTs are personnel effort and the
necessary technical resources, whose magnitude varies
depending on the specific application. Their influence
within a given scenario significantly affects the overall
utility of the use case, depending on the extent to which
the associated costs constrain its feasibility. To enhance
comparability, we categorize costs into three distinct

groups that collectively capture both human and techni-
cal factors, considering the absolute magnitude and dura-
tion of the required resources.

e Low costs: only minor model adjustments are required;
operation remains offline and time-limited; no perma-
nent data integration is necessary; model actuality is
optional; personnel effort is minimal and time-limited.

e Moderate costs: the model is used offline with periodic
data updates; moderate actuality is required; limited in-
terface or visualization extensions are added; user train-
ing and preparation are necessary but limited.

e High costs: the model runs online and continuously;
permanent data acquisition and synchronization are re-
quired; systematic alignment with the real system and
increased geometric and behavioral fidelity must be
maintained.

The benefits of VC-based DTs, in contrast, are more difficult
to categorize, as they depend heavily on the specific pro-
duction environment, operational constraints, and organi-
zational context and targets. The previous section provides
a detailed account of the relative advantages our use cases
offer in terms of gains in efficiency, output, or quality. Build-
ing on this foundation, the following analysis qualitatively
evaluates these benefits in relation to their associated costs.

Figure 8 provides a qualitative overview of the five use
cases, considering two variants: one based on VC models
and another involving the creation of use cases from scratch.
The use cases are enumerated and color-coded: blue indi-
cates instances in which VC was integrated into the process
and a corresponding VC model is available, whereas black
denotes cases in which the required models were generated
exclusively for the respective use case. The figure shows that
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Fig. 8 Qualitative cost benefit analysis for the identified use cases with
(blue) and without (black) existing VC models

@ Springer



4624 The International Journal of Advanced Manufacturing Technology (2026) 142:4609-4626

without a VC to build on, the benefits are diminished and the
costs are increased. We argue this is because models created
"from scratch’ (black) incur significant reverse-engineering
costs, are available much later in the lifecycle, and often lack
the validated behavioral fidelity of their VC counterparts,
which are based on original, validated engineering data.

Looking at the use cases one by one, shop floor training
(UC 1) is the cheapest in comparison. It is restricted to a
limited time and as such requires limited resources. Colli-
sion avoidance (UC 3) and quality monitoring (UC 4) are
most likely going to be the most expensive ones in any sce-
nario, seeing as they are not limited to a small time win-
dow, but are constantly requiring hardware and people. With
UC 3 being the most expensive and most beneficial one,
it was presented in greater detail in Section 4.3. Software
optimization (UC 5) can be fairly inexpensive, depending
on how frequently and how intensively it is being done.
In general, this represents one of the less cost-intensive
options, as the model is already available and can be oper-
ated offline, requiring only limited personnel effort and cer-
tainly not continuous, around-the-clock operation. Finally,
fault reconstruction (UC 2) occupies an intermediate posi-
tion. It necessitates a model that operates for the majority of
the time, if not continuously, while the demand for human
resources is restricted to the instances in which faults actu-
ally occur.

This cost reduction is a critical factor that moves the use
case across the “decision barrier”, making it economically
viable. This shows that the transformation method is not
only applicable but also valuable, as it provides a pathway
for realizing high-impact operational DTs that might other-
wise be cost-prohibitive to develop from scratch.

5.2 Summary

We present Table 2 for a comprehensive use case overview
with their objectives, requirements, and associated costs and
benefits. It serves as a decision-making reference for pri-
oritizing future development by summarizing the identified
use cases, their objectives, and their essential requirements.

5.3 Outlook

The applicability and value of the transformation method
have been successfully demonstrated. All five use cases
were systematically processed through the problem iden-
tification and objective-setting phases (I-II), while the full
design cycle (Phases III-V) was exemplarily applied to one
use case. By communicating these findings, this paper ful-
fills the final step of the method (Phase VI). This initial vali-
dation provides a robust foundation and defines the scope
for future work. The agenda for future research is thus
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Table 2 Use Cases, Objectives, and Key Requirements (human, orga-
nizational, technical) for VC-based DTs with their qualitative costs and
benefits ranging from small (-/+) to large (---/+++)

Use Case Objectives  Key Requirements Cost&Benefit
(h/o/t)
Shop Floor Realistic, Intuitive inter-  human cost:
Training flex- faces, scalable - technical
ible training  scenarios, guided cost: - ben-
decoupled tasks/ Structured  efit: ++
from live knowledge trans-
systems fer, standardized
training setup/
Integration of real-
istic controls, fault
simulation
Fault Retrospec- Clear visualiza-  human cost:—
Reconstruction tive diag- tion, intuitive - technical
nosis and timeline replay/  cost:— -
root-cause  Defined recording benefit: ++
analysis procedures, struc-
tured data access/
Time-consistent
playback, moderate
model actuality
Collision Predict and Real-time feed-  human
Avoidance prevent colli-  back, minimal ~ cost:- - -
sions during interaction/ Safety technical
runtime integration into the cost:- - -
control/ Motion  benefit: +++
prediction, real-
time sync, geom-
etry fidelity
Quality Detect devia- Dashboards, human
Monitoring tions during alerts, process  cost:i— - -
runtime, transparency/ QA technical
prevent scrap  integration, ISO  cost:- - -
9001 compliance/ benefit: ++
Real-time compari-
son, high-precision
simulation
Software Evaluation KPI-oriented human cost:
Optimization and valida- analysis, com- - technical
tion of con-  parative visualiza- cost:- -
trol software  tion/ Dedicated  benefit: ++
changes resources, model

lifecycle manage-
ment/ High model
actuality, accurate
representation of
influences

clearly informed. A primary goal is to apply the methods
design cycle to the other four identified use cases, mov-
ing both deeper into the specific human and organizational
factors of each, and broader across the application port-
folio. Furthermore, the qualitative cost-benefit analysis,
which provided the strategic rationale for this work, can be
extended through quantitative case studies to precisely mea-
sure the economic impact of this transformation. Wherever
future work decides to go, it can start here and then either go
deeper or broader with the proposed use cases.
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6 Conclusion

This paper set out to answer the question of how existing
VC models can be transformed into operational DTs that
deliver direct shop floor support. Rather than pursuing
greenfield DT development, we propose a bottom-up trans-
formation that addresses the fundamental shortcomings of
VC models by developing solutions for three DT-enabling
capabilities: model alignment, integration of real system
data, and provision of operational services. We contrib-
uted a DSR-inspired transformation method to systemati-
cally develop the necessary methodological and technical
solutions in these areas. The method establishes actionable
objectives, verifiable requirements, and structures an itera-
tive development process, providing a pathway for the prac-
tical implementation of VC-based DTs. As initial validation,
we identified five practical use cases grounded in industrial
needs: shop floor training, fault reconstruction, quality mon-
itoring, collision avoidance, and software optimization. For
each use case, we specify targeted objectives and derive key
requirements. Applicability of our method is further dem-
onstrated through an elaboration of VC-based online colli-
sion avoidance, outlining key development steps. Finally, a
qualitative cost-benefit analysis emphasizes how much of
a positive difference it makes to reuse existing VC models
compared to shoehorning digitalization into later phases. By
demonstrating its applicability, the proposed transformation
method paves the way for unlocking the full potential of VC
models and establishing their role as practical enablers of
digital production.
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