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POPULARVETENSKAPLIG SAMMANFATTNING

Den okande efterfrigan pa kundanpassade produkter, tillsammans med behovet
av flexibla, manniskocentrerade och motstandskraftiga tillverkningssystem, har in-
tensifierat behovet av automatiseringslosningar som kan fungera i dynamiska och
ostrukturerade industriella miljoer. Denna avhandling visar hur automatiserings-
metoder utvecklas och var de misslyckas i takt med att komplexitet och variation
o6kar inom design- och produktionsomradena.

Forskningen borjar med att hantera tidskravande och iterativa tekniska uppgifter
genom designautomation. Med hjalp av kunskapsbaserad teknik (KBE) utvecklades
automatiserade ramverk for att effektivisera tekniska arbetsfléden och stédja konse-
kvent beslutsfattande i strukturerade industriella miljéer. Men néar fokus utvidgas
till verklig produktion skapar den viaxande komplexiteten och osdkerheten i miljon
betydande utmaningar for bade design- och produktionsautomation.

Medan KBE ger struktur och konsekvens, kriaver dess beroende av fordefinierade
regler standardisering, vilket resulterar i ett rigid designutrymme och begransad
anpassningsféormaga. For att 6vervinna dessa inneboende begransningar integre-
rar forskningen kompletterande verktyg och tekniker som mojliggor mer flexibel och
adaptiv automatisering. Kameraseende fangar verkliga féorhallanden och sparar for-
andringar i miljon, medan stora sprakmodeller, i kombination med en agentbaserad
metod, ger resonemangsférmaga som tolkar variationer i produkter eller processer
och genererar adaptiva beslutsstrategier. Digitala tvillingsimuleringar validerar och
forutsager resultaten av dessa variationer i en virtuell miljo, vilket gor att systemet
kan reagera proaktivt och sédkert genom att férena realtidsdata med simuleringsre-
sultat.

Sammantaget bidrar detta arbete med en holistisk och skalbar automationsmeto-
dik som forenar designautomation, adaptiva digitala tvillingar och kunskapsdrivet
resonemang. Resultaten visar hur strukturerad ingenjérskunskap, i kombination
med resonemang och adaptiva teknologier, moéjliggér utveckling av motstandskrafti-
ga automationslosningar for det alltmer ostrukturerade landskapet inom framtidens
industri.






ABSTRACT

The increasing demand for customized products, together with the need for flexible,
human-centric, and resilient manufacturing systems has intensified the need for
automation solutions capable of operating in dynamic and unstructured industrial
environments. This dissertation shows how automation methodologies evolve and
where they fail as complexity and variability increase across the design and produc-
tion domains.

The research begins by addressing time-consuming and iterative engineering tasks
through design automation. Using Knowledge-Based Engineering (KBE) approaches,
automated frameworks were developed to streamline engineering workflows and sup-
port consistent decision-making in structured industrial settings. However, when ex-
tending the focus to real-world production, the growing complexity and uncertainty
of the environment create substantial challenges for both design and production au-
tomation.

While KBE provides structure and consistency, its reliance on predefined rules ne-
cessitates standardization, resulting in a rigid design space and limited adaptability.
To overcome these inherent restrictions, the research integrates complementary tools
and techniques that enable more flexible and adaptive automation. Camera vision
captures real-world conditions and tracks changes in the environment, while large
language models, combined with an agent-based approach, provide reasoning ca-
pabilities that interpret variations in products or processes and generate adaptive
decision-making strategies. Digital twin simulations validate and predict the out-
comes of these variations in a virtual environment, allowing the system to respond
proactively and safely by reconciling real-time data with simulation outcomes.

Overall, this work contributes a holistic and scalable automation methodology that
unifies design automation, adaptive digital twins, and knowledge-driven reasoning.
The results demonstrate how structured engineering knowledge, combined with rea-
soning and adaptive technologies, enables the development of resilient automation
solutions for the increasingly unstructured landscape of future Industry.
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CHAPTER

Introduction

1.1 Motivation

Manufacturing is undergoing a transformation driven by shifting market expecta-
tions and societal priorities. Over the past decade, demand for personalized and
customized products has grown steadily across sectors [1, 2, 3]. Customers increas-
ingly expect products that reflect their individual needs, preferences, and usage con-
texts [4]. This trend challenges the long-established model of stable, high-volume
design and production lines optimized for long product cycles and minimal varia-
tion. Instead, manufacturers are facing an environment in which product mixes
change rapidly, batch sizes shrink, and new product variants must be introduced
with minimal disruption [5]. Increasing product variability places significant de-
mands on design processes also, where engineers must repeatedly adapt geometries,
constraints, and process assumptions to accommodate new variants. As a result,
manufacturing systems must evolve from rigid, pre-defined configurations to opera-
tions capable of responding to variability as a built-in characteristic rather than an
exception.

Importantly, the challenges introduced by variability are not confined to the produc-
tion floor. Design and production automation are tightly coupled stages within a con-
tinuous engineering lifecycle, where decisions made during design directly constrain
or enable flexibility with efficiency in production. Automation solutions that address
only downstream execution without considering upstream design adaptability risk
shifting complexity rather than resolving it. Consequently, achieving robustness in
varying manufacturing environments requires coordinated advances in both Design
Automation (DA) and production automation, rather than isolated optimization of
either stage.



1. INTRODUCTION

In conventional manufacturing, the economic justification for industrial robots has
historically been tied to production scale [6]. As illustrated in Figure 1.1, robot
deployment becomes cost-effective primarily in medium- and high-volume settings,
where the costs of automation can be distributed across large numbers of units [7].
Under these conditions, the unit cost decreases as volume increases, making au-
tomation an attractive and financially sound choice. However, when production vol-
umes are low, the unit cost associated with industrial robots remains comparatively
high. This cost imbalance often discourages companies from adopting automation
for small-batch or customized production [8, 9, 10]. Instead, firms tend to rely on
manual labour or shift production to regions with lower labour costs, reinforcing a
dependence on practices that may be economically or socially unsustainable in the
long term.

A key motivation for this thesis is to challenge this traditional cost-volume relation-
ship. If industrial robots can be made sufficiently adaptive, capable of handling
diverse tasks, responding to variability, and operating in less structured conditions,
the economic viability of automation could extend into low-volume and customization
intensive manufacturing. This shift would not only close the gap between low- and
medium-volume scenarios but also support more resilient and regionally grounded
manufacturing models.

r'y
Adaptive Industrial )
N robot Robot Bespoke automation
\
\
\
N
7S \ Manual work
@] N
° N
o
= \\ .
-] N Industrial robot zone
~
~
~y
- - -
——
Adaptive Industrial
robot zone
Small Medium Large

Manufacturing volumes
Figure 1.1: Use of industrial robot with respect to unit cost and manufacturing volumes

(adapted from Pires, Loureiro and Bolmsjo[7])

At the same time, the ongoing shift toward Industry 5.0 places additional de-
mands on manufacturing. Beyond productivity and efficiency, the emphasis now
extends to sustainability, circular resource flows, and meaningful collaboration be-
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tween humans and technology [2, 11]. Circularity oriented strategies such as re-
manufacturing, refurbishment, recycling, and reuse are becoming integral parts of
industrial practice [12]. These activities inherently involve higher levels of uncer-
tainty: components may return in different conditions, assemblies may require selec-
tive disassembly, and material properties may vary from batch to batch. Such opera-
tions rarely conform to standardized workflows, further amplifying the unstructured
nature of modern shop floors. To navigate this complexity, recent research in smart
and adaptive manufacturing leverages cyber-physical systems, Artificial Intelligence
(AI), and Digital Twins (DT) to enhance real-time decision-making and resilience [13].

Together, customized products and circular manufacturing practices create a man-
ufacturing landscape that is progressively less predictable, less uniform, and more
dynamic [14]. Conventional automation solutions, designed around fixed sequences,
rules and well-controlled environments, struggle to accommodate this reality. Even
small deviations such as variations in part annotations, geometry, or condition, can
result in automation failures, forcing manual intervention and limiting the scalabil-
ity of automated solutions. Engineers are therefore confronted with a fundamental
question: how can automation be reimagined to operate reliably in environments
characterized by variability, incomplete information, and continuous change?

This challenge forms the core motivation of this thesis. Rather than treating variabil-
ity as a problem to be minimized, there is a growing need for design and production
automation solutions that can adapt, learn, and collaborate: systems that can incor-
porate human expertise, respond to unstructured situations, and flexibly reconfigure
their behaviour. Adaptive automation, viewed from this broader perspective, is not
tied to a single technology; it is a design philosophy aimed at enabling manufactur-
ing systems that remain robust and effective despite the complexities introduced by
customization, circularity, and human involvement.

1.2 Terminology

The terminology defined in this section has been deliberately selected because these
concepts recur throughout the thesis and form the conceptual foundation of the
research. As several of these terms are used differently across research communities
and industrial contexts, explicitly defining them is necessary to avoid ambiguity and
to ensure a consistent interpretation of key concepts.

¢ Design Automation: In this thesis, the term Design Automation (DA) is used
following the definition by Cederfeldt and Elgh [15], which describes it as the
engineering support provided through the use of information and knowledge
embedded in tools, systems, or solutions that are designed for reuse. This
definition covers the computerized automation of tasks that are directly or
indirectly related to the design process, ranging from individual components
to complete products, thereby facilitating the overall progress of the design
workflow.

¢ Production Automation: According to Satchel [16], “automation is the re-
placement of human activity by machine activities”. In this thesis, production
automation refers to the use of mechanical, electronic, and computer-based
systems such as control systems, robotics, sensors, and software to carry out

3



1. INTRODUCTION

inspection, control, and execution of manufacturing operations [17]. These
technologies enable production processes to be performed with minimal hu-
man intervention while enhancing efficiency, consistency, and flexibility.

e Adaptivity: In this thesis, adaptivity in the context of production systems and
components is defined based on Hribernik et al. [18] as the capability of a
system or component to modify its behaviour in response to unpredicted goals
in order to achieve one or more objectives. Adaptivity is considered a core
objective of Industry 4.0 for smart factories, where it refers to "manufacturing
solutions that provide flexible and adaptive production processes capable of
addressing problems arising in production facilities with dynamic and rapidly
changing boundary conditions in an increasingly complex environment" [19].

¢ Unstructured Environment: In this thesis, an unstructured environment
refers to a design and production context characterized by high variability,
incomplete information, and evolving constraints, making the environment
dynamic rather than static. From a design perspective, unstructured environ-
ments arise when product definitions, functional requirements, geometries, or
process assumptions cannot be fully specified in advance and are subject to
frequent change, often due to customization or reconfiguration. From a pro-
duction perspective, such environments manifest as variability in annotation,
geometry, material condition, task sequencing, or workspace configuration.
Unlike traditional structured settings, in which automation is governed by
fixed rules, predefined models, and stable workflows, unstructured environ-
ments require automation solutions that can accommodate increasing vari-
ability through flexible adaptation, continuous reconfiguration, and effective
handling of unforeseen conditions.

1.3 Aim

The aim of this thesis is to advance the understanding of how automation strate-
gies can be designed and adapted to address the growing variability of products and
manufacturing environments. Conventional automation approaches, as illustrated
in Figure 1.2, typically follow a Knowledge-Based Engineering (KBE) workflow com-
prising the stages of identification, justification, knowledge capture, formalisation,
packaging, and activation [20]. In a manufacturing context, this process begins with
identifying requirements or boundary conditions, followed by validating observations
and transforming them into informal models. These models are then formalised
into executable representations, modularised for reuse, and finally deployed as au-
tomated solutions.

A critical limitation of this traditional methodology is that the early stages, particu-
larly identification, justification, and knowledge capture are predominantly manual
processes. As a result, automation systems built through this workflow struggle to
respond effectively when product configurations or environmental conditions vary,
making them unsuitable for dynamic or unstructured environments. This limitation
is closely related to the challenge of when and how an automation system should
adapt its behaviour. In adaptive automation, changes may be triggered by variations
in design, environment, task, system state, or interaction with human operators [21].
How these triggers are detected and acted upon fundamentally influences whether
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adaptation is initiated autonomously by the system or deliberately by a human op-
erator [21].

r -
0 I & B

Instruction/
Environment

Informal model Automatic Automatic

Formal model Data/ Knowledge Automation
base

Figure 1.2: Iterative life-cycle model of 'Methodology and tools Oriented to Knowledge-based
engineering Application’.

This distinction highlights an important design consideration: adaptive systems that
modify their behaviour automatically versus adaptable systems in which humans re-
tain direct control over when and how adaptation occurs [22]. While system-driven
adaptation has received substantial attention in automation research [23, 24, 25],
there is growing recognition that preserving human involvement in the adaptation
process can enhance situational awareness, trust, and overall system performance,
particularly in complex manufacturing environments [26, 27, 28, 29]. From this
perspective, the challenge is not only to automate downstream execution, but to DA
architectures that can sense relevant triggers, reason about their implications, and
support appropriate levels of human oversight across both design and production
stages. To guide the systematic exploration of this problem, the research is struc-
tured around the following question:

RQ@ What are the limitations associated with implementing adaptive automation
techniques in unstructured environments, and how can these challenges be mit-
igated?

The research question is intentionally framed at a broad level to reflect the dual
focus of this thesis on both DA and production automation. Rather than address-
ing a single phase of the product lifecycle, the question encompasses the full span
from early-stage design activities to downstream production. This scope is neces-
sary because variability and complexity in modern manufacturing do not originate
in a single domain, instead, they emerge from the strong interdependencies between
product design choices, production system configurations, and operational condi-
tions on the shop floor.

The research question therefore serves as a guiding framework rather than a prob-
lem to be exhaustively solved within the scope of this thesis. It establishes the
premise that achieving adaptive automation in unstructured environments requires
first identifying the fundamental limitations present at both the design and pro-
duction stages, and then exploring how these limitations may be mitigated through
emerging technologies and architectural approaches. Rather than aiming to enu-
merate all potential limitations or to prescribe a single, universal solution, the ques-
tion frames a structured inquiry into the incremental realization of adaptability. By
systematically recognizing and addressing key limitations, this approach lays the
groundwork for developing more robust and adaptive automation architectures ca-
pable of operating effectively in unstructured environments.
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1.4 Thesis Scope

The research presented in this thesis investigates a series of solutions aimed at
addressing variability in products and manufacturing environments, both in design
and in production. The work has evolved through several interconnected stages,
each building on the limitations and insights of the previous phase.

The initial phase focused on design-related challenges, particularly the implemen-
tation of DA and automated structural simulation for turbine vane cooling. KBE
served as the foundational methodology, enabling the formalisation and reuse of en-
gineering knowledge to automate design tasks [30, 31]. This methodology was subse-
quently applied to a second industrial case involving fixture design for Body-in-White
(BIW) in automotive manufacturing. In this context, both DA and design optimiza-
tion were conducted using KBE as the underlying framework, further demonstrating
the method’s potential for reducing manual workload and increasing consistency in
static and well-structured design domains.

While the early stages of the research addressed variability from a design perspective,
the subsequent phases shifted toward production environments, with a particular fo-
cus on industrial robotics. Observations from these settings highlighted significant
limitations of conventional KBE automation when deployed in unstructured or highly
dynamic environments. These constraints motivated an exploration of physics-based
simulation environments and Reinforcement Learning (RL) as potential means of en-
abling robots to make decisions based not solely on predefined rules but on learned
behaviour and accumulated experience.

Although RL did not yield the desired level of modularity or reliability, this phase was
instrumental in establishing the value of physics-based simulation platforms capable
of modelling complex interactions and variability. The insights gained directed the
research toward the development of adaptive automation strategies that could be
deployed on physical robotic systems.

To bridge the gap between simulated adaptability and real-world implementation,
the research advanced toward utilising DT technology. A real-time DT was developed
to enable responsive control, continuous monitoring, and informed decision-making
in environments characterised by high variability. Building on this foundation, the
resulting framework was further enhanced using state-of-the-art technologies, in-
cluding Large Language Models (LLM), vision-based perception, and multi-agent ar-
chitectures. During the implementation of these advanced solutions, it was observed
that the absence of a structured knowledge base could reduce system reliability and
operational efficiency. To address this, the proven methodology of KBE was inte-
grated with agent-based decision-making and adaptive simulation. This hybrid ap-
proach facilitated the development of more robust solutions, combining the strengths
of structured knowledge representation with dynamic, experience-driven decision-
making.

Overall, the research trajectory reflects a progression from automation solutions
suited to static, rule-based environments toward the development of adaptive au-
tomation capable of handling variability and unstructured conditions through the
integration of knowledge-based methodologies, simulation, and Al-driven technolo-
gies.
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1.5 Research Methodology

Research, in its broadest sense, is a systematic process aimed at generating knowl-
edge, understanding phenomena, and developing solutions to identified problems
[32]. Scientific research advances this goal by producing new fundamental insights,
whereas applied research combines knowledge generation with the resolution of
practical challenges [33]. Across disciplines, scientific research is commonly cat-
egorised into quantitative, qualitative, and mixed-method approaches [34]. Quali-
tative methods explore complex, context-dependent phenomena that cannot be re-
duced easily to numerical description, such as human-machine interaction or organ-
isational constraints within manufacturing environments. Quantitative research, in
contrast, relies on numerical data, objective measurement, and statistical analysis to
evaluate system behaviour, an approach closely aligned with engineering research,
where controlled experiments, performance assessments, and computational mod-
elling provide empirical validation. Mixed-method approaches integrate these per-
spectives, enabling a comprehensive understanding that accounts for both measur-
able system characteristics and contextual factors. Given the technical nature of
the present work and its emphasis on model development, system validation, and
empirical testing, this thesis is situated primarily within the quantitative research
paradigm.

Because the research is closely aligned with engineering design and manufacturing,
the methodology must also be grounded in the rigorous traditions of disciplines that
study design as a human and technical activity [33]. The development and evaluation
of artefacts such as frameworks, algorithms, digital tools, and adaptive automation
solutions necessitate specialised methodological support beyond general quantitative
practices. Design Science Research offers one established approach by providing a
structured process for creating artefacts that address real-world problems while con-
tributing to theoretical knowledge [35]. However, scholars have identified the need
for an even more rigorous and comprehensive methodology for engineering design
research, one that supports empirical investigation and the systematic development,
validation, and introduction of design methods and tools [36]. This raises the broader
question of whether design research requires its own methodology or a framework
capable of integrating multiple disciplinary approaches [33]. The work in this thesis
aligns with the latter perspective, adopting the Design Research Methodology (DRM)
developed by Blessing and Chakrabarti, which provides a structured, iterative, and
empirically grounded framework well suited to research that spans both design and
production automation [37].

1.5.1 Design Research Methodology

Design Research Methodology (DRM), developed by Blessing and Chakrabarti, is a
structured and systematic approach tailored specifically for conducting rigorous re-
search in engineering design [37]. It provides a coherent framework for studying
design activities, developing new methods or tools, and evaluating their impact in a
scientific manner. DRM is organised into four major stages as shown in Figure 1.3
and these stages are:
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Figure 1.3: The Design Research Methodology, adapted from Blessing and Chakrabarti [37].

1. Research Clarification (RC): The RC stage establishes the foundation for the

entire study. Its goal is to define the research problem clearly, justify its rel-
evance, and identify the desired improvements in design practice or system
performance. During this phase, the existing literatures are reviewed, indus-
trial practices are examined, and the scope and objectives of the research is
determined. The outcome of RC is a well-formulated research aim supported
by preliminary theoretical understanding and evidence of the problem’s signif-
icance.

2. Descriptive Study - I (DS1): DS1 focuses on analysing the current situation

to understand the existing process, challenges, and influencing factors. This
stage involves gathering empirical data through observations and literature
reviews of state-of-the-art. DS1 seeks to develop an explanatory model that
clarifies why the identified problems occur, what variables influence system
performance, and how current methods or tools support or fail to support
different activities.

3. Prescriptive Study (PS): Here the study stage aims to develop solutions in-

tended to improve the issues identified in DS1. These solutions may take the
form of frameworks, methodologies, design tools, automation approaches, or
decision-support systems. PS involves both conceptual development and ini-
tial testing, ensuring that the proposed support is theoretically justified and
practically feasible. The output of this stage is a support or solution which
typically act as prototypes or demonstrators.

4. Descriptive Study - II (DS2): DS2 evaluates the effectiveness of the prescrip-

tive support developed in PS. This evaluation is conducted through empirical
studies such as experiments, case studies, or validation in industrial con-
texts. DS2 assesses whether the proposed solution leads to the intended im-
provements and identifies any limitations, unexpected outcomes, or necessary
refinements. This stage provides the evidence needed to validate the contribu-
tion of the research and determine its practical impact.
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1.5.2 Research Approach

While the four stages of research presented by Blessing and Chakrabarti may appear
sequential, it is important to recognize that each stage is inherently iterative, allowing
multiple cycles of refinement to achieve the desired objectives. Furthermore, within
each stage, different research approaches can be applied depending on the nature
of the problem and the type of knowledge sought. One such approach employed is
Action Research (AR)[38]. AR is a participatory and iterative research approach that
seeks to generate knowledge while simultaneously promoting practical change.

The methodology of AR is commonly conceptualized as a spiral of iterative cycles,
with each cycle typically involving the following elements: planning, implementation
(action), and evaluation (reflection) [38] as shown in Figure 1.4. In the planning
phase, the problem is defined, objectives are set, and strategies or interventions are
designed. The implementation phase involves executing the planned interventions in
a practical setting. The evaluation and reflection phase focuses on interpreting the
observed results from implementation, assessing the effectiveness of the plan, iden-
tifying limitations, and generating insights for the next cycle. This cyclical process is
further structured using the LOOK-THINK-ACT framework [38].

L - L -
LOOK LOOK LOOK
ACT ACT ACT
THINK THINK THINK
Plan Implement Evaluate

Figure 1.4: AR interacting spiral (adapted from Stringer and Aragén [38]).

During the LOOK phase, data is systematically observed and collected to evaluate
the effects of the interventions, including monitoring outcomes, interactions, and
contextual factors through observations, ensuring that findings are grounded in em-
pirical evidence rather than assumptions. The THINK phase involves reflecting on
and analysing the observed data to identify successes, limitations, and potential im-
provements. It also includes interpreting the findings in the context of existing the-
ory, previous cycles, and research objectives, and using these insights to inform the
planning of the next cycle, emphasizing learning, knowledge generation, and iterative
refinement. In the ACT phase, the planned interventions or actions are carried out.
Strategies are implemented to address the identified problem while ensuring the pro-
cess is structured, documented, and repeatable, emphasizing practical engagement
and active initiation of change.
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1.5.3 Applied Methodology

The research presented in this thesis follows the DRM outlined in sub-section 1.5.1,
integrated with an AR approach. The work adopts an application-driven perspec-
tive, where successive application developments are used to investigate, refine, and
ground the overarching research question. For papers included in this thesis, the
initial stage of DRM was carried out through stakeholder meetings and discussion
sessions with individuals closely connected to the application domain or research
topic. This was followed by a state-of-the-art review or background analysis to es-
tablish the problem context and clarify the research direction. While these early
steps were largely consistent across the studies, the subsequent PS varied depending
on the support tools available, the assumptions made, and the practical experience
guiding each project. Multiple iterations between the PS and the DS1 were conducted
to identify, refine, and evaluate the tools and technologies capable of addressing the
research objectives. Similarly, the DS2 was primarily focused on validating the de-
veloped tools, methods, or architectures, with the level of validation determined by
both the feasibility of testing and the scope of each individual project. Figure 1.5
illustrates how each paper presented in this thesis aligns with the different stages of
DRM, and their scope and contributions are explained in detail below.

Paper |
Paper Il
Paper Il
Paper IV
Paper V

Paper VI

Research Clarification = Descriptive Study -1 B Prescriptive Study B Descriptive Study - 11

Figure 1.5: Summarized connection of published papers against different stages of DRM.

1. Paper I: This study spans the early DS1 and the PS stages of the DRM. It
begins with a detailed literature review to identify gaps in automated cooling
channel design, forming the basis of DS1, and then advances into a quantita-
tive investigation focused on developing a multidisciplinary automation solu-
tion. The paper’s main contribution is a novel framework that integrates DA,
meshing, and structural analysis for turbine blade cooling channels, stream-
lining iterative and labour-intensive tasks and improving overall workflow ef-
ficiency in gas turbine development.

2. Paper II: This study extends the KBE principles used in Paper I but places
stronger emphasis on a comprehensive PS, supported by targeted validation
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activities characteristic of an initial DS2. The core contribution is a flexible
and partially automated framework for fixture design and optimization in BIW
structures, integrating DA, parametric modelling, optimization, and robotic
simulation.

3. Paper III: Building on insights from the DS1 phase of the previous studies,
this paper addresses identified research gaps through a review based RC, fol-
lowed by a comprehensive DS1 and an initial PS. The main contribution is
the development of two RL applications within a lightweight game engine: a
mobile robot application for planning and controlling robots in unstructured
industrial environments, and a mannequin application for automated simula-
tion of unstructured assembly processes. The work demonstrates the promise
of RL in adaptive automation and provides a foundation for future validation
and integration into more complex industrial environments.

4. Paper IV: Opening a new direction for adaptive automation in manufacturing,
this paper begins with a literature-based RC followed by a comprehensive DS1
to analyse the state-of-the-art in DT and simulation technologies. Building on
insights from the PS of Paper III, the study develops a framework for estab-
lishing a digital shadow by integrating a physics-based simulation engine with
robotic systems. The framework enables dynamic, real-time decision-making,
providing a robust foundation for exploring DT technologies in unstructured
industrial settings.

5. Paper V: Building on the limitations and observations from Paper IV, this
study begins with a comprehensive DS1 supported by an in-depth literature
analysis on DTs and human-centric production in collaborative robotics. The
subsequent PS develops an enhanced adaptive DT architecture, incorporat-
ing a real-time perception module and integration with a local LLM to enable
intuitive verbal task instructions. An initial DS2 validates the architecture
through experimental runs, assessing synchronization, efficiency, and prac-
tical limitations. The paper’s main contribution lies in advancing a robust,
human-centric adaptive DT framework for collaborative robotic application,
enabling dynamic adaptation to unstructured environments.

6. Paper VI: Extending the work from Paper V, this study begins with a com-
prehensive DS1 that includes a detailed literature analysis on state-of-the-art
technologies such as multi-agent based automation and structured knowledge
management. The subsequent PS implements these technologies within the
previously developed DT architecture to address limitations identified during
the DS2 of Paper V. A thorough DS2 validates the enhanced architecture, as-
sessing the integration of multi-agent coordination, structured databases, and
camera-based perception within adaptive robotic automation in unstructured
environments.

1.6 Thesis Outline

The remainder of this thesis is structured as follows. Chapter 2, Frame of Reference,
provides the theoretical and technological background necessary to understand the
research. It covers key topics such as DA, multi-agent systems, DT technologies,
and human-robot collaboration, setting the stage for the application-focused stud-
ies. Chapter 3, Application, presents the main contributions of this thesis through

11
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a series of individual publications. Each case explores specific implementations,
methodologies, and findings, showing how the developed solutions and tools ad-
dress challenges in adaptive automation and unstructured environments. Chapter
4, Discussion, evaluates the contributions of the research, highlights its limitations,
and identifies directions for future work based on observed gaps and emerging op-
portunities. Finally, Chapter 5, Conclusion, synthesizes the research by answering
the research question posed in Chapter 1 and reflecting on the broader implications
of the study, demonstrating how the developed methods and frameworks advance
adaptive automation solutions.

12



CHAPTER

Frame of Reference

This chapter presents the frame of reference for the thesis by outlining the core re-
search areas that underpin the development of adaptive automation in unstructured
manufacturing environments. Design automation and knowledge-based engineer-
ing provide methods for capturing and reusing engineering knowledge to support
product customization. Multi-agent systems enable modular, distributed decision-
making and coordination in complex automation architectures. Digital twin tech-
nologies integrate models, simulation, perception, and physical systems, enabling
continuous alignment between the digital and physical domains. Together, these
areas establish the theoretical and technological foundation for the approaches de-
veloped in this thesis and clarifies how these research areas relate to the papers
included in this thesis

2.1 Design Automation

The roots of modern Design Automation (DA) trace back to the early days of
Computer-Aided Design (CAD). In 1957 Patrick J. Hanratty (Father of CAD/CAM)
developed PRONTO (Programme for Numerical Tooling Operations), one of the first
commercial numerical-control software packages [39]. Hanratty later founded man-
ufacturing and consulting services and released ADAM (Automated Drafting and Ma-
chining) in the early 1970s. Around the same time (1963), Ivan Sutherland created
Sketchpad, the first interactive graphics system with a light-pen interface[40]. These
innovations proved that complex geometric shapes and design data could be created
and manipulated on computers. Over the following decades CAD became indispens-
able across industries, laying the groundwork for DA, the systematic use of software
to automate design tasks.

13
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DA is broadly defined as the computerized automation of tasks related to the de-
sign process through the implementation of design knowledge in software tools [15].
In practice, DA research and applications focus on two complementary areas: au-
tomating the design artifact (the product geometry and features) and automating the
design process (the sequence of steps and decisions)[41]. For example, developing
a customized product requires a detailed breakdown of every processing step in the
design workflow. A DA framework captures these process steps and encapsulates
the design knowledge so that routine activities can be replayed automatically to gen-
erate new product variants. In effect, DA “reuses” pre-planned knowledge (rules,
templates, constraints) to accelerate variant design. The potential for DA grows as
a product’s design rules become well defined and as customization requirements in-
crease [42]. In other words, highly standardized products with many variants are
prime candidates for automation. At the same time, DA systems can be simple or
elaborate: they range from libraries of standard parts or family templates, all the
way to fully knowledge-intensive CAD platforms.

Key motivations drive companies to adopt DA. An efficient DA framework can sig-
nificantly reduce development time and effort while improving consistency and flexi-
bility. Industry studies consistently report effects such as shortening lead times for
design and delivery, reducing labour-intensive repetitive tasks, reusing existing de-
sign knowledge, and ensuring consistent quality across all variants [15]. Automating
routine tasks frees engineers to concentrate on novel, creative or critical aspects of
the design, leveraging human intuition and skill where it adds the most value. Im-
portantly, DA also improves quality assurance by automating rule-following tasks,
every output follows the same standardized procedure, so designs from different
engineers or different runs are identical in terms of correctness and standards com-
pliance. In practice, a DA system can take inputs such as customer requirements,
constraints and parameters, and then automatically generate output artifacts. With
the ability to adapt easily to new requirements, a mature DA framework enhances
the efficiency and maintainability of the product development process[43].

Many modern DA approaches are built on Knowledge-Based Engineering (KBE). KBE
involves formally capturing engineering expertise (rules, relations, algorithms) so
that software can make design decisions. As Craig and Pinfold describe, “KBE rep-
resents an evolutionary advancement” that “merges Object-Oriented Programming
(OOP), Artificial Intelligence (Al), and CAD technologies to facilitate customized or
variant DA solutions” [44]. A robust DA framework therefore depends on a rich,
structured knowledge base, especially one capable of handling geometry. One ap-
proach of such implementation is through High-Level CAD templates (HLCt) which
encapsulates a geometric shape along with all its design parameters[45]. This can
ensure both topological changes as well as morphological changes depending on pa-
rameters as well as the geometry features.

Moreover, implementing a DA framework establishes a solid foundation for subse-
quent design optimization, particularly when refining geometries based on topolog-
ical or morphological criteria. In this thesis, Paper I and Paper II apply DA to two
distinct engineering applications. Building on the DA approach used in Paper I,
Paper II extends the approach by integrating morphological optimization of the CAD
model, demonstrating how automated design generation can seamlessly support and
enhance geometry-focused optimization processes.
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2.2 Knowledge-Based Engineering

Knowledge-Based Engineering (KBE) has evolved into a foundational methodology
for automating and enhancing engineering activities across domains such as design
and production. Traditionally rooted in design-centric applications, KBE integrates
Al, OOP, and CAD technologies to formalize engineering knowledge and reuse it ef-
ficiently [44, 31]. Craig and Pinfold describe KBE as an engineering method that
merges these technologies to enable customized or variant DA solutions [44]. Simi-
larly, La Rocca characterizes KBE as a means of capturing product and process en-
gineering knowledge and systematically reusing it to reduce lead time and cost while
improving consistency [46]. Although KBE has traditionally been associated with
design engineering, some adopt a broader perspective, viewing KBE as encompass-
ing all activities related to engineering knowledge capture, management, and reuse.
This central idea, codifying expertise so that it can be reused iteratively remains the
driving force behind KBE’s adoption in modern engineering practice.

Interface

I I

@Knowledge lo Infergnce
Base Engine

Figure 2.1: Basic structure of KBS.

At the core of KBE lies the Knowledge-Based System (KBS) (Figure 2.1), whose prin-
cipal purpose is the automation of repetitive or rule-driven design tasks. A defining
feature of a KBS is the division between the knowledge base, where engineering rules,
relations, constraints, and data are stored, and the interface engine, which activates
and executes this knowledge [47]. This separation is not merely architectural; it pro-
vides long-term flexibility, allowing the knowledge base to evolve independently of the
computational mechanisms that use it. Such modularity supports faster updates,
higher maintainability, and easier extension of automation frameworks [48].

In a production setting, early KBE functioned as rule-based expert systems designed
to automate the lifecycle from product engineering design to downstream activities
like production planning, analysis and cost estimation, particularly in stable, high-
volume manufacturing [49]. Diagnostic expert systems and early rule-driven robotics
such as Kak et al.’s knowledge-based assembly cell demonstrated the feasibility of
automating structured tasks through inference engines [50, 51]. These implemen-
tations delivered significant benefits in consistency and repeatability but lacked the
flexibility required to handle dynamic or changing production scenarios.

As production environments have shifted toward mass customization, unstructured
tasks, and human-robot collaboration, purely rule-based KBE approaches have
proven too rigid. In response, contemporary research has expanded such rule-
based architectures into more adaptive and semantically rich approaches, such as
ontology-driven task planning, cognitive robotics and multi-agent systems. One
such shift in production system is shown by Plug and Produce paradigm, which
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effectively decentralize the "knowledge base" from a single system into the physical
assets/agents themselves [52, 53]. In a Plug and Produce environment, the engi-
neering knowledge such as kinematic constraints, operational limits, and process
logic is no longer hard-coded into a master controller but is encapsulated within the
manufacturing resources (e.g., robots, grippers, or AGVs). This encapsulation al-
lows production modules to "know" their own functionalities and declare them to the
system, thereby replacing manual reprogramming with automated self-configuration
when the production line changes [54]. To enable this flexible orchestration, the in-
dustry has increasingly adopted skill-based control architecture which elevates the
abstraction level of control code by formalizing low-level machine operations into
standardized "skills" (grasp, weld, transport) that are semantically described and
vendor-neutral [55, 56].

Recent literature highlights that skill-based control functions as a dynamic inference
engine, instead of executing static IF-THEN rules, the system performs "capability
matchmaking." It compares the requirements of a product against the capabilities
of available resources, automatically identifying valid production paths without ex-
plicit human intervention [57, 58]. Crucially, the interoperability required for such
intelligent automation is now being standardized through the Asset Administration
Shell (AAS). Serving as information framework for the digital twin, the AAS acts as
a standardized container that wraps physical assets with their associated technical
data, behavioural models, and interaction rules [59, 60]. While Plug and Produce
and skill-based architectures significantly reduce manual engineering effort and im-
prove modularity, they largely assume that the relevant knowledge about system
capabilities, constraints, and operational logic can be predefined, formalized, and
encapsulated at design time. In practice, however, some production scenarios ex-
hibit variability that cannot be fully anticipated, such as unforeseen object configu-
rations, partial occlusions, human interventions, or evolving task goals. Under such
conditions, capability matchmaking and skill orchestration remain constrained by
the completeness and correctness of the underlying models and semantic descrip-
tions.

Although decentralizing knowledge into assets enhances reconfigurability, decision-
making is still predominantly rule-driven and reactive. These systems can select
among known skills but lack mechanisms to reason about novel situations, handle
ambiguous perception data, or adapt when available knowledge is incomplete or in-
consistent. This limitation becomes particularly evident in environments requiring
continuous interpretation of context and coordination among multiple subsystems.
These limitations motivate a shift from static knowledge representation toward dis-
tributed and deliberative decision-making mechanisms. Multi-agent systems provide
a natural extension by decomposing complex automation problems into interacting
agents responsible for perception, reasoning, planning, and execution. Such archi-
tectures support localized adaptation and coordination, enabling more robust re-
sponses to dynamic and uncertain conditions.
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2.3 Multi-Agent System

Multi-Agent Systems (MAS) are collections of autonomous entities, software pro-
cesses or robots that perceive, reason, and act in a shared environment [61]. Each
agent operates independently (controlling its own internal state and actions) and
makes decisions to achieve its goals. Crucially, no single agent has a global view
or control of the entire system. Instead, the overall behaviour emerges from local
interactions, communication, and coordination among agents [62]. In this thesis,
the agent takes up the adapted definition from Wooldridge and Jennings [63] as
a function/function within a system, that operates autonomously within its desig-
nated scope to achieve its assigned objectives and produce a desired result. Key
MAS properties include: autonomy, decentralization, communication and coopera-
tion, modularity and robustness.

These characteristics contrast with monolithic control architectures, where a single
controller would manage all functions. Instead, MAS decompose complex tasks into
interacting sub-problems [64]. Classic MAS models include reactive agents (take ob-
servation from environment and react/take action) and planning agents (advanced
decision making and reasoning) [65]. The Belief-Desire-Intention (BDI) model, in
particular, formalizes an agent’s mental state: its beliefs about the world, desires
(goals to achieve), and intentions (current commitments), which drive decision-
making [66, 67]. BDI agents provide a framework for rational planning under re-
source constraints, and have been influential in agent-oriented software.

More recently, MAS research has converged with advances in Al and learning-based
methods. Large Language Models (LLMs) have emerged as a new class of reasoning
components that can be embedded within agent architectures. Owing to their capac-
ity for natural language understanding, contextual reasoning, and plan generation,
LLMs can satisfy many of the criteria traditionally associated with intelligent agents
[68, 69]. In other words, an LLM can interpret its environment (via text prompts),
formulate plans, and generate outputs that pursue a goal, effectively acting as an au-
tonomous agent. Techniques like chain-of-thought prompting allow LLMs to break
down problems into sub-steps, mirroring symbolic reasoning [70]. These capabil-
ities enhance the autonomy of LLM-based agents as they can make intermediate
decisions, reflect on outcomes, and revise their approach without hard-coded in-
structions. Tools such as LangGraph, AutoGPT, and MetaGPT operationalize these
ideas by structuring LLMs into coordinated, multi-agent workflows, where special-
ized agents manage perception, planning, execution, and validation [71, 72]. Despite
their generative nature, such systems still rely on classical MAS principles, including
explicit role allocation, message passing, and internal state maintenance.

The theoretical richness of MAS makes it valuable in robotics and manufacturing as
a conceptual framework. Instead of modelling each robot or controller as an agent,
one can decompose the production tasks themselves into autonomous operational
agents. Each agent represents a specific operation or function within the produc-
tion system, equipped with local knowledge, goals, and the ability to act based on
observations from the environment. The manufacturing environment serves as a
shared world in which these operational agents interact. From this perspective,
MAS theory provides an epistemological lens as it describes how knowledge, decision
authority, and task responsibilities are distributed and exchanged among agents.
MAS frameworks including formal role and organization models specify how infor-
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mation flows, how operations are allocated, and how agents coordinate or negotiate
when objectives conflict or resources overlap [73]. This view aligns with recent works
demonstrating that MAS can support human-centric and flexible manufacturing by
enabling distributed decision-making and collaborative problem-solving [74, 75, 76].

MAS theory provides a principled foundation for managing distributed cognition and
interaction in unstructured environments that demand dynamic decision-making.
By abstracting operations and tasks as agents equipped with local knowledge and
goals, MAS offers a clear conceptual basis for understanding how coordinated and
adaptive behaviour can emerge. This perspective supports the use of MAS in man-
ufacturing as a structured way to organize, reason about, and execute complex and
evolving tasks in unstructured settings, as demonstrated in Paper VI.

2.4 Digital Twin

The concept of the Digital Twin (DT) has evolved from niche aerospace applications
to become a central pillar of Industry 4.0 and smart manufacturing. While the ter-
minology has gained massive popularity in recent years, the foundational idea dates
back to NASA’s Apollo program. During this era, NASA utilized "living models" (sim-
ulated replicas of spacecraft on Earth) to mirror the condition of assets in space.
These early precursors ingested telemetry data to simulate hardware behaviour and
diagnose failures that were physically inaccessible [77].

However, the formal conceptualization of the DT in the context of manufacturing and
product lifecycle management is credited to Michael Grieves [78]. In 2002, Grieves
introduced the concept as the "Mirrored Spaces Model," emphasizing the necessity
of bridging the physical and virtual worlds to improve design, operational efficiency,
and decision-making throughout a product’s life cycle [79]. Since then, the defini-
tion has expanded. In the modern landscape, a DT is broadly defined as a virtual
model of a physical object, process, or system that mirrors its real-world counterpart,
facilitating simulation, analysis, and control [80, 81].

Despite the widespread adoption of the term, there is a common misconception in
both academia and industry where any 3D model or simulation is erroneously la-
belled a "Digital Twin." This ambiguity necessitates a strict classification. A 3D CAD
model or a stand-alone simulation does not inherently constitute a DT. One main
differentiating factor is the flow of data. According to the classification by Kritzinger
et al. [82], digital representations should be categorized into three distinct levels
based on integration and data flow: the Digital Model, the Digital Shadow, and the
DT as shown in Figure 2.2.

1. Digital Model: A Digital Model is a digital representation of an existing or
planned physical object that lacks automated data exchange [83]. In this sce-
nario, the data flow between the physical and virtual states is manual or in-
sufficient. Any changes made to the physical object are not automatically
reflected in the model, and vice-versa, simulations performed on the model do
not automatically influence the physical object. This is typical of the design
phase, where CAD models are used for geometric representation but remain
static regarding the operational state of the physical asset.
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2. Digital Shadow: A Digital Shadow represents a more advanced level of inte-
gration between physical and digital domains. It is characterized by an auto-
mated, typically one-way data flow between the physical system and its digital
counterpart. Changes in the physical system are immediately reflected in the
digital representation or, in some implementations, digital updates may be
mirrored in the physical object. This structure is common in monitoring and
visualization systems, where sensor data from the factory floor is continuously
streamed into dashboards or analytic tools. Despite this real-time linkage, the
interaction remains fundamentally unidirectional as one side observes while
the other is observed. Although the digital model can analyse incoming data, it
cannot autonomously initiate actions or modifications in the physical system
without human intervention [82, 84].

3. Digital Twin: A “True” DT is defined by its fully integrated, bi-directional
data exchange between the physical system and its digital counterpart. In
this architecture, data flows automatically from the physical asset to the dig-
ital model and from the digital model back to the physical system. This bi-
directionality elevates the system from a passive monitoring tool to an active
control mechanism. The DT not only replicates the physical state in real time
but also performs simulations, predictions, and optimizations in which out-
puts are used to generate control commands for the physical equipment [82].
This closed-loop interaction enables advanced capabilities such as predictive
maintenance, autonomous reconfiguration, and real-time adaptation within
unstructured and rapidly changing environments [85, 86].

Digital Model Digital Shadow Digital Twin
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Figure 2.2: Overview of data flow for different digital concepts related to DT (adapted from
Kritzinger et al. [82]).

While bi-directional data flow defines the structural maturity of a DT, its functional
maturity is determined by its ability to act intelligently in dynamic and uncertain
environments. As Industry 4.0 transitions toward Industry 5.0 with its emphasis on
human-centricity, resilience, and adaptability, DTs must evolve from passive, expert-
operated analytical tools into active, intelligent components of the manufacturing
ecosystem. Hribernik et al. [18] propose that DTs must demonstrate three advanced
capabilities to fulfil this role: context-awareness, adaptivity, and autonomy.

Context-awareness refers to the DT’s capability to sense, interpret, and leverage
information about its operational situation. In modern manufacturing, “context”
extends far beyond geometric positioning to include system tasks, process goals, hu-
man presence, material states, and collaboration constraints [87]. A context-aware
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DT understands the semantic meaning of incoming data [88]. For example, instead
of merely logging an increase in temperature, it interprets this change within the
context of a sensitive assembly operation and recognizes the associated production
risks. This semantic grounding is essential for intelligent decision-making, ensuring
that the virtual model remains aligned with evolving real-world shop-floor conditions.

Adaptivity enables the DT not only to understand changing conditions but also
to respond to them. It is defined as the system’s ability to modify its behaviour,
parameters, or internal models in reaction to contextual shifts [18]. In unstruc-
tured environments particularly those involving human-robot collaboration, rigid or
pre-programmed logic rapidly becomes inadequate. An adaptive DT dynamically re-
configures its simulations or control strategies when confronted with unforeseen
variables, such as fluctuating sensor quality, irregular part placement, or devia-
tions from standard human workflows [89, 90]. This ensures that the DT remains
a reliable predictor and controller even when the physical system diverges from its
nominal assumptions.

Autonomy marks the shift from a supportive tool to an active decision-making agent.
An autonomous DT has the capability to pursue defined goals, individually or col-
laboratively without continual human oversight [18]. This transforms the DT from
a reactive display into a proactive orchestrator. For instance, upon detecting a pro-
duction bottleneck, an autonomous DT could re-route workflows, adjust robot task
allocations, or initiate system reconfiguration, notifying human operators only when
actions exceed its authority or safety boundaries.

2.5 Thesis Frame

This thesis is positioned at the intersection of KBE, DTs, and Al. Although these three
disciplines originate from distinct research traditions, the work presented across
the six papers demonstrates how they increasingly converge when addressing the
challenges of customized products, unstructured environments, and adaptive robotic
systems. Figure 2.3 illustrates how the individual papers contribute to these three
domains and how the research trajectory evolved over time.

The first phase of the thesis (Papers I-II) is grounded in KBE, where DA and
later design optimization were implemented using explicit engineering rules and
parametrized models. As the research moved beyond structured design environ-
ments, the focus shifted to Al-based methods (Paper III). Reinforcement Learning
was introduced to address decision-making in unstructured and dynamic produc-
tion settings, conditions under which classical KBE approaches became insufficient.

The next phase expanded into DT technologies introducing a Digital Shadow, en-
abling one-way synchronization with the physical system. Paper V advanced this
further by developing a full DT with two-way communication and embedding LLMs
for interpreting user instructions and supporting perception-driven adaptation. Fi-
nally, Paper VI reconnects with the principles of KBE, but now within a DT context.
Instead of relying solely on manually encoded rules, the knowledge base integrates
observations and Al-derived interpretations.

Together, these three disciplines frame the methodological progression of the thesis:
KBE provides structured knowledge, DTs provide synchronized virtual-physical rep-
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resentations, and Al contributes perception, and language-based reasoning. Their
convergence establishes the theoretical basis for the work.

7 N 7 Wr

Paperl Design automation
Paner i Design automation +
p design optimization
Paper Il Digital Model Reinforcement Learning
Paper IV Digital Shadow
PaperV Digital Twin Large Language Model
Database of knowledge o .
Paper VI and observation Digital Twin Large Language Model
\ AN VAN J

Figure 2.3: Papers positioned with respect to KBE, DT and Al

21






CHAPTER

Applications

This chapter provides an overview of the papers and research undertaken during
this PhD, highlighting their relevance and contribution to the aim of this thesis.

3.1 Paper I: Design Automation of Turbine Vane
Cooling Channels

Problem Context:

Paper I represents the earliest stage of the thesis and originates from a product-
development setting focused on gas turbine cooling technologies. The work targeted
the creation of an automation solution for designing and analysing turbine vane cool-
ing components, a domain that is highly structured but traditionally dependent on
extensive manual engineering judgment. The motivation was to formalize this ex-
pert knowledge into a repeatable workflow capable of generating cooling geometries,
preparing analysis models, and running simulations automatically, thereby reducing
manual intervention and ensuring traceability across design iterations.

Workflow Architecture:

Paper I presents an automated workflow capable of generating cooling channel de-
signs, producing meshes, executing structural simulations, and storing all related
data for future reuse. A central enabler of the workflow is the High-Level CAD
Template (HLCT), which captures morphological and topological variations through
parametrized templates enriched with logical rules and embedded design intent.
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3. APPLICATIONS

Built on a Knowledge-Based Engineering (KBE) foundation, this approach estab-
lishes the structural basis required for future Multidisciplinary Optimization (MDO).
At its core, the architecture links three major software tools: Siemens NX for CAD
automation, Hypermesh for mesh generation, and Abaqus for finite element analysis
through a shared database module and an inference script as shown in Figure 3.1.

Design variables, parameters, boundary conditions, constraints ...

User input

SIEMENS
NX

Database

Design automaton

HYPERMESH

Mesh automation

35 simuLia

ABAQUS

I—-{ Finite element analysis

o - ]
i1 Thermo-mechanical

fatigue simulation :
,,,,,,,,,,,,,,, imulation

' _' Life-cycle

|
L e d

H i evaluation !
L T rooTe

Figure 3.1: Overview of automation setup developed for design of turbine vane cooling channels.

To generate different cooling-channel configurations, HLCTs of turbine vane cooling
components are first created in Siemens NX. A custom Visual Basics for Applications
(VBA) automation script encodes the rules required to instantiate these HLCTs on the
turbine blade. During execution, the script prompts the user for key topological and
parametric inputs, which are then used to instantiate user-defined features and per-
form assembly operations. Although these parameters are specified at runtime, the
Design Automation (DA) process relies on predefined geometric rules and annota-
tions established in advance, as summarized in Table 3.1. Two-way communication
between NX and a third-party database is enabled through the NX Journal program-
ming feature, allowing scripts to run externally via BATCH execution and 'RunJour-
nal.exe’ application. Feature information, including types, names and unique IDs, is
automatically extracted and stored in a back-end Excel database, supporting reuse
in subsequent meshing and optimization steps. One of the generated CAD model
with different cooling components after DA process is shown in Figure 3.2.

The next phase consists of mesh automation in Hypermesh and structural simula-
tion in Abaqus. The resulting CAD file is imported into Hypermesh, where a fully
automated TCL script accesses the database to retrieve mesh specifications, bound-
ary conditions, and material properties. Once the model is imported, individual solid
bodies are united for ease of downstream process. The meshing workflow includes:
generating a volume tetrahedral mesh, assigning feature-dependent element sizes
(e.g., finer meshes around cooling pins and holes), and applying material and phys-
ical properties. Boundary conditions are assigned automatically through a process
that relies on the consistency of the geometric geometric annotations. The surface
area computed by the meshing script is compared against the surface area docu-
mented in the database by the automated CAD model. Once a match is confirmed,
the corresponding pressure or static load is automatically assigned to that surface.

24



3.1.

Paper I: Design Automation of Turbine Vane Cooling Channels
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Figure 3.2: Final result of DA of cooling channels on turbine vane.

Table 3.1: Geometric annotations required for different user-defined features during DA

User-Defined

Geometry Parameters

Annotations Required

Features
Number of channels Point definition on tip and
root chord
Wall width Plane definition for support
Passage
Channel Walls Two limiting bodies (suction

Wall spacing

side and pressure side)

Location of closing wall along
the chord at hub and tip

Rib Structures

Number of ribs

Curve definition along chord

Rib width Plane definition for support
Two limiting surface
Rib spacing definition (LE and TE inner

geometry face)

Location of rib as % of span

Impingement
Holes (LE and
TE)

Number of holes in LE and
TE

Line definition along LE

Hole diameter

Plane definition for support

Hole spacing

Two limiting bodies (LE and
TE inner geometry)

Location of hole as % LE and
TE length
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3. APPLICATIONS

Finally, the meshed model, with automatically assigned boundary conditions, is ex-
ported to the FEA solver. The simulation is executed through a batch script from the
solver’s native terminal. Upon completion, a Python script is used within the solver
to analyse the results, recording key performance indicators such as maximum von
Mises stress and deflection, which are then passed back to the back-end database
for visualization and potential use in the upcoming MDO process.

Contribution to the Thesis:

Although Paper I is situated within a controlled engineering environment, charac-
terized by stable part definitions and well-defined constraints, it provides a crucial
foundation for the overall thesis. The study demonstrates that when domain knowl-
edge is explicitly captured and structured, it becomes efficient to automatically gen-
erate design variants featuring both topological and morphological changes. While
the framework is sufficiently flexible to generate variants for the turbine vane stud-
ied, it remains sensitive to changes in annotations or modifications in modelling
standards. In such cases, the automation scripts must be updated to accommodate
new geometric annotations or design rules.

Another important insight from Paper I concerns the integration of software from dif-
ferent disciplines. The use of a central database to manage and store data from each
stage proved to be an efficient solution, enabling the various software components
to operate independently while remaining coordinated within a unified pipeline. This
approach to data handling would later be reused and extended in Paper VI, high-
lighting its relevance to the thesis trajectory.

Although the groundwork for multidisciplinary optimization was established, the
full optimization cycle was not completed in this study. However, Paper I lays the
methodological foundation for subsequent research, particularly Paper II. It demon-
strates how KBE can formalize domain knowledge, enable automated design genera-
tion, and facilitate cross-disciplinary workflows, setting the stage for more complex,
modular, and optimization-driven applications explored later in the thesis.

3.2 Paper II: Automation and Optimization of Fix-
ture Planning

Problem Context:

Paper II builds upon the DA and KBE principles established in Paper I, applying them
to a more modular and complex application: the design and optimization of fixtures
in the Body-in-White (BIW) industry. The primary goal is to reduce design cycle
time, minimize manual effort, and enhance the efficiency of fixture design through
the integration of KBE, DA, robotic simulation, and design optimization.
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Workflow Architecture:

The DA of modular fixture elements was executed in CATIA V5. Instead of using CA-
TIA’s built-in Visual Basic editor, the automation was accessed via Microsoft Excel,
utilizing VBA. This external interface facilitated the control flow, starting with the
automatic creation of product files and inserting the user-selected BIW model. The
control flow for the DA process is illustrated in Figure 3.3 (left), demonstrating how
the system converts user requirements into automated, configurable CAD models.
Fixture elements were designed as modular, reusable components and assembled
automatically. For instance, a single gripper/clamping unit consists of five distinct
components: clamp, L-block, actuator arm, cylinder, and riser. Pick-up/locator
units are simpler, featuring only a pin/locator and a riser, but share the same un-
derlying code structure.

A critical aspect of the pick-up unit automation was the creation of a secondary axis
system. While the primary axis was of the Euler type, the secondary axis was a Stan-
dard type, with its Z-axis aligned with the centre-line of a specific slot or hole in the
BIW. The automation script used a forward chaining interface to measure the mini-
mum distance between the Master Locating System input and all centre-lines in the
BIW. The centre-line resulting in a measured distance of zero was dynamically se-
lected as the reference for the secondary Z-axis. This rules-based approach ensured
the correct and automated placement of locators based on geometric features.

A key characteristic of fixture design in BIW is its tight coupling with robotic oper-
ations. 3DExperience, in conjunction with the VBA, was used as a simulation plat-
form for the spot-welding operation. The process leverages a Process, Product, and
Resource (PPR) Context to define the manufacturing environment, which includes
products (BIW parts), resources (robots, weld-guns, MFP, fixture), and operations
(assembly directives). The automation of the robot spot-welding simulation follows a
structured, four-step flow. First, a robot spot trajectory and a robot task is created,
and a loop automatically adds all predefined Spot Weld Positions (SWP) into a new
robot spot trajectory. Secondly, within the loop, the robot motion and spot-welding
operations for each SWP are created and attached as the robot path. Before the final
"Teach" task operation, the system checks for kinematic singularities by jogging the
robot and modifying joint values to avoid operational issues. Finally, the robot task
simulation is executed for visualization. Following the simulation, the "robot sweep",
the volume covered by the robot’s movement is extracted for use in the subsequent
optimization process.

Following the DA and robotic simulation, the methodology employs a design opti-
mization stage using modeFRONTIER to refine fixture layouts and parameters. The
primary challenge addressed during optimization is minimizing clashes between fix-
ture elements while ensuring efficient and safe manufacturing operations. The op-
timization setup is structured into two nested loops. The outer loop determined the
total number of flagged elements in the assembly and selected a specific clamping
unit’s Product ID to be sent to the inner loop. The inner loop using the SIMPLEX
algorithm focused on a single target (clamping unit), receiving the Product ID from
the outer loop along with two optimization variables: 'Angle’ (range 0° to 359°) and
"Clamp Length’ (range 100 to 200). An Excel interface was used to bridge modeFRON-
TIER and CATIA. With each iteration, VBA scripts performed a clash test between
the selected clamping unit and all other components, displaying the total number of
clashes and the intersection volume between the fixture elements and the extracted
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Figure 3.3: Illustration of the DA framework (left) and the corresponding automated spot-
welding simulation process (right).
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robot sweep volume. This clash information served as the key objective, allowing
the system to identify the optimal fixture configuration that minimizes interference,
particularly with the robot’s operational space.

The combined framework from DA to robotic automation to optimization demon-
strates the benefits of KBE in structured semi-static production scenarios (as shown
in Figure 3.4). By automating repetitive tasks, ensuring consistency in design, and
integrating multi-disciplinary workflows, the system reduces manual effort, improves
precision, and accelerates the fixture design process.

Contribution to the Thesis:

While highly effective within well-structured engineering domains, the KBE-driven
automation developed in Paper II remains limited in its adaptability to high variabil-
ity in dynamic conditions. Its reliance on predefined templates, fixed robot trajecto-
ries, and rule-based optimization restricts its applicability when major variations or
unforeseen task-level changes occur. If there is any topological change in the fixture
configuration, change in the operation sequence of the robot, or the trajectory the
robot takes while performing the spot welding operation, the optimization process
has to be redone. Moreover, the limitations identified in paper I regarding the error
prone nature of the rule-based approach with mismatched geometric annotations
are present in the results presented in Paper II as well.
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Robotic Spot-Weld
Automation

BIWB-Pillar 2

Design Optimization

Figure 3.4: The final output generated through the combined processes of DA, robotic simula-
tion, and optimization on BIW fixture assembly.

More fundamentally, classical KBE systems struggle in environments where tasks
shift frequently, new product variants emerge unpredictably, or contextual decisions
rely on tacit knowledge that is difficult to formalize. These constraints underscore a
key gap between traditional rule-based automation and the needs of modern flexible
manufacturing. Recognizing these limitations motivates the progression of the the-
sis toward adaptive, perception-driven, and learning-based automation approaches
explored in Papers III-VI, where sensing, reasoning, and environmental feedback
become central to managing variability and Human-Robot Interaction (HRI).

3.3 Paper III: Automation in Unstructured Pro-
duction Environment Using Reinforcement
Learning

Problem Context:

Publication III represents a turning point in the progression of this thesis. While
Papers I and II demonstrated the strengths of KBE and rule-driven optimization
in structured engineering environments, they also exposed a critical limitation such
methods presuppose, stability. Rule-based automation functions effectively when ge-
ometries, workflows, and constraints remain predictable, but it rapidly breaks down
when manufacturing environments become dynamic, when layouts shift, obstacles
appear unexpectedly, or human-robot interactions influence task execution. Even
minor deviations can require rewriting rules, reconfiguring templates, or rebuilding
automation logic.

Paper III explores reinforcement learning (RL) as an alternative approach capable
of overcoming this restriction. Instead of encoding task execution logic explicitly
through rules, constraints, or parametrized workflows, RL enables agents to learn
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task-relevant behaviours directly from environmental interactions. This shift re-
frames automation from a rule-driven paradigm to a data-driven, experience-driven
one. In this sense, Paper III can be viewed as “ahead of its time” in the overall
trajectory of the thesis, acting as a conceptual precursor to the final move toward
multi-agent systems and reasoning-capable agents discussed later in the disserta-
tion.

Application Cases:

To investigate the feasibility of RL for industrial tasks, Paper III introduces two proof-
of-concept applications implemented in a lightweight game engine (Unity):

1. A mobile robot performing path-finding in a dynamic workspace, and

2. A mannequin executing sheet-metal assembly operations using a combination
of RL and inverse kinematics (IK).

These two applications were intentionally selected to reflect challenges that rule-
based methods cannot easily handle: dynamic obstacles, non-deterministic se-
quences of actions, and tasks involving human-like motions or reasoning.

Figure 3.5: RL-driven path-finding for a mobile platform operating in a dynamic environment
(top), informed by ray-perception observations (bottom left), enabling autonomous pick-and-
place operations of sheet metal onto a fixture (bottom right).

The first application focuses on training an RL agent to navigate a mobile robot
through an unstructured environment. Unlike classical path-planning algorithms,
which require static maps or fixed graph structures, the RL agent learns its naviga-
tion strategy through trial-and-error interactions. As illustrated in Figure 3.5, the
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robot is placed on a mobile platform equipped with ray-perception sensors that serve
as observations, detecting obstacles, table boundaries, and potential collisions. Vec-
tor observations such as the distance between the robot and the fixture, the distance
to the pick-up object, and the velocity of the robot platform is used. Motion of the
robot platform was controlled using continuous force vectors. Since the movement
was restricted to a flat plane, a force vector of (X,0,7) was used, where X and Z
were continuous vector actions controlling the movement along the plane. During
training, the starting position of the robot and the table is randomized along with the
positioning of obstacles in the environment. This constant change ensures that the
environment remains stochastic and unpredictable. The task concludes when the
robot successfully approaches the table and performs the pick-and-place operation
with the onboard manipulator. RL agent learns navigation policies that generalize
across a wide distribution of scenarios without requiring a pre-labelled dataset or
predefined rules.

The second application focused on controlling the hand and torso of a humanoid
mannequin to perform a sheet metal assembly operation (pick a sheet metal and
place it on a fixture). This required implementing IK using Unity’s Fast IK Fabric
constraint to achieve human-like motion. Since Unity’s IK constraints cannot be
directly manipulated by physical forces, a dummy game object with a rigid body
component was created. This dummy object’s transform position and rotation were
linked to the mannequin’s palm, allowing the agent to control the motion of the
rigid body, which the mannequin’s hand then followed. The agent was intended to
perform three sequential operations in a single episode: reach the sheet metal target
and create a fixed joint (pick-up), move the hand and the attached sheet metal to the
drop-off location (on top of the fixture), and align the sheet metal accurately at the
drop-off location. The entire workflow is illustrated in Figure 3.6.

Figure 3.6: Stepwise operations of a trained mannequin performing a pick-and-place task:
detecting and approaching the object, grasping it, transporting it to the designated drop-off
area, positioning at the drop-off point, and finally releasing the object.

31



3. APPLICATIONS

Due to the mannequin’s multiple degrees of freedom and the challenge of camera-
based observation failing in non-line-of-sight scenarios, a set of five Ray-Perception
sensors was attached to the dummy game object. These sensors were configured with
specific radii, lengths, and offsets to detect objects within the mannequin’s arm’s
length. Tags were used to identify the sheet metal, fixture, and table separately. The
observations also included conditional vector data: the distance between the palm
and the sheet metal (recorded until pick-up), followed by the distance between the
sheet metal and the drop-off location. A Boolean value tracked the completion of the
pick-up operation. The actions were defined as discrete values (ranging from 1 to
6) corresponding to the six degrees of freedom. These discrete actions were used to
generate a force vector to apply a fixed velocity to the rigid body of the dummy object,
controlling the palm’s motion.

The Proximal Policy Optimization algorithm was selected for both environments. Due
to the mannequin environment’s higher number of observations and multiple se-
quential rewards, it required a higher buffer size to collect more complex experiences
before updating the policy. Consequently, the mannequin control training required
30 million iterations, significantly more than the 2.55 million steps used for the
mobile robot, which had a single primary objective.

Contribution to the Thesis:

Firstly, Paper III empirically reinforces the observation that conventional KBE and
rule-based DA excel only in stable, well-structured conditions as they cannot reli-
ably adapt when environmental boundaries shift. Second, it introduces RL as an
alternative automation paradigm in which agents learn behaviours autonomously
rather than relying on pre-structured knowledge bases. This transition from “au-
tomation by rules” to “automation by experience” marks an important conceptual
shift in how unstructured tasks are approached.

Finally, the work points toward a future in which multiple agents/robots, digital
humans, and sensors collaborate in dynamic environments, perceiving changes,
interpreting the scene, and acting without strict dependence on predefined work-
flows. These ideas directly influence the later chapters, where RL-inspired reasoning
is combined with multi-agent decision networks and real-time digital twin environ-
ments. In this sense, Paper III serves not only as an early prototype but as a con-
ceptual stepping stone toward adaptive, reasoning-oriented automation solutions
capable of handling the unpredictability of dynamic manufacturing contexts.

3.4 Paper IV: Digital Shadow for Adaptive Robot
Control

Problem Context:

Paper IV moves the thesis forward by shifting the focus from purely rule-based digital
modelling to the control of physical robot systems using simulation-driven adaptabil-
ity. Earlier papers highlighted the limitations of static KBE methods and showed how
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RL agents can learn behaviour in unstructured virtual environments. In contrast,
Paper IV tackles a different but equally important challenge: understanding how
physical behaviour can be captured in a virtual model and then used to guide adap-
tive decisions in real robotic systems. As a result, this work sits at a methodological
crossroads connecting automation logic, physics-based simulation, and the growing
role of digital twins (DTs) in unstructured production environments.

The paper performs an extensive background review on DT technologies, unstruc-
tured production environments, and the requirements for connecting virtual and
physical systems. A key insight from this review is that, in unstructured environ-
ments, adaptability depends not only on decision-making logic but also on the abil-
ity to replicate physical interactions (contact, force, collisions etc.) inside a digital
environment. Without such fidelity, the system cannot evaluate or react to the un-
certainties inherent in real production. This motivated the use of a physics-based
simulation engine (Isaac Sim) as the core representation of reality.

Architecture and Experimental Setup:

Based on these insights, Paper IV introduces a flexible and modular framework that
integrates NVIDIA Isaac Sim with ABB YuMi robot to form a digital shadow, a pre-
cursor to a fully realized DT. The target application is drawn from a hospital test
laboratory, where microscope slides must be stacked from a slide fixture to a slide
holder. The process involves fine manipulation of small objects with varying poses,
exactly the type of task that becomes difficult to handle when performed through
predefined rules or traditional offline programming. The full framework, shown in
Figure 3.7, is built around three interconnected modules: a simulation module con-
taining the physics-based virtual environment, a communication module using ROS
to exchange data between simulation and hardware, and a robot controller module
for YuMi.

The digital environment is built in Isaac Sim using CAD models converted to USD
(Universal Scene Description). To achieve the high precision required for handling
thin glass slides, the framework utilizes Signed-Distance-Fields (SDF) for collision
detection. Unlike standard bounding boxes, SDF meshes provide high-detail trian-
gular approximations for dynamic rigid bodies, allowing the simulation to accurately
calculate the interaction between the robot’s fingers and the slides. The robot itself is
imported via a Unified Robotics Description Format (URDF) file, which was manually
modified to include an extra link with a sphere mesh at the end-effector to facilitate
precise tracking.

The main enabler for the adaptive behaviour in this work is the decider network with
Isaac Cortex architecture as shown in Figure 3.8. This network acts as the 'brain’ of
the simulation, governed by Robust Logical Dynamic Systems (RLDS). The RLDS al-
gorithm employs a backward-chaining logic: it starts from the desired end-goal (e.g.,
"Drop the slide") and evaluates the current environmental conditions to determine
which prerequisite behaviour is currently ‘runnable’. The network is structured into
hierarchical nodes, beginning with the Dispatcher/Assembly Logic, which serves as
the central monitor for the assembly’s overall state. Based on this data, the Dis-
patcher determines whether the system should initiate a "Pick’ or 'Drop’ cycle. When
a pick cycle is triggered, the system shifts to the Pick Logic, which operates through
a series of prioritized internal nodes. Within this hierarchy, the 'Open Gripper’ node
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Figure 3.7: Overview of the digital shadow framework, integrating the simulation module (Om-
niverse), communication module (external computer), and robot controller (YuMi).

holds the highest priority to ensure the hardware is prepared for engagement, fol-
lowed by the 'Pick Slide’ node and finally the 'Reach to Slide’ node.

Assembly Logic
Gripper empty | Gripper has slide
Slide sorted Incorrectly sorted Sorted Incorrectly Sorted correctly
) Choose origin Choose drop-off
Choose next slide Go home orig rop
location location

Pick slide Drop the slide

Figure 3.8: Decider network responsible for determining robot actions based on environmental
observations, robot status and the operation status.

While the decider network handles the logic, the physical movement is generated
by a Riemannian Motion Policy (RMP). This is a collision-aware motion generation
algorithm that calculates the necessary joint actions for every frame of the simu-
lation. To ensure the robot does not collide with other objects in the environment
or itself, the framework uses a supplementary robot description file. This file maps
"collision spheres’ onto the robot’s kinematics. These spheres act as a protective en-
velope around the 7-DOF arms. The RMP engine continuously solves for the target
position while ensuring these spheres do not intersect with any other objects in the
environment, allowing the robot to navigate complex, cluttered spaces safely.
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During simulation, the joint positions and velocities calculated by the RMP are pub-
lished as ROS topics. A Python-based communication bridge subscribes to these top-
ics and serializes the data using Google Protocol Buffers. This data is then streamed
via UDP to the ABB controller’s Externally Guided Motion (EGM) module. By utiliz-
ing the EGM Position Guidance feature, the framework bypasses the robot’s native
path planner, allowing the physical arms to follow the simulated movements with
a latency of 10-20 ms. Since EGM cannot natively control YuMi’s smart grippers,
a secondary channel was developed using Robot Web Services (RWS). The system
monitors the gripper’s joint states within Isaac Sim. When the decider network
triggers a close/open gripper action, a signal is sent via a RESTful API call to the
controller. This modifies a Digital Input on the robot, which in turn triggers a RAPID
trap routine to actuate the physical gripper. To demonstrate dynamic behaviour, the
positions and orientations of both the slide fixture and the slide holder were varied
in simulation, along with changes to the required sorting sequence. The system suc-
cessfully sorted slides under all these variations, confirming the adaptive capability
of the digital model.

Contribution to the Thesis:

The primary contribution of this paper lies in establishing a foundational framework
for adaptive robotic automation in unstructured production environments, effectively
bridging the gap between traditional rule-based automation and a dynamic respon-
sive systems. By integrating NVIDIA Isaac Sim with the ABB YuMi robot, the study
demonstrates the potential to replicate physical behaviours in the digital domain,
simulate complex interactions, and enable dynamic decision-making through a de-
cider network. However, the absence of real-time perception of the scene and the in-
ability to monitor user actions limit this work to a digital shadow rather than a fully
realized DT. Without real-time perception and environment awareness, automation
remains confined to predefined scenarios, even when supported by physics-based
simulation platforms and adaptive decision-making. The study therefore clarifies
that digital shadows alone are insufficient unless coupled with robust perception,
reasoning and feedback mechanisms.

By making these limitations explicit, Paper IV plays a critical role in shaping the
trajectory of the thesis. Rather than presenting a complete solution, it functions as
an exploratory step that identifies essential requirements for adaptive automation in
unstructured settings, namely real-time perception, structured feedback loops, ro-
bust communication handling, easy HRI and scalable system architectures. These
insights directly motivate the subsequent integration of perception systems, knowl-
edge structuring, and higher-level reasoning mechanisms in later studies (Paper V
and VI). In this way, the paper contributes both by demonstrating the potential of
DT-based automation and by clarifying the limitations that must be addressed to
move towards a truly adaptive and reliable automation solution for robot control.
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3.5 Paper V: Digital Twin for Adaptive Robot Con-
trol

Problem Context:

Building on limitations identified in earlier work where adaptability existed only in
simulation and no real-world changes could be synchronized, this paper advances
the overarching vision of the thesis: to develop adaptive automation architectures ca-
pable of operating reliably in unstructured, variability-intensive environments with
minimal human intervention. Hence, this paper introduces two major components
essential for real-world adaptability: a real-time vision-based perception module and
a natural-language task interface powered by a locally deployed Large Language
Model (LLM). The study is motivated by a real-world case in a hospital laboratory,
where robots must interact with medical staff who lack robotics expertise. The task
of sorting microscope slides is repetitive and time-consuming, and its execution is
subject to frequent variations introduced by human operators. Such a setting exem-
plifies the central challenge of unstructured environments: tasks cannot be defined
exclusively through static, predefined rules, and continuous adaptation is required
as both the task description and physical state of the environment evolve.

Architecture and Experimental Setup:

The paper implements a camera-based perception module that captures the posi-
tions and orientations of objects in the physical workspace and updates the digital
model accordingly. The system uses an Intel RealSense D435i depth camera and
a custom computer vision algorithm to reconstruct the workspace in the DT. The
perception workflow follows a structured sequence that begins with Tray Detection,
where the initial RGB image undergoes preprocessing including greyscale conver-
sion, Gaussian blurring, and binary thresholding to identify tray boundaries. By
fitting a minimum area rectangle to these contours, the system extracts the four
corners to define a precise Region of Interest (ROI). Once the ROI is established, the
process moves to Slide Segmentation, utilizing colour segmentation within the HSV
colour space to identify slides based on predefined colour masks and calculate their
centroids for localization. This is followed by Spatial Mapping, where the system
calculates midpoints along the tray edges to accurately map each detected slide to
its specific segment. Finally, to ensure alignment, the algorithm detects two spe-
cific screws on the robot’s base to compute a direction vector between these fixed
points and the tray. This calculation determines the precise relative position and
angle, ensuring the virtual tray is correctly oriented for the robot’'s movements. All
captured data including tray orientation, slide count, positions, and colours is pub-
lished as a ROS node, which the Isaac Sim environment subscribes to for real-time
scene initialization.

Humans alter workflows through ad hoc decisions, shifting priorities, and inconsis-
tent execution patterns. By incorporating a speech interface supported by an LLM,
the system can interpret natural-language instructions directly from users and con-
vert them into actionable robotic tasks. Traditional offline programming approaches
rely on predefined rules, making them unsuitable for continuously changing envi-
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ronments. To address this Paper V incorporates a locally hosted LLM (Mistral 7B)
via the Ollama runtime, enabling intuitive Natural Language HRI through voice com-
mands. The speech-to-task pipeline begins with Speech Transcription, where user
input is captured and converted into text using the Google Speech Recognition API.
This text is then processed and embedded into a structured prompt designed to min-
imize hallucinations. The LLM is strictly instructed to output a specific format, such
as "Sorting; [colour, colour, ...]" as shown in Figure 3.9. To maintain system stability
and performance, the LLM is not executed asynchronously, which prevents it from
degrading simulation performance, frame rates, or physics calculations. Instead,
the process is triggered via a button-based interaction prior to the simulation start,
ensuring the task logic is fully defined before the robot begins moving. Finally, this
structured sorting sequence is passed to the decider network, which updates the
robot’s pick-and-drop logic to reflect the user’s specific preferences.

a Voice: hey start by grabbing the green sample first then move to the orange sample and finally
a pick up the pink sample

i

LLM Response: Sorting: green, orange, pink

Voice: pick all the green slides first then pick all pink slides and lastly pick all orange slides

il@

LLM Response: Sorting: green, pink, orange

Voice: can you grab the pink slide first and orange slide last before that green slide

by

LLM Response: Sorting: pink, green, orange

Figure 3.9: Illustration demonstrating the LLM’s core function: interpreting human verbal
inputs (natural language) and translating them into formal, actionable sorting instructions for
the simulation model.

The virtual environment in Isaac Sim serves as the synchronization point for all mod-
ules. Once the perception module aligns the virtual scene with the real-world setup
and the LLM provides the sorting sequence, the simulation is initialized. The frame-
work maintains the RLDS-based decider network and RMP based motion planning
used in Paper IV. The decider network uses the LLM-generated sequence to deter-
mine which slide to pick next, while the RMP ensures all movements are collision-free
relative to the detected tray position. The communication bridge remains consistent
with the previous study, utilizing EGM for high-frequency 7-DOF joint control and
RWS for gripper actuation. By integrating these modules, the framework achieves
a DT that "sees" through the perception module, "understands" through the LLM,
and "acts" through the physics-aware simulation and EGM control as illustrated in
Figure 3.10.
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Figure 3.10: Illustration of the picking sequence demonstrating the real-time synchronization
between the physical and digital environments with randomized positions, orientations, and
quantities of the microscope slides within the tray.

Contribution to the Thesis:

Although achieving only 60% success rate while validating the whole setup, the cur-
rent work extends the foundations of Paper IV by connecting the digital model to the
real world realising a DT. Despite the advancements demonstrated, several limita-
tions shaped the direction of subsequent studies in the thesis. One major challenge
was the susceptibility of the LLM to hallucinations, which introduced inconsistencies
in task interpretation and limited the system’s reliability. Additionally, running all
modules (simulation, perception, reasoning, and control) on a single machine created
performance bottlenecks that constrained scalability. These limitations highlighted
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the need for a more structured and distributed architecture. The paper VI builds
directly on these identified challenges, addressing them through a more modular,
knowledge-driven, and multi-agent DT architecture that advances the system toward
the goal of fully adaptive automation in unstructured production environments.

3.6 Paper VI: Digital Twin Enabled Adaptive Robot
Control Using Database and Multi-Agent Ap-
proach

Problem Context:

The work presented in this paper represents an important step in advancing the
overarching aim of the thesis, to develop automation strategies capable of handling
the variability, uncertainty, and complexity inherent in unstructured manufacturing
environments. Across the thesis, each preceding study gradually addressed different
limitations of traditional automation workflows, ranging from rule-based program-
ming and the absence of perception, to challenges in handling unstructured data
and unreliable reasoning. Paper VI extends this trajectory by transforming the ear-
lier DT and LLM-driven approach into a more modular, data-centric, and multi-agent
architecture.

While this paper builds on the same application explored in Papers IV and V, it also
introduces a second case involving the stacking of blocks of different shapes and
colours to illustrate the scalability of the proposed automation solution. Limitations
identified in Papers IV and V, particularly issues related to scalability, computational
load, and system latency, motivated a reorganization of the architecture. Another key
observation from earlier work, especially the exploration of LLM-based interaction,
was the persistent challenge of hallucination. Addressing this issue became central
to the development of a more structured and verifiable system.

Architecture and Experimental Setup:

Compared with the setup used in Paper IV (Fig. 3.7), the framework evolved signif-
icantly as the research progressed. The new architecture involved several resource-
intensive modules being offloaded to separate computers as shown in figure 3.11.
This reduced the burden on the simulation machine and enabled more stable real-
time operation.

A major advancement introduced in Paper VI is the integration of a structured
database that acts as a shared knowledge base for the entire system. This database
not only stores all information required for the automation to operate but also sep-
arates parameters, operational metadata, and interaction logs into dedicated tables.
Parameter tables contain all operation-specific variables generated automatically
during simulation, while still allowing user-defined modifications where necessary.
Interaction tables serve as the interface for the LLM agents, storing inputs, processed
outputs, and intermediate reasoning steps.
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Figure 3.11: Overview of the DT framework, integrating user interaction module (LLM agent,
perception and database), simulation module (Omniverse), communication module (external
computer), and robot controller (YuMi).

To address the lack of modularity, robustness, and scalability in earlier LLM and
object-detection components, Paper VI introduces a multi-agent architecture us-
ing LangGraph, structured around state- and node-based programming as shown
in figure 3.12. The resulting system allows flexible activation of perception mod-
ules depending on the task requirements, while simultaneously supporting natural-
language instructions from the user. The LLM agents interpret these instructions,
decompose them into executable tasks, generate a task plan compatible with the de-
cider network (figure 3.8) in the simulation, and retrieve relevant information from
the database to respond to user queries. Because all data from robot status to per-
ception outputs is stored in a structured manner, the LLM agents can reliably query
the database and provide accurate, context-aware feedback in natural language. By
grounding all information in a structured and query-able format, the system reduces
ambiguity and provides the LLM agents with a reliable source of truth.

In previous approaches, modifying operation parameters required embedding new
rules directly into the algorithms, which became increasingly unmanageable as com-
plexity grew. In the new setup, once the task planner creates a sequence of oper-
ations, users can adjust parameters of individual steps through natural-language
commands. For example, the direction of approach for picking a specific object can
be altered by having the LLM agent modify the corresponding entry in the parameter
tables. However, at this stage, the agents do not yet verify whether such modifi-
cations are feasible or safe to execute. Ensuring the validity of parameter changes
therefore still relies on the user.

Contribution to the Thesis:

The results of Paper VI demonstrate that while the proposed architecture represents
a marked improvement, it does not yet reach the level of robustness required for
industrial deployment. A success rate of around 75% shows clear progress com-
pared with earlier studies, but remains below the threshold expected in real-world
scenario. The identified bottlenecks such as agent-coordination overhead, SQL scal-
ability limitations, camera occlusions, and simulation-derived inaccuracies illustrate
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Figure 3.12: Stateful execution graph of the multi-agent LLM architecture (left), highlighting
its input-processing, reasoning, and output-processing layers, alongside the execution graph
of the multi-agent camera-vision system used across both applications (right).

that adaptive automation for unstructured environments remains an open research
challenge. Nonetheless, the work provides both an advanced architectural solution
and a clearer understanding of the gaps that must be addressed. In this sense,
Paper VI represents not the conclusion of the thesis, but an opening towards new
perspectives. It highlights that achieving highly adaptive automation requires more
than improved perception or stronger models, it requires an integrated ecosystem
that unites structured knowledge, perceptual intelligence, multi-agent reasoning,
and human-centric interaction. The findings point toward future research direc-
tions centred on enhancing agent coordination, improving real-time perception, and
incorporating safety-aware control mechanisms to support reliable deployment in
industrial settings.
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CHAPTER

Discussion

This chapter discusses the results and limitations of the work performed within
this thesis. It discusses the methodological approach taken, details the research
contributions, and concludes with potential future work based on the insights gained
throughout the studies.

4.1 Analysis of Results

The progression of studies presented in this thesis illustrates a gradual transition
from conventional automation techniques toward adaptive, simulation-driven, and
reasoning-enabled automation frameworks capable of supporting highly customized
and dynamically changing manufacturing environments. Across the papers, the re-
sults reveal both the technical viability of the proposed approaches and the con-
straints that shaped the evolution of the research, ultimately guiding the direction
toward adaptive Digital Twins (DTs) and perception-driven robotic systems.

4.1.1 Rule-Based Design and Production Automation

Work from Paper I and Paper II highlights the strengths and fragilities of traditional
Knowledge-Based Engineering (KBE), rule-based reasoning, and multidisciplinary
Design Automation (DA) in structured industrial contexts. Paper I demonstrated
that KBE frameworks can yield highly accurate, flexible and repeatable results for
complex design tasks, such as automating topology- and morphology-varying cool-
ing channel configurations, provided that geometric variability is moderate and the
relationships among design, meshing, and analysis are well-defined. However, the
automation setup in Paper I, while effective for creating topological and morpholog-
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ical cooling design variants, is rule-based and model-specific to the turbine vane
geometry. As explained in Section 3.1, the automation algorithm is parametrized
by the annotations and geometric properties of a particular turbine vane model.
Because the automation pipeline is tightly coupled to the specific annotations and
geometric parameters of the turbine vane, deploying the setup on a variant with
significantly different labelling or geometric characteristics leads to errors. Such de-
viations require extensive reconfiguration of predefined rules, annotated objects, and
conditions across the entire workflow. While the approach provides good return on
investment for optimization when applied to a single, consistently modelled turbine
vane, its dependence on rigid annotation structures makes adaptation to other vane
models labour-intensive and error-prone.

Paper II further highlighted the inherent dependency between DA and production
automation when rule-based logic is used to configure robotic operations and fixture
design. In Paper II the optimization works effectively for a model with a fixed robot
trajectory and operation sequence. However, if either of these production parameters
is varied, the entire optimization process must be performed again. Similarly, any
topological changes in the fixture design configuration also necessitate a complete re-
optimization. This strong reliance on the rule-based approach restricts the solution’s
flexibility when variability increases, whether due to a change in the product design,
annotations or a change in the production process. Such restrictions underscore
the need for automation solutions that offer flexibility in decision-making and are
not constrained solely by predefined rules.

4.1.2 Learning-Based Adaptation with Reinforcement
Learning

Insights from Paper I and II established the need for more adaptive and learning-
based methods, leading to the exploration of Reinforcement Learning (RL) imple-
mented within a physics-based game engine. The experience- and learning-driven
approach of RL was applied to the fixture assembly task (from Paper II), training an
agent (mannequin) to assemble a sheet metal part. By training the agent across a
varying design space, the resulting agent could make assembly decisions based on
environmental observations to achieve its goal. Unlike rule-based systems requiring
modification of rules or a complete re-run of optimization, the trained RL agent ex-
hibited adaptability when the environment changed. For reasonable changes (e.g.,
a new layout or geometric change in fixture), the agent could be retrained to incor-
porate the new experience, offering greater flexibility. However, the agent’s perfor-
mance decreased as environmental variability increased substantially. The agent’s
behaviour, driven by a reward system, was also susceptible to exploitation. For in-
stance, negative rewards for collision between mannequin and fixture caused the
agent to keep its arms stationary or distant to avoid punishment, often failing to
pursue the primary assembly goal. Such unpredictable nature of this approach
make it unreliable in scenarios requiring high degrees of control, safety, and de-
terminism. While pure RL has limitations, the experience-based decision-making
capability could be valuable when applied to a small and modular level with layers if
validated to ensure robustness. Most importantly, the use of the physics-based sim-
ulation engine to replicate real-world physical behaviour showed promising quality,
giving insights and direction for the subsequent research.
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4.1.3 Simulation-Driven Automation and Need for Closed-
Loop Digital Twins

The initial exploration using Unity for industrial simulations proved insufficient for
achieving the necessary fidelity in robot operations, largely because Unity is opti-
mized for game development rather than high-precision robotic control. Neverthe-
less, Paper III demonstrated the value of using a physics-based simulation engine to
replicate real-world behaviour and validate automation concepts rapidly. Building
on this insight, Papers IV-VI transitioned to NVIDIA Isaac Sim, a platform explicitly
designed for robotics, enabling higher realism and tighter integration with industrial
workflows. Paper IV developed a simulation-driven adaptive framework incorporating
a decider network that allowed the simulated robot to perform the microscope-slide
sorting task adaptively within the virtual environment. However, the system oper-
ated solely within the simulation, lacking closed-loop integration with the physical
world. As a result, changes in the physical environment such as repositioning of
slide fixture were not reflected in the simulation, leading the robot to act on old state
information. This limitation highlighted a critical requirement: an adaptive system
must continuously gather real-world data, synchronize it with the digital environ-
ment, and react accordingly to maintain robust operation under variability.

Additionally, the setup could only be operated by users with substantial program-
ming and simulation expertise. Minor adjustments, such as modifying a gripper
orientation, required editing the underlying decider-network code. This not only
restricted usability but also hindered scalability and operator autonomy. The re-
sulting insight was that any practical automation solution must provide an intuitive
interface that allows non-expert users to modify operational parameters without in-
teracting with the underlying algorithms. These limitations and insights from Paper
IV directly shaped the objectives of Paper V, motivating the integration of perception
modules and natural-language-based interaction to move toward a fully closed-loop
DT capable of adaptive behaviour both in simulation and in the physical environ-
ment.

4.1.4 Perception and Reasoning Challenges in Early Adap-
tive Digital Twin

The limitations identified in Paper IV shaped the objectives for Paper V, particularly
the need to integrate a perception system capable of capturing real-world information
and reflecting those changes within the digital environment. In parallel, a reasoning
module was required to interpret user instructions and translate them into inputs
for the decider network developed earlier. While this implementation allowed the
system to see the environment and understand user intent, it also introduced new
challenges. The most significant was the tendency of the integrated Large Language
Model (LLM) model to hallucinate. Because the LLM had only restricted access to in-
formation, often limited to code blocks rather than structured data, it was unable to
validate user inputs against ground-truth observations. As a result, incorrect or mis-
leading user instructions often went unverified, producing unreliable or inconsistent
outputs.
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The perception system, based on contour-based object detection, showed similar
constraints. It's rule-based nature meant that it worked well only when objects
matched predefined characteristics. Variations caused by occlusion, poor lighting,
or the introduction of unfamiliar objects led to detection failures, breaking the link
between the physical and digital environments. These issues reflect a broader lim-
itation that both the LLM and the perception system relied heavily on rigid, case
specific rules, which limited adaptability and scalability. Applying such solution to
a new task would require rewriting prompts, perception algorithms, and validation
logic. Although this setup enabled an early realization of a DT capable of closed-loop
operation, the overall reliability remained insufficient, achieving only a 60% suc-
cess rate in validation studies, highlighting the need for more robust, scalable, and
data-driven approaches in subsequent work.

4.1.5 Structured Knowledge-Base and Multi-Agents as Mit-
igation Strategies

Implementing a structured database to manage perception and simulation data in
Paper VI significantly reduced hallucinations in the LLM module. By limiting the
LLM’s access to clean, structured data and parametrized information rather than
entire code blocks, the model’s reasoning became more consistent and the decision-
making process more transparent. To further address the lack of validation observed
in Paper V, Paper VI introduced a LangGraph-based multi-agent setup. In this setup,
dedicated agents generate information, verify it against the database, and ensure
that responses to the user remain reliable and grounded in the system’s actual state.
The node- and state-based programming architecture enabled a dynamic, non-linear
workflow, allowing the system to iteratively refine queries, re-run searches, or correct
inconsistencies, a capability that rigid, rule-based systems from earlier papers could
not support. Because the control flow is shaped by the LLM agent’s reasoning, the
architecture is inherently better at handling uncertainty and adapting to unexpected
user inputs. For example, if a user requests a sorting order involving an object that
is not present, the LLM verifies this against the database, identifies the mismatch,
and returns a clear corrective response.

A similar programming architecture guides the perception module introduced in Pa-
per VI. The modular architecture makes it easier to extend the system to new ap-
plications by adding new detection modules without rewriting the entire pipeline.
However, perception challenges remain. The static, top-down camera position intro-
duces recurring occlusion issues during robot motion, limiting the system’s ability
to maintain an accurate real-time representation of the scene. Future improvements
may involve repositioning the camera or using additional viewpoints to minimize oc-
clusion and achieve more reliable perception in dynamic or cluttered environments.

4.1.6 Insights on Adaptive Automation Solutions

Reflecting on the approaches used in Paper I and II, it becomes clear that the rule-
based automation developed in those early studies could be significantly strength-
ened by the reasoning-driven principles demonstrated in Paper VI. For example, in
Paper I the automation pipeline requires more investment when a new turbine vane
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model is introduced as rule-based systems struggle when confronted with situations
that fall outside their encoded constraints. A reasoning-enabled model could serve
as a complementary component that enhances error handling within the automation
workflow. For example, when a new turbine vane model is introduced, potentially
with different annotation schemes or geometric labelling, the reasoning model could
actively search for the required geometric features based on contextual understand-
ing rather than only relying on predefined annotation names. By interpreting the
CAD model’s structure relative to the task requirements, it could identify missing or
mismatched features, communicate these issues to the user in a constructive and
transparent manner, or even autonomously adjust annotations to satisfy the input
requirements of the automation algorithm. Such capabilities would reduce the need
to manually modify the automation architecture for each new variant. The architec-
ture introduced in Paper VI shows how combining structured rules with contextual
reasoning enables automation systems to manage variability more effectively and
respond to conditions that were not explicitly anticipated in advance.

Across the thesis, a broader insight emerges regarding the foundational elements
required for a true adaptive automation in manufacturing. As Isaac Asimov said
[91], a robot needs more than sensing, it also requires memory and understanding.
The framework developed in the paper VI embodies these three capabilities in an
industrial context. The vision system provides perceptual awareness of an uncertain
changing environment, the structured database serves as the system’s memory, and
the integration of LLM-based reasoning introduces an early form of machine “under-
standing,” enabling the system to interpret user intent, contextualize environmental
data, and take dynamic decisions. Together, these components represent a shift
toward more adaptive automation pipelines and context-aware systems capable of
operating effectively in unstructured environments.

4.2 Method Discussion

As described through the industrial use cases in Chapter 3, the close collaboration
with industry partners provided not only context but also evolving requirements that
consistently guided the research direction. Owing to this dynamic and problem ori-
ented nature of the work, the research approach aligns strongly with the principles
of Action Research (AR), where iterative cycles of problem identification, solution
development, evaluation, and refinement are central.

The methodological backbone of the thesis is rooted in Design Research Methodology
(DRM). Although DRM originates primarily from the domain of design research, its
structured approach to problem analysis, solution synthesis, and evaluation proved
equally applicable to the broader scope of this thesis. In the early stages focusing
heavily on DA and design optimization, the application of DRM was naturally justi-
fied. As the research gradually transitioned toward production focused challenges,
other methodological frameworks such as industry-as-laboratory [92] or system-
oriented problem-solving models [17] could also have been suitable. Yet the interde-
pendence between design and production challenges presented in this thesis made
the adoption of a single narrowly defined methodology inappropriate. Instead, DRM
provided the required structure, transparency, and validity across diverse phases of
the research while still allowing the flexibility needed for iterative, exploratory devel-
opment.
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The AR mindset played a critical operational role in the overarching DRM structure.
Each application explored in the thesis involved formulating hypotheses based on
observed challenges, implementing solutions, and refining those solutions based on
iterative testing and outcomes. The adjustments made throughout the research were
often responsive, emerging from practical constraints, system behaviour, validations
or insights gained during implementation. This iterative, ad hoc evolution of hy-
potheses and solutions is characteristic of AR and aligns closely with the practical
problem-solving orientation of the work.

4.3 Ethical Reflections

The research presented in this thesis goes beyond purely technical development and
inevitably touches on broader ethical questions about how adaptive automation sys-
tems should behave, how they should be used, and how they may affect people
working alongside them. As robots become more capable of perceiving their environ-
ment, reasoning about tasks, and acting with increasing autonomy, the focus can
no longer remain solely on performance or efficiency. Instead, it becomes equally
important to reflect on safety, responsibility, transparency, and the evolving role of
humans within automated systems.

One of the most immediate ethical considerations concerns safety in human-robot
interaction. Automation solution developed in Paper IV-VI rely on external con-
trollers and simulation-based DTs which bypasses some of the safety mechanisms
embedded in industrial robot controllers, such as certified collision detection or mo-
tion constraints. From an ethical standpoint, this raises questions regarding accept-
able risk, particularly in collaborative or semi-collaborative settings. While the re-
search is conducted in controlled experimental environments, it highlights the need
for future solutions to embed safety assurance as a first-class design constraint
rather than a post hoc addition.

Another important ethical dimension relates to transparency and interpretability of
decision-making. The introduction of LLMs and learning-based components into
robotic control pipelines shifts automation from fully deterministic behaviour to-
ward probabilistic and data-driven reasoning. This shift can obscure why a system
takes a particular action, making it more difficult for human operators to anticipate,
understand, or challenge system behaviour. The thesis partially addresses this con-
cern through modular and agent-based architectures, which improve traceability by
separating perception, reasoning, and execution. However, the ethical implication
remains that adaptive automation systems must be designed in a way that preserves
human oversight and allows operators to question system decisions. Without such
transparency, trust in Human-Robot Collaboration (HRC) may decrease in safety-
critical or high-responsibility contexts.

A further ethical consideration concerns the potential impact of adaptive automation
on employment and the nature of human work. While automation is often associated
with job displacement, the research presented in this thesis is not aimed at eliminat-
ing human roles but at addressing situations where traditional automation fails due
to high variability, incomplete information, or frequent human intervention. In such
contexts, adaptive automation is positioned as a means to support and augment hu-
man workers rather than replace them, by reducing repetitive, error-prone, or cog-
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nitively demanding tasks and enabling humans to focus on supervision, decision-
making, and exception handling. From this perspective, the ethical responsibility
lies not in maximizing autonomy, but in designing systems that preserve meaningful
human involvement and facilitate skill transformation rather than workforce substi-
tution. The thesis aligns with this perspective by emphasizing human-in-the-loop
supervision and human-centric interaction, rather than fully autonomous operation
without oversight.

4.4 Research Contributions

Drawing on the analyses presented in Papers I, III, and IV, the research provides
a systematic synthesis of an otherwise fragmented body of work on adaptive au-
tomation. Rather than offering a conventional literature review, the thesis formalizes
a central limitation of prevailing DA approaches: while rule-based and parameter-
driven systems are effective in well-structured settings, they become brittle when
design assumptions, product configurations, or operating conditions change. By
showing how rigid knowledge representations in upstream design activities constrain
flexibility in downstream production systems, the work reframes design and produc-
tion as a coupled, adaptive loop rather than as isolated stages in an automation
pipeline.

Building on this conceptual grounding, the thesis introduces a methodological shift
through the integration of KBE, DT, and LLM as presented in Paper VI. This hy-
brid approach moves beyond deterministic programming by combining the explicit
structure of KBE with the contextual reasoning capabilities of LLMs and the dynamic
synchronization offered by DTs. In doing so, the research demonstrates how com-
plex industrial tasks can be formalized and executed under real-world constraints,
even when those tasks involve uncertainty, variability, or incomplete specifications.
This methodological contribution establishes a foundation for learning-enabled de-
sign and execution, enabling automation solutions to handle situations that are dif-
ficult or infeasible to capture using traditional rule-based logic alone.

These ideas are operationalized through a series of proof-of-concept implementations
that demonstrate adaptive robotic behaviour within simulation-driven environments.
The thesis shows how real-time camera-based perception, structured data manage-
ment, and LLM-driven reasoning can be orchestrated into a unified system capable
of interpreting evolving requirements and making situated decisions. While robotics
serves as the primary application domain, the contribution extends beyond robot
control by illustrating how adaptive reasoning can compensate for rigid assumptions
embedded earlier in the design process. In this sense, the robotic case studies func-
tion as a concrete test-bed for evaluating how design decisions propagate through,
and can be mitigated within, adaptive production systems.

In parallel, the thesis makes an open-science contribution by releasing the developed
tools, workflows, and architectures as open-source resources. This includes simula-
tion scenes, agent definitions, perception modules, reasoning pipelines, and DT or-
chestration frameworks. By doing so, the work addresses reproducibility challenges
and provides a shared experimental baseline that other researchers can build upon,
extend, or critically evaluate. These contributions offer a forward-looking perspec-
tive on the role of reasoning-capable systems in industrial automation. By examining
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both the opportunities and the limitations of integrating language-based intelligence
into engineering workflows, the thesis expands the theoretical horizon of adaptive
automation research.

4.5 Future Work

The research presented across papers collectively highlight that the integration of
physics-based simulation, vision-based perception, structured data management,
and LLM-driven reasoning can provide a promising foundation for achieving real-
time adaptability, context awareness, and autonomous decision-making. Building
on these findings, several avenues for future research emerge.

A primary direction for future work concerns enhancing the reliability and accuracy
of LLM-based agents. Although early results show clear promise in using agentic
workflows for interpreting user commands and reasoning over structured data, their
performance remains constrained by prompt dependency and domain-specific sensi-
tivity. Future work will therefore investigate systematic prompt modelling, domain-
adaptive fine-tuning, and evaluation pipelines to minimize hallucination, improve
interpretability, and ensure stable agent behaviour during different manufacturing
operations. Strengthening these reasoning components is essential for developing
trustworthy HRC interfaces that maintain consistency across tasks and applications.

In parallel, advancing the perception capabilities of the system represents another
key direction. While the current approach relies on contour-based object detection
with a static camera setup, this method remains sensitive to occlusions, lighting dis-
turbances, and workspace constraints. Future developments will therefore explore
more robust vision strategies, particularly 6D object detection and pose estimation,
enabling richer geometric understanding and more reliable real-world perception.
Transitioning to such methods is expected to significantly strengthen the fidelity of
the DT and improve the consistency of perception-action loops in dynamic environ-
ments.

An equally important direction for future work is to extend the developed reasoning-,
perception-, and memory-based methodology to DA and optimization tasks. Ap-
plying this approach to design-centric problems similar to those addressed in Pa-
pers I and II would enable a direct evaluation of its effectiveness in domains that
have traditionally relied on rigid, rule-based workflows. In particular, the recur-
ring limitations observed in earlier studies provide a clear baseline against which
the proposed methodology can be assessed. Recasting these DA pipelines within
a reasoning-enabled framework would allow the system to interpret design intent,
adapt to geometric variation, and manage incomplete or inconsistent input informa-
tion more robustly. Such investigations would not only validate the transferability of
the proposed approach beyond production automation but also clarify its potential to
reduce modelling effort, improve scalability, and increase robustness in early-stage
engineering design processes.

Expanding the system to address a broader set of industrial applications will be a
critical step. By deploying the developed framework on new case studies, involving
different product characteristics, task constraints, and environmental uncertainties
will help further validate the modularity and transferability of the solution. Such
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extensions will naturally enrich the shared database with new robot operations, per-
ception templates, and semantic structures, thereby increasing its generality and
reusability.

Ultimately, the long-term trajectory of this research is directed toward developing
a self-adapting system capable of perceiving real-world conditions, understanding
the context of those conditions, reasoning over multimodal data, and taking safe
and effective actions with minimal human intervention. Achieving this vision re-
quires the seamless integration of reliable perception, robust reasoning capability,
structured data handling, and safe control policies. Such a system should enable
humans to transition from operators to supervisors, overseeing processes while the
system dynamically manages variability, learns from new conditions, and ensures
safe operation within unstructured industrial environments.
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CHAPTER

Conclusion

This final chapter addresses the research question mentioned in introduction by syn-
thesizing the findings and limitations identified throughout the thesis. By integrat-
ing design and production perspectives, it reflects on the challenges of implementing
adaptive automation in unstructured environments and the strategies developed to
mitigate them.

R@. What are the limitations associated with implementing adaptive
automation techniques in unstructured environments, and how can
these challenges be mitigated?

In design automation, adaptability is primarily driven by rising product customiza-
tion, where changes in geometry, parameters, or annotations frequently invalidate
rigid rule-based workflows. In production, adaptability is challenged not only by up-
stream design variability but also by dynamic shop-floor conditions, human inter-
action, and shifting operational objectives. Across both domains, the work demon-
strates that legacy rule-based automation struggles when faced with variability, as it
relies on fixed assumptions that are difficult to maintain in practice.

Achieving adaptability in both design and production depends on three fundamental
capabilities: perception, memory, and understanding. Perception enables the system
to observe its environment, whether by interpreting geometric features in design
models or by sensing objects and states in physical production settings. Memory
refers to the structured storage of relevant information, such as design parameters,
task constraints, environmental states, and user inputs, in a form that supports
reuse and validation.

The most critical limitation identified across the papers is the lack of
understanding/context-awareness. In conventional automation, understanding is
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5. CONCLUSION

approximated through predefined rules, conditions, and sequences. Although this
approach yields reliable performance in well-defined scenarios, it is not flexible when
inputs deviate from what was anticipated during system design. This limitation
becomes evident in both design automation, where small changes in geometry or
annotations can break automated pipelines, and in production automation, where
unstructured environments demand contextual interpretation and flexible decision-
making.

The mitigation explored in this thesis lies in designing perception and memory with
reasoning-enabled mechanisms, particularly through the use of digital twins, struc-
tured data representations, and language-based reasoning models. These elements
allow automation systems to interpret context, validate information, and adapt be-
haviour beyond static rule sets. At the same time, the research highlights that such
approaches introduce new challenges related to reliability, grounding, and system
integration. As a result, adaptive automation should not be viewed as a fully solved
problem, but as an evolving capability that requires careful architectural design and
continued research.

A central contribution of this thesis is the demonstration that adaptive automation
does not arise from any single technology, but from the deliberate way in which
heterogeneous technologies are combined and structured. The papers show how
state-of-the-art methods drawn from different domains can be integrated alongside
legacy engineering tools and automation setups to extend their adaptive capabilities
rather than replace them. The thesis shows that such integration must be archi-
tected as a closed-loop system in which exchange of information is seamless and
continuous, with the specific realization shaped by application requirements.
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