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Abstract
This project proposes the development and validation of a discrete event simulation (DES)‑based lightweight digital twin for a collaborative robotic handling cell in the UWTSD robotics laboratory. The digital twin is designed to provide a process‑oriented, computationally efficient representation of the cell, focusing on event flows, resource interactions and key performance indicators rather than high‑fidelity geometric modelling. The research adopts an experimental, simulation‑based case study approach: the physical cell is first analysed to identify its main processes and performance measures, a DES model is then built in the Aliquis environment, and an OPC UA‑based data exchange architecture is implemented to couple the model with selected real system variables. The twin will be verified and validated through structured comparisons between simulated and measured throughput, cycle times and utilisation under defined demand and scheduling scenarios, followed by scenario analyses and basic optimisation studies. Expected outcomes include a validated lightweight digital twin that can support data‑driven decision‑making at the cell level, a demonstrable methodology for integrating DES and OPC UA in a laboratory setting, and an accessible reference implementation relevant to SMEs and educational institutions that cannot deploy full‑scale, high‑fidelity digital twins.
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[bookmark: _Toc229510246]1. Introduction
[bookmark: _Toc229510247]1.1 Background and Context
Digital twin technology has become a key concept in modern industrial manufacturing, establishing a virtual representation of physical assets, systems, and processes that is continuously updated by real-world data. Digital twins replicate the behaviour and condition of equipment and production lines. This allows engineers to monitor performance, conduct virtual tests, and assess design or operational modifications without interrupting actual production. This skill facilitates a transition from reactive to predictive and data-informed decision-making throughout the product and system lifecycle(Rasheed, San and Kvamsdal, 2020).
In the context of Industry 4.0, digital twins are widely recognised by engineers as an essential catalyst for the incorporation of cyber-physical systems, industrial IoT, and advanced analytics in intelligent manufacturing environments. Manufacturers increasingly depend on simulation and virtual models to manage escalating system complexity, fluctuating demand, and the imperative to enhance productivity while minimising costs and time-to-market (Schutz, et al., 2025). Discrete event simulation (DES) simulates a system as a series of time-stamped events that alter its state. It is extensively employed to study and manage manufacturing systems due to its ability to capture queue behaviour, resource utilisation, and throughput across many scenarios.
Collaborative robotic cells have grown into an important element of flexible, automated manufacturing, particularly for handling and assembly operations where robots share workspace with human operators. Nonetheless, several current digital twin implementations for these systems are excessively intricate and resource-intensive, making them impractical for small and medium-sized organisations (SMEs) or laboratory-scale settings where resources and development time are constrained(Guerra-Zubiaga et al., 2025). A lightweight digital twin utilising discrete event simulation (DES) presents a viable alternative, emphasising process logic, event flows, and key performance indicators instead of complete geometric accuracy, thereby facilitating a more attainable pathway to digital twin capabilities for the collaborative robotic handling cell in the UWTSD robotics laboratory.


[bookmark: _Toc229510248]1.2 Aim and Research Objectives
The main goal of this research is to develop and validate a discrete event simulation (DES)‑based lightweight digital twin of a collaborative robotic handling cell in the UWTSD robotics laboratory and to assess its capability to represent system behaviour and support performance improvement decisions.
To achieve this aim, the study will pursue the following objectives:
1. Analyse the existing collaborative robotic handling cell, identifying key processes, resources and performance indicators that are relevant for a DES‑based digital twin model.
2. Develop a representative DES model of the handling cell in the "Aliquis" simulation environment, capturing process logic, resource interactions, and key timing relationships.
3. Establish data exchange between the physical cell and the DES model (e.g., via OPC UA or equivalent interfaces) to implement a lightweight digital twin with bidirectional information flow.
4. Validate the digital twin by comparing simulated outputs with measured system performance under a set of defined operating scenarios.
5. Use the validated twin to conduct scenario testing and basic optimisation studies (e.g., demand patterns, scheduling rules, and robot path strategies) and compare results with those obtained using conventional optimisation or stand‑alone simulation methods.
6. Critically evaluate the benefits, limitations, and potential extensions of DES‑based lightweight digital twins for collaborative robotic cells, particularly in SME and educational contexts.


[bookmark: _Toc229510249]2. Industrial and Academic Relevance
Digital twin technology is acknowledged as a significant foundation of smart manufacturing and an essential software element of Industry 4.0, combining cyber-physical systems, industrial IoT, and advanced analytics to establish highly interconnected, data-driven production ecosystems. In this context, collaborative robotic handling cells are an important building block of flexible automation, particularly in sectors such as automotive and general mechanical engineering, where safe human‑robot interaction and rapid reconfiguration are increasingly required(Gallala et al., 2022). Figure 1 illustrates the progression of Industry 4.0, marking the integration of the Industrial Internet of Things (IIoT) into the timeline of the industrial revolution.
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[bookmark: _Ref229502590][bookmark: _Toc229510261]Figure 1. Progression of the industrial revolution(Fuller et al., 2020).
Many industrial digital twin implementations are complex and resource-heavy, creating challenges for SMEs and educational labs without substantial infrastructure. A lightweight, discrete event simulation-based digital twin simplifies this by focusing on event flows, process logic, and key performance indicators rather than detailed geometry. This reduction in modeling effort and computational needs enables significant analysis of throughput, utilization, and scheduling policies. For industrial stakeholders, a validated lightweight twin of a collaborative robotic cell allows testing of demand scenarios and scheduling rules without disrupting operations, which is particularly advantageous for SMEs seeking to minimize automation risks(Guerra-Zubiaga et al., 2025).

[bookmark: _Toc229510250]3. Literature Review
[bookmark: _Toc229510251]3.1 Digital Twin Concepts in Manufacturing
Digital twin (DT) technology is acknowledged as a fundamental contributor of smart manufacturing, offering a virtual image of a physical asset, process, or system that is intricately linked to its real-world equivalent through data. Unlike conventional offline models, a digital twin sustains a persistent link with the physical object, facilitating continuous synchronisation of states and behaviours, thus enabling real-time monitoring, simulation, and optimisation of manufacturing processes. Recent evaluations highlight that digital twins empower manufacturers to transcend limitations of time, location, and cost by easing research and experimentation in the digital realm instead of directly on the physical systems(Li, Lei and Mao, 2022). Figure 2 shows the use of Digital twin in aeronautical industries.
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[bookmark: _Ref229501544][bookmark: _Ref229501533][bookmark: _Toc229510262]Figure 2. Diagram showing the relationship between digital twin models and the jet engine fan blade manufacturing entity(Soori, Arezoo and Dastres, 2023).



The published work typically characterises a digital twin through three core elements: the physical entity, its virtual model and the bidirectional data exchange that links them. Systematic reviews of DT research identify common features such as high-fidelity virtual modelling, lifecycle integration, real‑time or near‑real‑time data synchronisation, and feedback mechanisms that allow decisions generated in the virtual space to be applied back to the physical system. These studies also highlight the close relationship between DTs and cyber‑physical systems, with DTs often seen as a key layer that fuses sensor data, computational models and control logic within Industry 4.0 architectures(Liu et al., 2023).
Within manufacturing, digital twins have been applied to a wide range of tasks, including machine and line monitoring, predictive maintenance, process optimisation, production scheduling and quality management. A case study of DT modelling analysis on power-plant-performance optimizations shows that DT‑enabled systems can improve operational efficiency, reduce downtime, enhance decision‑making and support green performance evaluation by enabling detailed analysis of energy and resource use(Xu et al., 2019). At the same time, several reviews note persistent challenges related to implementation cost, data integration, interoperability and standardisation, which motivate research into more modular and lightweight DT approaches that can be adopted by a broader range of industrial and educational users(Soori, Arezoo and Dastres, 2023).

[bookmark: _Toc229510252]3.2 Lightweight Digital Twins and Their Characteristics
The concept of a lightweight digital twin has emerged in response to the computational and integration challenges associated with high‑fidelity, full‑scale digital twin implementations in manufacturing. While conventional digital twins often rely on detailed geometric models and multi‑physics simulations, lightweight approaches deliberately simplify aspects of the physical system, focusing instead on reduced‑order models, essential process logic and key performance indicators that are most relevant for decision‑making. Such twins aim to preserve sufficient behavioural accuracy for monitoring and optimisation tasks while significantly lowering computational cost, data requirements and implementation complexity(Villegas, Macchi and Polenghi, 2025).
Recent work in machining and process industries shows that reduced‑order models and surrogate models can be used to construct “lightweight” or “executable” digital twins that run in real time or near real time, often at the network edge, by compressing the behaviour of complex simulations into compact mathematical representations. Flexible and modular edge‑oriented digital twin architectures further support this trend by decomposing twin functionality into smaller, interoperable components that can be deployed close to the physical assets, improving responsiveness and scalability while limiting infrastructure demands. In these architectures, lightweight twins frequently target specific subsystems or cell‑level processes, rather than entire plants, which makes them particularly suitable for small and medium‑sized enterprises and laboratory environments(Zhang et al., 2021).

[bookmark: _Toc229510253]3.3 Discrete Event Simulation for Production Systems
Discrete event simulation (DES) models the operation of a system as a sequence of discrete events in time. In this case each event occurs at a specific instant and triggers a change in the system state. Between events, the system is assumed to remain unchanged, which allows simulation time to “jump” from one event to the next and makes DES particularly efficient for systems characterised by queueing, resource contention and intermittent activities, such as production and logistics processes. In a manufacturing context, DES typically represents entities, resources, queues and control logic, enabling detailed analysis of throughput, lead time, work‑in‑process inventories and resource utilisation under different configurations and operating policies(Ivanov, 2024).
Extensive industrial studies show that DES is one of the most widely used and effective methods for designing and improving discrete-part manufacturing systems. It allows engineers to evaluate alternative layouts, capacity allocations, scheduling rules and buffer policies in a risk‑free virtual environment, thereby supporting data‑driven decision‑making and reducing the need for costly physical trials. Recent work at the interface between DES and digital twin technology further highlights how validated DES models can be progressively integrated with live data and connectivity to transition from traditional “offline” studies toward continuously updated, predictive and prescriptive decision‑support tools. In this project, DES provides the core modelling framework for representing the collaborative robotic handling cell, capturing its event‑driven behaviour and performance metrics in a form that can be linked to laboratory data and extended into a lightweight digital twin(Wooley, Bitencourt and Silva, 2025).
[bookmark: _Toc229510254]3.4 Identified Gaps and Justification for the Proposed Study
Recent reviews show a rapid increase in digital twin research within smart manufacturing, focusing on concepts and frameworks but lacking detailed case studies for real-world application, especially for lightweight digital twins. Authors note persistent challenges in integrating physical and virtual systems, managing data, ensuring standardisation, and developing scalable solutions. These issues are especially critical for small and medium-sized enterprises (SMEs), which encounter various barriers to adopting advanced digital twin technologies.
Current studies often use advanced 3D models and integrated industrial platforms, which can be hard to replicate in resource-limited settings and may not meet the needs of SMEs or educational labs. The literature highlights the necessity for clearer methodologies and reference implementations that connect discrete event simulation models with live data streams, facilitating a transition from traditional offline simulations to complete digital twin systems.
This project directly targets these gaps by developing and validating a discrete event simulation‑based lightweight digital twin of a collaborative robotic handling cell in a university laboratory environment. By focusing on process-orientated modelling, reduced complexity and cost-effective data exchange (e.g., via OPC UA), the study aims to provide an accessible, reproducible example of digital twin implementation that is particularly relevant for SMEs and educational institutions.



[bookmark: _Toc229510255]4. Proposed Methodology
[bookmark: _Toc229510256]4.1 Research Design and Overall Approach
The research utilises an experimental, simulation-based case study design focused on a collaborative robotic handling cell in the UWTSD robotics laboratory. It employs discrete event simulation (DES) as the main modelling framework, incorporating real system data to create a lightweight digital twin. This approach facilitates the controlled investigation of system behaviour under various operating scenarios without interfering with the physical setup, enabling systematic comparisons between simulated and actual performance. Figure 3 shows the robotic cell inside UWTSD laboratory. The project will be based on this robotic collaborative cell.
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[bookmark: _Ref229506996][bookmark: _Toc229510263]Figure 3. Robotic cell selected for the project. A collaborative robotic cell consist of multiple robots.
The study will proceed in a series of iterative stages. First, the physical handling cell will be analysed to identify its key processes, resources, control logic and performance indicators, supported by time studies and data logging where appropriate. On this basis, a representative DES model will be developed in the Aliquis simulation environment to capture the essential process‑driven behaviour of the system, including task sequences, queue structures and resource interactions. The model will initially be parameterised and validated using offline data and then progressively coupled to the physical cell through a data exchange mechanism (e.g., OPC UA) to form a lightweight digital twin with bidirectional information flow. Figure 4 shows the interface of the Aliquis software, which will be used to create the lightweight digital twin model.
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[bookmark: _Ref229507183][bookmark: _Toc229510264]Figure 4. Interface of Aliquis Software.
Once behavioural agreement between physical and virtual systems is established, the validated twin will facilitate structured scenario analyses, including variations in demand, scheduling, and robot paths. Results will undergo statistical analysis and be compared to baseline performances and conventional optimization outcomes. The research design focuses on an iterative cycle, using insights from validation and scenario tests to refine the model and implement small-scale changes in the laboratory, ensuring both rigorous evaluation and practical relevance for industrial and educational stakeholders.


[bookmark: _Toc229510257]4.2 Data Exchange Architecture 
The transition from a stand‑alone DES model to a functioning lightweight digital twin requires establishing a data exchange architecture that links the virtual model to the physical collaborative robotic handling cell. In this project, an OPC UA‑based communication layer is proposed as the primary mechanism for integrating real‑time or periodically updated shop‑floor data with the Aliquis simulation environment.
Within the proposed architecture, the physical cell will expose selected variables—such as robot state, cycle completion events, buffer levels and relevant sensor signals—via an OPC UA server associated with the robot controller or a laboratory gateway. The DES model in Aliquis will act as an OPC UA client, subscribing to these data points to update its internal state and, where appropriate, logging them for parameter estimation and validation. Conversely, configuration parameters or scenario descriptors can be passed from the simulation to the laboratory control layer in a controlled manner to support hardware‑in‑the‑loop‑style experiments while ensuring that safety constraints for collaborative operation are maintained(Caiza and Sanz, 2024).
[bookmark: _Toc229510258]4.3 Validation Strategy 
Validation of the proposed discrete event simulation‑based lightweight digital twin will follow established verification and validation practices for simulation models, with a focus on ensuring that the model provides an adequate representation of the collaborative robotic handling cell for the intended decision-making purposes. The comparison between traditional simulation and the lightweight digital twin will be made. Verification activities will include structured debugging, code walkthroughs and consistency checks on event logic, routing and performance indicators to ensure that the simulated dynamics are internally coherent and free from implementation errors.


[bookmark: _Toc229510259]5. Project Planning and Timescales
	Jun 7, 2026
	Project proposal

	Jun 18, 2026
	Develop a representative DES model of the system

	July 2, 2026
	Validate the model

	July 16, 2026
	Establish communication between the model and physical hardware

	July 30, 2026
	Develop a series of simulated demand cases to test scheduling and robot path efficiency optimization

	Aug 13, 2026
	Collect results

	Aug 27, 2026
	Perform statistical analysis

	Sep 10, 2026
	Compare it with conventional optimization methods



[bookmark: _Toc229510260]6. Expected Outcomes and Evaluation
The primary expected outcome of the project is a validated discrete event simulation‑based lightweight digital twin of the UWTSD collaborative robotic handling cell that credibly reproduces key aspects of its operational behaviour under a range of demand and scheduling scenarios. The twin is anticipated to support quantitative analysis of throughput, cycle times and resource utilisation, enabling systematic comparison of alternative control strategies without disrupting physical operations. In line with reported benefits of digital twins in manufacturing, it is expected that the twin will demonstrate potential for improving operational efficiency and supporting data‑driven decision‑making at cell level.
A further outcome is the demonstration that a process‑oriented, DES‑based lightweight twin—implemented with limited computational resources and relying on a focused set of OPC UA‑exposed variables can provide practically useful insights for SMEs and educational laboratories that may not be able to deploy full‑scale high‑fidelity twins. The project is also expected to yield a structured methodology and documented case study that can be used for teaching Industry 4.0 concepts, digital twin implementation and simulation‑based analysis within the MSc Mechanical Engineering programme. 
Evaluation will be based on: 
(i) The degree of agreement between simulated and measured performance metrics, assessed through statistical comparisons.
(ii) The extent to which scenario analyses reveal plausible improvement opportunities or trade‑offs
(iii) A critical reflection on limitations, including modelling assumptions, data quality and integration constraints, benchmarked against challenges and open issues identified in recent digital twin literature.
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