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1. [bookmark: _Toc242022177]Introduction										
Discrete Event Simulation (DES) models a process as a sequence of events that change the state of a system over time. It is widely used in manufacturing, where variability and resource interactions influence performance. Briceño et al. (2025) note that DES enables data-driven examination of complex operations and supports testing improvements through controlled experimentation. The Festo I4.0 CP Laboratory is used as the case study, as its sequential processing, variability and shared resources make it well suited to DES modelling.
1.1 [bookmark: _Toc242022178]Aims and Objectives										
This study develops a current-state simulation model of the CP Lab in Rockwell Arena, analysed using the Theory of Constraints and lean waste-elimination principles. The model quantifies value-adding and non-value-adding time and identifies bottlenecks through key performance indicators (KPIs) such as throughput, utilisation and queue formation. Improvement scenarios are then evaluated to recommend changes that make the process leaner and more efficient.












2. [bookmark: _Toc242022179]Literature Review

[bookmark: _Toc242022180]2.1 Discrete Event Simulation in Manufacturing					
DES is effective where traditional analytical or spreadsheet calculations cannot capture the variability and interactions of real production systems. Chinnathai and Alkan (2023) argue that simulation lets manufacturers test what-if scenarios before committing physical resources, though they note its value depends heavily on the accuracy of the input data. This is especially relevant in Industry 4.0 settings, where modular lines and shared resources create interactions that are difficult to analyse through observation alone. Rockwell Arena provides a visual, module-based environment that represents these interactions explicitly while supporting statistical analysis across replications.
[bookmark: _Toc242022181]2.2 Lean Manufacturing & Waste Elimination (TIM WOODS)			
Lean manufacturing originated from the Toyota Production System, which aimed to reduce cost through the systematic elimination of waste (Sunmola et al., 2024). The TIMWOODS acronym categorises the eight wastes of lean, which are transport, inventory, motion, waiting, overproduction, over-processing, defects and underutilised skills (Sharma and Khatri, 2021). Although TIMWOODS is widely applied, it remains a largely qualitative framework. Its value in this study comes from combining it with DES, which quantifies time-based wastes such as waiting and excess inventory that are difficult to measure objectively.
[bookmark: _Toc242022182]2.3 Theory of Constraints										
The Theory of Constraints (TOC) proposes that every system is limited by its single weakest element, and that improving other parts has no effect until that constraint is addressed (Sproull, 2019). Once resolved, the bottleneck shifts elsewhere, requiring the cycle to be repeated. A limitation of TOC is that it identifies the constraint but not how much it limits the system. DES addresses this by revealing which resource limits throughput and predicting where the bottleneck moves after intervention.
[bookmark: _Toc242022183]2.4 Key Performance Indicators in Production Systems				
Effective analysis depends on KPIs that capture different aspects of system behaviour (Law, 2015). Utilisation reveals whether resources are overburdened or underused, queue lengths expose accumulation, throughput measures output rate, and the value-added ratio compares productive time against total time in system. Relying on any single metric can mislead, as high utilisation may mask excessive queuing, so a balanced set is required. This aligns with ISO 9001, which requires organisations to monitor and improve processes through defined indicators (Özkan, 2021).




















[bookmark: _Toc242022184]3. Process Selection & Case Study Description

[bookmark: _Toc242022185]3.1 System Description										
The Festo I4.0 CP Lab is a seven-station modular production line. Parts enter from a robot assembly cell and pass through optical inspection, drilling, cap dispensing, hydraulic pressing, label printing and output handling (Table 1). The drilling station follows a 60/40 product mix, with 60% of parts receiving two holes and 40% receiving four. A single operator handles both the dispensing refill, triggered every 10 cycles, and the output removal, triggered every four cycles. Each station is connected by constant transfer delays that move parts along the line.
[bookmark: _Toc242022186]3.2 Data Collection & Assumptions						
Process and part creation times are triangular distributions (TRIA) defined by minimum, average and maximum values and transfer times are constant delays. Key assumptions:
•  One operator is shared between dispensing refill and output removal tasks.
•  No equipment breakdowns or unplanned downtime are modelled.
•  No defect or reject routing is modelled.
•  Each process is classified as value-adding or non-value-adding based on whether it directly transforms the product (Table 1), with this classification used to calculate the value-added ratio in Section 6.
[image: ][bookmark: _Toc242018707][bookmark: _Toc242018757][bookmark: _Toc242018837][bookmark: _Toc242022211]Table 1: CP Lab process time data

3. [bookmark: _Toc242018655][bookmark: _Toc242018688][bookmark: _Toc242018909][bookmark: _Toc242018939][bookmark: _Toc242022187]
4. [bookmark: _Toc242022188]Current State Model Development

[bookmark: _Toc242022189]4.1 Model Overview											
The current-state model was built in Rockwell Arena, organised into six labelled modules mirroring the physical layout (Appendix A). Parts enter from the robot assembly cell, created with a TRIA(15,18,21)s inter-arrival time, and flow through the seven stations to disposal.
[bookmark: _Toc242022190]4.2 Entities, Resources & Logic								
The model uses a single entity type to represent the component, with seven resources (camera, drill, dispenser, press, printer, output machine and operator) each set to a capacity of one. The operator is shared between the refill and removal tasks to create realistic contention. Within the model, a two-way by-chance Decide splits the 60/40 drilling mix, while countdown counters trigger the refill every ten cycles and the removal every four. Hold modules regulate the flow into the drilling and output stations, nine Process modules apply the Table 1 timings through Seize-Delay-Release logic, and five Delay modules represent the transfers between stations.
[bookmark: _Toc242022191]4.3 Verification & Validation									
The model underwent both verification and validation to confirm its accuracy. Verification confirmed it was built correctly, with every module parameter checked against the case study and the counter logic and variable initialisation (Num of Caps = 10, Number of Parts = 4) shown to trigger the refill and removal as intended. Validation then confirmed it represented the real system, as parts arrived at the expected rate of roughly 200 per hour, matching the 18-second inter-arrival time, and the drill saturated with a queue forming just as it would in practice. Running each configuration for ten replications ensured the results reflected a reliable average rather than a single run.




5. [bookmark: _Toc242022192]Simulation Analysis and Results
Three configurations were simulated (10 replications each, 8-hour shift), applying the Theory of Constraints to explain how the bottleneck moves as each change is made. Models 2 and 3 use the same model layout as the current state, with only the drill capacity and cap hopper settings changed. Their full output summaries are given in Appendix B.
[bookmark: _Toc242022193]5.1 Current State. Model 1 (1 Drill, 1 Operator)					
Model 1 represents the current state, in which the drill is identified as the primary bottleneck, operating at 99.96% utilisation (Table 2). As the drill runs almost continuously, it is unable to keep pace with the 18-second arrival rate, resulting in a continually increasing queue of parts awaiting processing. The results show that of the 1,601 parts entering the system, only 1,191 are completed (148.9 parts/hr), leaving approximately 410 accumulated as work in progress, with an average WIP of 208 and a value-added ratio of just 1.04%. These results are consistent with queuing theory, which holds that utilisation approaching 100% leads to progressively lengthening queues (Law, 2015).
[image: ][bookmark: _Toc242018708][bookmark: _Toc242018758][bookmark: _Toc242018838][bookmark: _Toc242022212]Table 2: Model 1 KPI’s (10 replications)










[bookmark: _Toc242022194]5.2 Improvement Scenario 1. Model 2 (2 Drills, 1 Operator)			
Adding a second drill relieved the original constraint, reducing drill utilisation to 66.66% (Table 3). Contrary to expectation, overall throughput fell to 1,057 parts (132.1 parts/hr), a lower output than the current state. As drilling now processed parts more quickly, a greater volume was passed to the operator, whose utilisation rose to 90.94% and thereby became the new bottleneck. This shift is reflected in an increased average WIP of 276 and a longer time in system of 83 minutes. This outcome reflects the shifting-bottleneck behaviour described by Chen et al. (2021), where relieving one constraint causes the limiting resource to move elsewhere in the system. Addressing the drill in isolation therefore worsened overall performance, as the constraint simply transferred to the operator.[bookmark: _Toc242018709][bookmark: _Toc242018759][bookmark: _Toc242018839][bookmark: _Toc242022213]Table 3: Model 2 KPI’s (10 replications)
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[bookmark: _Toc242022195]5.3 Improvement Scenario 2. Model 3 (2 Drills, 20 Caps)			
Model 3 took a different approach, doubling the cap hopper from 10 to 20 instead of adding a costly second operator. This halved the refill frequency and freed operator capacity. This single low-cost change relieved the operator (90.94% to 69.28%) and transformed performance (Table 4). Throughput rose to 1,590 parts (198.8 parts/hr), the highest of all scenarios. Time in system collapsed from 83 minutes to 3.3 minutes, WIP fell from 276 to 11, and the value-added ratio leapt from under 1% to 20%.
[image: ][bookmark: _Toc242018710][bookmark: _Toc242018760][bookmark: _Toc242018840][bookmark: _Toc242022214]Table 4: Model 3 Kpi’s (10 replications)









[bookmark: _Toc242022196]5.4 Comparative Analysis									
The comparison in Table 5 highlights how the system constraint shifted across the three models. Model 1 identified the drill as the constraint, after which Model 2 relieved it but exposed the operator and reduced overall throughput. Model 3 then resolved the operator constraint through a low-cost hopper change rather than additional labour. This progression of identifying, elevating and re-evaluating each constraint in turn demonstrates the value of DES as a tool for testing improvements before committing resources, and shows that the cheapest intervention ultimately delivered the best result.
[bookmark: _Toc242018711][bookmark: _Toc242018761][bookmark: _Toc242018841][bookmark: _Toc242022215]Table 5: Comparative KPI summary across three models
[image: ]












6. [bookmark: _Toc242022197]Waste Identification and Value Analysis

[bookmark: _Toc242022198]6.1 Waste Identification Using TIM WOODS Framework

To identify the waste present in the current state, the eight lean wastes defined by the TIMWOODS framework were systematically mapped against the evidence produced by the simulation (Table 6). This structured approach ensures that all categories of waste are considered rather than only the most visible.[bookmark: _Toc242018712][bookmark: _Toc242018762][bookmark: _Toc242018842][bookmark: _Toc242022216]Table 6: TIMWOODS Waste analysis with DES evidence

[image: ]
Of the eight wastes, four are directly quantifiable from the simulation. Waiting is the most severe, as in Model 1 entities wait around 61 minutes against only 39 seconds of value-adding processing, while inventory is similarly extreme, with average WIP of 208 and roughly 410 parts trapped in the system. Transport, at around 39s per part across five transfers, is systemic and unavoidable without physical redesign. The remaining wastes are only partially measurable, reflecting a limitation of DES. It captures time-based and flow-based wastes well but is less suited to human-related effects. This is because standard DES tools tend to represent operators in the same way as machines, overlooking the influence of human factors (Abubakar and Wang, 2019). Overall, waiting and inventory dominate, both driven by the drilling bottleneck.
[bookmark: _Toc242022199]6.2 Value Analysis											
Value is added only when the product is physically transformed (Womack and Jones, 2003), namely during drilling, dispensing and pressing, which together give a weighted value-adding time of around 39.3s per part. In Model 1 this produces a VA ratio of just 1.04%, meaning around 99% of the time is non-value-adding and predominantly spent queuing. Model 3 cuts time in system from 63 minutes to 3.3 minutes, raising the VA ratio to 20.01%, a twenty-fold gain achieved through a low-cost hopper change rather than capital investment. The transfer delays, by contrast, remain necessary but non-value-adding, and would require a physical layout change to reduce further.


















[bookmark: _Toc242022200]7. Lean Evaluation & Improvement Opportunities

[bookmark: _Toc242022201]7.1 Improvement Recommendations							
Based on the simulation results, improvements are ranked in Table 7 following the Theory of Constraints focusing process. Although the brief does not require improvements to be modelled, three scenarios were simulated to enable data-driven judgements on their impact and provide stronger, evidence-based support for the recommendations. The second drill removes the original bottleneck, while the cap hopper capacity increase which is the recommended solution, resolves the operator constraint it exposes at minimal cost. Further low-cost options are listed for future evaluation.
[bookmark: _Toc242018713][bookmark: _Toc242018763][bookmark: _Toc242018843][bookmark: _Toc242022217]Table 7: Ranked improvement recommendations
[image: ]

[bookmark: _Toc242022202]7.2 Cost-Benefit Analysis										
The recommended improvement, doubling the cap hopper from 10 to 20, carries only a minor one-off cost for a larger magazine, with no ongoing labour expense. By contrast, a second operator would cost an estimated £35,250 per year (Indeed, 2026). The hopper change alone raised throughput from 1,191 to 1,590 parts per shift (+34%) while cutting WIP from 208 to 11 and time in system from 63 to 3.3 minutes.
This demonstrates a core lean principle, that correctly identifying the true constraint allowed it to be resolved through a process change rather than costly additional labour. The second drill remains necessary to relieve the original drilling bottleneck. The operator constraint it exposed, however, was best addressed by reducing refill frequency, the cheapest intervention delivering the greatest improvement.
[bookmark: _Toc242022203]7.3 Further Improvements & Limitations

The study is subject to several limitations that should be noted when interpreting the results. Equipment breakdowns, quality rejects and shift changes were not modelled, so the findings represent best-case operating conditions rather than everyday performance. Future work could therefore model the remaining improvement options and incorporate random equipment failures and repair times to make the model more realistic (Leoni et al., 2023).

















[bookmark: _Toc242022204]8. Conclusions											
This study used DES to model and improve the Festo CP Lab. Model 1 identified the drill as the primary bottleneck at 99.96% utilisation, with only 1,191 of 1,601 parts completing a shift. Applying the Theory of Constraints, a second drill was added in Model 2, which relieved the drill but exposed the operator as the new constraint at 90.94% and so reduced overall throughput. Model 3 then resolved this by doubling the cap hopper, a low-cost change that raised throughput to 1,590 parts (+34%), cut time in system from 63 to 3.3 minutes and improved the value-added ratio from 1% to 20%. Across all three models, the TIMWOODS analysis consistently identified waiting and inventory as the dominant wastes. These results reinforce the view that integrating lean principles with the Theory of Constraints supports more effective, targeted improvement (Gauss et al., 2026). Overall, the study shows that DES provides the quantitative evidence needed to pinpoint the true constraint and guide the most cost-effective improvement rather than simply adding resources.
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[bookmark: _Toc242022206]10. Appendices

10.1 [bookmark: _Toc241364820][bookmark: _Toc242022207]Appendix A - Arena Model Screenshots
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10.2 [bookmark: _Toc242022208]Appendix B1 - Model 1 (Current State: 1 drill, 1 operator)
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10.3 [bookmark: _Toc242022209]Appendix B2 - Model 2 (2 drills, 1 operator)
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[bookmark: _Toc242022210][image: ]10.4 Appendix B3 - Model 3 (2 drills, cap hopper 2
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Step Process Function Min (s) |Average (s) [Max (s) | Value or Non-Value Adding Legend
1 _|Parts in from Robot Assembly 15 18 21 Entity creation Part Creation Time
2 |Automated Optical Inspection 2 24 34 NVA Process Times
Camera to Drilling (transfer) 8.2 NVA Movement Times
3a_|Drilling (2 Holes) - 60% 16 18 20 VA
3b_|Drilling (4 Holes) -40% 30 33 36 VA
Drill to Dispensing (transfer) 73 NVA
4a_|Top Cap Dispensing 27 3 35 VA
4b_|Refill every 10x cycles) 110 120 135 NVA
Dispensingto Press (transfer) 73 NVA
5 |Hydraulic Press 117 12.3 12.9 VA
Press to Label (transfer) 8.2 NVA
6 |LabelPrinting 6.2 7 87 NVA
Label to Output (transfer) 8.2 NVA
7a_|OutputStation 36 4.1 5.1 NVA
7b_|Remove Parts (every 4 cycles) 20 26 32 NVA





