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[bookmark: _Toc210669698]Introduction
Manufacturing organisations face increasing pressure to improve productivity, reduce costs, and maintain quality in competitive markets. Discrete Event Simulation is a valuable tool in this context, as it models systems as a sequence of time based events and enables analysis of performance without disrupting real operations (Babulak & Wang, 2010). DES is particularly suited to manufacturing, where operations are triggered by events such as machine cycles or operator input. The Arena software was used to capture to DES for this assignment.
In the Industry 4.0, simulation supports the development of smart factories by enabling the study of complex material and information flows, digital twins, and cyber-physical systems (FESTO Didactic, 2020). The FESTO CP Lab, a modular and automated production system, provides a practical case study for this approach, incorporating both automated processes and operator dependent tasks.
This study applies DES to the CP Lab to identify inefficiencies, analyse performance, and propose improvements. By combining Lean’s focus on waste elimination (Womack & Jones, 1997) with Six Sigma’s emphasis on reducing variation (George & George, 2003; De Mast & Lokkerbol, 2012), this report demonstrates how simulation can be integrated with continuous improvement methods to optimise manufacturing performance.











[bookmark: _Toc210669699]Process Selection
The FESTO Cyber-Physical (CP) Lab was chosen for this study because it provides a realistic example of a modern automated manufacturing system. It contains a series of connected stations that perform operations such as drilling, pressing, dispensing, and labelling, like what would be found in a real production line. Each station works independently but is connected through sensors and control systems, which makes it well suited for Discrete Event Simulation (FESTO Didactic, 2020).
This process was selected because it is comparable to real industrial environments such as those used in component assembly where both automation and operator input are important. The CP Lab includes both automated stations and a single operator who carries out manual tasks like refilling the cap dispenser and removing completed parts. This setup reflects real factory conditions, where small human actions can have a large impact on overall system performance. Studying this balance between machines and people is especially relevant in modern Industry 4.0 systems, where digital and physical processes work together (Gorecky et al., 2014).
The CP Lab was also chosen because it provides reliable and measurable data for modelling. Each station has defined process times, transfer durations, and sensor-driven triggers, allowing for accurate simulation results. The clear flow of materials and predictable sequence of operations make it easier to identify inefficiencies such as bottlenecks, idle time, and waiting periods. These characteristics make it ideal for testing improvement ideas and applying Lean and Six Sigma principles within a controlled and realistic environment.
Overall, the CP Lab offers a detailed yet manageable process that represents a complete manufacturing system. It allows performance to be studied in a safe, simulated setting before applying any changes to real operations, making it an excellent choice for this study.
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	(Jordan Jenkins, 2025)	
[bookmark: _Toc210669700]Current State Model Development
Developing the current state model of the FESTO CP Lab required turning the physical sequence of operations into a Discrete Event Simulation framework. The key principle in DES modelling is to represent the system in terms of entities, resources, and events that interact through time (Banks et al., 2010). For this case, the entities were the products components, the resources were the automated machines and operators, and the events were the triggers that progressed a component through each stage of the lab.
[bookmark: _Toc210669701]Entities and Flow
The entity modelled was a single component assembly, entering the system from the robot assembly station. Each entity travelled through a series of stations, The pathway for each entity was determined, although processing times varied depending on the specific operation. 
[bookmark: _Toc210669702]Resources
The model defined two types of resources:
Automated machines - including the optical inspection camera, drilling unit, cap dispenser, press, and label printer. Each machine had its own process time which were from the ranges provided in the CP Lab documentation.
Human operator - required for cap dispenser refills and for removing parts from the output station.
The operator was modelled as a shared resource, meaning that refilling and removal could not be performed at the same time. This introduced realistic constraints and reflected the hybrid man machine nature of the CP Lab.







[bookmark: _Toc210669703]Assumptions
To make the model tractable, several assumptions were applied:
· Machines were assumed to be available continuously without needs for maintenance or potential breakdowns.
· Material availability was unlimited, with no shortages in component supply.
· The operator was modelled as a single resource and operator travel time between stations was excluded.
· All inspection failures resulted in rework or rejection, but rework times were not given.
[bookmark: _Toc210669704]Observations
Initial simulation runs indicated the formation of queues at the drilling and hydraulic press stations, reflecting their relatively long processing times compared to upstream and downstream activities. Periodic delays caused by refilling and output removal also disrupted the flow, leading to temporary backlogs. These findings confirmed that the model was correctly capturing the system’s dynamics and provided a baseline for waste and KPI analysis.
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[bookmark: _Toc210669705]Waste Identification
A core principle of Lean Manufacturing is the elimination of waste (muda), defined as any activity that consumes resources but does not add value from the customer’s perspective (Pieńkowski, 2014). Applying Lean’s seven categories of waste to the FESTO CP Lab highlights several inefficiencies. We can use the anagram TIMWOOD as seen below to find problems with the system (Goel & Kleiner, 2018).
[bookmark: _Toc210669706]Transport 
Material handling via conveyor transfers contributes non-value-adding time. Movement times range from 7 to 8 seconds between stations. While essential for part flow, this activity does not transform the product and is therefore a waste.
[bookmark: _Toc210669707]Inventory
Due to the long cycle times of the drilling and hydraulic press operations, upstream stations frequently build queues. This leads to unnecessary work-in-progress (WIP) inventory, which increases lead time without adding customer value.
[bookmark: _Toc210669708]Motion
Manual operator tasks, such as walking to the dispensing unit or output station, create non-value-adding motion. These activities can contribute to wasted effort in real-world applications.
[bookmark: _Toc210669709]Waiting
The most prominent waste arises from refilling the cap dispenser and removing completed assemblies from the output station. During these activities, downstream or upstream processes remain idle, reducing throughput. This reflects a dependency on manual intervention that introduces avoidable delays.
[bookmark: _Toc210669710]Over production
If a component from the robot assembly exceeds downstream capacity, the system risks overproduction. Simulations indicate that bottlenecks at drilling and pressing could create scenarios where inputs accumulate faster than they are processed.
[bookmark: _Toc210669711]Over Processing
The variation between two-hole and four-hole drilling operations creates unbalanced processing times. In some cases, parts undergo longer drilling cycles than required for function, which can cause over processing.
[bookmark: _Toc210669712]Defects
Although the optical inspection ensures quality, any failed components represent wasted time, material, and capacity. Defects need rework or scrapping, both of which reduce efficiency and customer satisfaction. (George & George, 2003)
The simulation demonstrates that waiting, transport, and WIP inventory are the dominant wastes in the CP Lab process. These findings align with typical manufacturing environments, where bottlenecks and manual interventions disrupt flow. Addressing these wastes is essential for improving system performance and aligns with the Lean Six Sigma philosophy of waste elimination and variation reduction (Antony, Krishan, Cullen & Kumar, 2012).














[bookmark: _Toc210669713]Value Analysis
Lean manufacturing also highlights the importance of maximising value-adding activities defined as operations that directly transform the product in ways the customer is willing to pay for (Womack & Jones, 1997). 
[bookmark: _Toc210669714]Value-Adding Activities
The following processes directly contribute to the transformation of the component and are therefore considered value-adding:
· Drilling: creating holes in the component according to product specification.
· Hydraulic Pressing: mechanically assembling the product by applying force.
· Labelling: providing identification and traceability, which adds informational value for the customer.
These steps represent the manufacturing operations that convert raw or semi-finished inputs into a finished assembly.
[bookmark: _Toc210669715]Non-Value-Adding Activities
Several activities identified in the model do not directly enhance the product and are therefore classified as non-value-adding:
· Conveyor transfers between stations (7–8 seconds each).
· Refilling the cap dispenser every ten cycles (240–300 seconds).
· Removing completed assemblies from the output station every four cycles (48–88 seconds).
· Waiting time caused by bottlenecks at the drilling and press stations.
Although necessary for system operation, these activities are not valued by the customer and is seen as waste.



[bookmark: _Toc210669716]Simulation Analysis 
Once the current state model of the FESTO CP Lab was constructed, the simulation was used to generate performance data against a range of key performance indicators (KPIs) commonly applied in manufacturing system analysis. These metrics provide insight into system efficiency, capacity utilisation, and overall effectiveness, allowing the identification of bottlenecks and opportunities for improvement. A summary of the key simulation results is presented in Appendix A, while the raw Arena output is provided in Appendix B as supporting evidence.
[bookmark: _Toc210669717]Throughput
Throughput measures how many assemblies were completed during the 40 hour simulated working week (8 hours per day for five days). The model produced 1,384 finished parts from 1,385 inputs, showing a steady and reliable flow with almost no losses. This equals an average throughput of around 34.6 parts per hour. Throughput was mainly limited by the longest process times and the need for operator input, which reflects realistic manufacturing conditions where both machines and people affect total output. (Adel, 2023).
[bookmark: _Toc210669718]Cycle Time
The average total time per entity was 2.45 minutes, comprising 1.26 minutes of value-adding work (52%), 0.48 minutes of waiting, and 0.65 minutes of other or non-value-adding time. This ratio highlights that only around half of total process time directly contributes to customer value, aligning with Lean manufacturing findings that a significant proportion of total lead time is typically non-value-adding (Womack & Jones, 1997). The main contributors to extended cycle time were conveyor transport and operator driven stoppages, both of which increased waiting periods between stations.
[bookmark: _Toc210669719]Bottlenecks
Analysis of station level performance confirmed clear bottlenecks at the drilling, hydraulic press, and refill process stages. The refill process, with an average duration of 4.44 minutes per entity, represented the most time-consuming step and constrained system flow. The remove process also introduced delays at 1.11 minutes per entity, while the drilling and pressing stations recorded moderate process times between 0.17 and 0.25 minutes. These longer process times limited overall system throughput, showing that the slowest step in the process controls how much the entire system can produce. (Goldratt & Cox, 2004).

[bookmark: _Toc210669720]Queue Lengths and Work-in-Progress
Work-in-progress (WIP) averaged 1.41 parts, showing that the system ran smoothly with little congestion. Most queues were minimal, except at the Dispenser Hold, where the average wait was 0.43 minutes and the queue occasionally reached three parts. This shows small delays during the refill cycle when upstream processes kept running while downstream stations were paused. Overall, these short queues indicate good flow control and that WIP stayed within acceptable limits. (Antony et al., 2012).
[bookmark: _Toc210669721]Resource Utilisation
Resource utilisation varied across the system. The Operator was used 38% of the time, while the Drill and Hydraulic Press were both at 12%, the Robot at 4%, and the Dispenser and Printer at 3% each. Most resources were underused, mainly due to the timing of arrivals and process order rather than a lack of capacity. Although the Operator’s utilisation was relatively low, their role was critical, as refill and removal tasks temporarily stopped the flow of parts. This shows how important it is to model the interaction between people and machines accurately in mixed or semi-automated systems. (Banks et al., 2010).
[bookmark: _Toc210669722]Defects and Six Sigma Perspective
No defect data were recorded, but the optical inspection checked for faults and rework needs. Defects wasted time and capacity, while differences between drilling operations added variation. From a Six Sigma view, these are areas to measure and reduce variation, using DPMO or sigma levels in later simulations. (George & George, 2003).







[bookmark: _Toc210669723]Improvement Opportunities 
The simulation analysis of the FESTO CP Lab highlighted several sources of inefficiency, particularly bottlenecks, operator delays, and uneven resource utilisation. To address these issues, a set of improvement opportunities was developed using principles from Lean Manufacturing and the Six Sigma DMAIC framework. These approaches provide a structured pathway for reducing waste and improving process flow.
[bookmark: _Toc210669724]Lean Improvement Opportunities
Increasing Part Input Rate – In the current model, a new part enters the system every 104 seconds, limiting throughput to around 34.6 parts per hour. This slow input rate causes idle time at several stations. Reducing the interval between arrivals would maintain a more continuous flow and improve equipment utilisation. (Rewers, Trojanowska & Chabowski, 2016).
Automation of Refill and Output Removal – The refill process, with an average duration of 4.44 minutes, and the removal process both caused waiting waste. Automating these steps would eliminate major stoppages, increase throughput, and reduce reliance on the operator (currently utilised only 38% of the time). This could be achieved with automated feeding systems or robotic arms, as seen in modern high volume assembly lines (Antony et al., 2012).
Balancing the Drilling Station – The drilling station was identified as a bottleneck due to variation between two-hole and four-hole operations. Introducing dual drill heads or standardising cycle times would reduce this imbalance and smooth the flow, minimising upstream WIP.
Optimisation of Transport Times – Conveyor transfers added non-value-adding time (7–8 seconds per move). Adjusting conveyor speed or layout could shorten these times and reduce transport waste, supporting Lean’s aim to improve flow and reduce lead times (Argiyantari, Simatupang & Basri, 2022).





[bookmark: _Toc210669725]Six Sigma (DMAIC) Opportunities
· Define: Key issues include refill/output delays, unbalanced drilling cycles, and part arrival gaps.
· Measure: KPIs such as throughput (34.6 parts/hour), cycle time (2.45 minutes), and utilisation rates were captured through DES.
· Analyse: Results showed bottlenecks at drilling and pressing, with operator interruptions reducing flow.
· Improve: Automate manual tasks, balance drilling operations, optimise conveyor transfers, and increase part supply.
· Control: Use ongoing simulation and digital twin monitoring to maintain performance and ensure that improvements are sustained.
[bookmark: _Toc210669726]Expected Benefits
Implementing these improvements would be expected to deliver measurable gains, including:
· Increased throughput beyond the 34.6 parts/hour baseline.
· Reduced cycle time from the current 2.45-minute average.
· Lower WIP levels and improved flow efficiency.
· Reduced dependency on human intervention and fewer stoppages.
· Greater system robustness through balanced workloads and predictive monitoring.
By addressing both waste and variation, these actions would significantly enhance the CP Lab’s overall efficiency, demonstrating how simulation driven analysis can guide continuous improvement in smart manufacturing systems.





[bookmark: _Toc210669727]Conclusion
The KPI analysis confirmed that while the FESTO CP Lab performed reliably, several inefficiencies particularly at the drilling, pressing, and refill stages limited throughput. Operator driven tasks and transport delays further extended the average cycle time of 2.45 minutes. Applying Lean principles revealed that waiting, transport, and WIP inventory were the main forms of waste, while value analysis showed that only around half of the total time added direct customer value.
Improvement opportunities identified through Lean Six Sigma focused on automation, balancing cycle times, optimising conveyors, and increasing material input. These changes are expected to raise throughput, shorten lead times, and enhance consistency. 
Overall, combining Discrete Event Simulation with Lean and Six Sigma gives a powerful and low-risk way to improve manufacturing processes. It allows systems to be tested, adjusted, and improved before any real changes are made. This approach links digital modelling with practical process improvement by using simulation to predict results and Lean Six Sigma to guide problem-solving. It helps organisations see how resources interact, find areas of waste, and measure the impact of changes without stopping production. This leads to better decisions and faster progress in continuous improvement. In the long-term supporting the move towards a smarter Industry 4.0. 
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[bookmark: _Toc210669729]Appendix
[bookmark: _Toc210669730]Appendix A – Key Performance Indicators (KPIs) from Arena Simulation
The following table summarises the key performance indicators obtained from the Arena simulation model of the FESTO CP Lab. These metrics represent the average system performance over a 40-hour replication, equivalent to one five-day working week (8 hours per day).

	KPI
	Result
	Interpretation

	Simulation Duration
	40 hours (8 hours/day × 5 days)
	Accurately replicates one working week

	Throughput
	1,384 completed parts
	Stable system with minimal losses

	Average Total Time per Entity
	2.45 minutes
	Efficient overall cycle time

	Value-Added Percentage
	~52%
	Half of total time directly adds value

	Main Bottleneck
	Refill process (4.44 min)
	Longest operation; limits throughput

	Operator Utilisation
	38%
	Underutilised but process-critical

	Average WIP
	1.41 entities
	Lean flow with minimal congestion

	Queue Delay (max)
	0.43 minutes (Dispenser Hold)
	Minor holding delay

	Cycle Time Variation
	1.16–6.55 minutes
	Driven by two-hole/four-hole cycle differences



Table A1. Summary of Key Performance Indicators from Arena Simulation.













[bookmark: _Toc210669731]Appendix B – Arena Simulation Output Screenshot
The screenshots below presents the Arena software output used to derive the KPI results summarised in Appendix A.
It provides verification of the system data, including tally variables, discrete-change variables, and key outputs from the simulated FESTO CP Lab process.
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Figure B1. Screenshots of Arena simulation results used for KPI extraction.

[bookmark: _Toc210669732]Appendix C – Screenshot of created simulation
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Figure C1. Screenshot of Arena simulation.
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[DISCRETE-CHANGE VARIABLES

Identifier Average  Half Width Minimum  Maximum Final Value
Entity 1.uIP 1.4106  .01941  .00000  4.0000  1.0000
Operator. NumberBusy 38366 .009aa  .00000  1.0000  .00000
Operator. NumberScheduled l.oee0  (Insuf) 1.0000  1.0000  1.0000
Operator.Utilization 38366 .009a8  .00000  1.0000  .00000
Printer.NumberBusy. 3321 .00240  .00000  1.0000  .00000
Printer.NumberScheduled l.0000  (Insuf) 1.0000  1.0000  1.0000
Printer.Utilization 03321 .00240  .00000  1.0000  .00000
Press.NumberBusy. 11825 (Corr)  .00000  1.0000  .00000
Press.NumberScheduled l.oeee  (Insuf) 1.0000  1.0000  1.0000
Press.Utilization 11825 (Corr)  .00000  1.0000  .00000
Drill.NumberBusy 1239 .00152  .00000  1.0000  .00000
Drill.NumberScheduled l.oeee  (Insuf) 1.0000  1.0000  1.0000
Drill.Utilization 1239 .00152  .00000  1.0000  .00000
Dispencer. NumberBusy L2952 (Corr)  .00000  1.0000  .00000
Dispencer. NumberScheduled l.00e0  (Insuf) 1.0000  1.0000  1.0000
Dispencer.Utilization L2952 (Corr)  .00000  1.0000  .00000
Robot. NumberBusy. 3093 (Corr)  .00000  1.0000  .00000
Robot. NumberScheduled l.0000  (Insuf) 1.0000  1.0000  1.0000
Robot.Utilization 03093 (Corr)  .00000  1.0000  .00000
Refill Process.Queue.NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
Hydraulic Press Hold.Queue.NumberTnQueue  .03145 00175  .00000  3.0000  .00000
Label printer.Queue.NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
Output Hold.Queue. NumberInQueve 3.2220E-5 (Insuf)  .00000  1.0000  .00000
Dispenser Hold.Queve. NumberInQueve 24778 .01022  .00000  3.0000  .00000
Output.Queve. iumberInQueue 00000 (Insuf)  .00000  .00000  .00000
Label Hold.Queue.NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
4 holes.Queue. NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
Hydraulic press.Queve. NumberInQueve 00000 (Insuf)  .00000  .00000  .00000
Remove Process.Queue.NurberInQueue 00000 (Insuf)  .00000  .00000  .00000
Auto Dispencer.Queve. NumberInQueve 00000 (Insuf)  .00000  .00000  .00000
Drill Hold.Queue. NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
Camera Hold.Queue. NunberInQueue 00000 (Insuf)  .00000  .00000  .00000
2 holes.Queue. NumberInQueue 00000 (Insuf)  .00000  .00000  .00000
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Identifier Vvalue
Automated Optical Inspection Number In 1385.0
2 holes Accum Wait Time 00000
Hydraulic press Accum Wait Time 00000
Hydraulic press Accum VA Time 283.79
Label printer Number Out 653.00
Label printer Number In 653.00
Refill Process Number In 135.00
Refill Process Number Out 135.00
2 holes Number Out 674.00
Remove Process Accum Wait Time 00000
2 holes Number In 674.00
Refill Process Accum VA Time 613.26
4 holes Number In 711,00
Output Accum Wait Time 00000
4 holes Accum Wait Time 00000
Remove Process Number In 276.00
Remove Process Number Out 276.00
Remove Process Accum VA Time 307.51
Auto Dispencer Accum Wait Time 00000
Hydraulic press Number Out 1385.0
Hydraulic press Number In 1385.0
Refill Process Accum Wait Time 00000
Output Accum VA Time 98230
Output Number In 1384.0
Label printer Accum VA Time 79.710
Output Number Out 1384.0
2 holes Accum VA Time 116.34
4 holes Number Out 711,00
Label printer Accum Wait Time 00000
Auto Dispencer Number In 1385.0
Auto Dispencer Number Out 1385.0
4 holes Accum VA Time 181.15
Auto Dispencer Accum VA Time 70.553
Automated Optical Inspection Accum WA Tim 59.519
Automated Optical Inspection Number Out  1385.0
Entity 1.NumberIn 1385.0
Entity 1.NumberOut 1384.0
Operator. NumberSeized a14.00
Operator. Scheduledutilization 38366
Printer.NumberSeized 653.00
Printer.ScheduledUtilization 03321
Press.NumberSeized 1385.0
Press. Scheduledutilization 11825
Drill.NumberSeized 1385.0
Drill.Scheduledutilization 12396
Dispencer. NumberSeized 1385.0
Dispencer. ScheduledUtilization 02952
Robot.NumberSeized 1384.0
Robot. ScheduledUtilization 03093
Systen. Numberout 1384.0

Sinulation run time: 0.17 minutes.
Sinulation run complete.
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Process Function Min(s) | Average(s) | Max(s)
1.Parts in From Robot Assembly 104 Legend
2.Automated Optical Inspection | 2 24 34 Part Creation Time
Camerato Drilling 8.2 Movement times,
3.Drilling (2 Holes) 9.2 10.5 11.38 Process Times.
3.Drilling (4 Holes) 14.6 15.1 16.2

Drill to Dispensing 7.3

4.Top Cap Dispensing 27 3 35

4.Refill (every 10x cycles) 240 260 300

Mag Back to Press 7.3

5.Hydraulic Press 117 12.3 12.9

Mpress to Label 8.2

6.Label Printing 6.2 7 8.7

Label to Output Station 8.2

7.0utput Station 36 4.1 5.1

7.Remove Parts (Every 4x

Cycles) 48 62 88
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ARENA Simulation Results
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Label printer.sitTinererentity lesecs  looseo lcose evece 553
Auto Dispencer. TotalTineperentity lesis  1serses leasiy  esyss 1385
Entity 1.vATine lose7  eizes  lesse 5. 1388
Entity 1.waTine a0 2.em3es lesis essy 1388
Entity 1 uaitTine lesaz7  eiste  eeese .68 1388
Entity 1 TranTine leecs  lcoseo  comse  ovece 1388
Entity 1.0therTine lesz (cor)  lesa Lesa 1388
Entity 1.TotalTine duasss ey idsy  G.sers 138
Refill Process.Queue. ueitingTine ‘oo (Insuf)  .ooece 60000 138
HyOraulic Press Hold Queve.WsitingTine  .esase  .ce2ss  oeoee  ess3s 1385
Lebel printer. Queue.uaitingTine levec  looseo  lcoose  evece 553
Output Hold.Queue.HaitingTine 5.557365 a.50s1es loesee  oess 1388
Dispenser rold.Queue uaitingTine L2937 eizie  eese  3.4727 1385
Output..Quee. uaitingTine leecc  looveo  comse  oveoe 1388
Label Fold.Queue.HaitingTine leece  looseo  comse evece 1388
2 holes.Queve waitingrine leece  looseo  comse evece 711
Hydraulic press.oueve.uaitingTine levecs  lcoseo  coose evece 1385
Remove Process. Queue. WeitingTine leceee  (Insuf)  .ooece  ecooo 276
Auto Dispencer.Queue WaitingTine levecs  .coseo  comse evece 1385
Drill Hold. queve. WaitingTine leece  looseo  comse evece 1385
Canera +old.Queus WaitingTine leece  looseo  comse evece 1385
2 holes.Quete.waitingrine lececo  looseo  .comse evece 7

DISCRETE-CHANGE VARIABLES.




