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1 [bookmark: _Toc241932871]Introduction 
[bookmark: _Toc241932872]Background
This report analyses the Festo Industry 4.0 CP Laboratory modular automated production system. This system is designed to represent the operation of a smart factory. Components will be fed through several stations that are interconnected, such as automated optical inspection, drilling top cap dispensing, hydraulic pressing, label printing, and output management. Queues and bottlenecks in production can be created with variation in processing times and availability of resources (Banks, et al., 2010). Discrete-event simulation will be used to examine interactions between these operations, and the overall system performance will be evaluated (Law, 2015).
[bookmark: _Toc241932873]Aims and Objectives
The main aim of the report is the development of a current-state Arena simulation of the CP Laboratory process, so that it can be analysed. 
The following are the objectives set:
· Evaluation of throughput, waiting time, queue length, work-in-progress (WIP), and resource utilisation
· Identification of bottlenecks and non-value-add activities.
· Testing of process improvements
· Compare current system against any improvements under simulation conditions. 
· Recommendation of an improved system configuration


2. [bookmark: _Toc241932874]Manufacturing Process Overview
2.1 [bookmark: _Toc241932875]Process sequence
A multistage automated manufacturing system is represented by the Festo Industry 4.0 Laboratory, which consists of seven interconnected stations. Before undergoing, optical inspection, components will enter from the robot assembly. Post inspection, components are moved to the drilling station where 60% of parts require two holes and 40% of parts require four holes.
Following the drilling operations, each component will receive a top cap at the dispensing station. The cap is secured in position after it passes through the hydraulic press. Subsequently, before the completed assembly reaches the output station a label will be applied. The sequence finishes after the removal of the finished assemblies from the system.
2.2 [bookmark: _Toc241932876]Supporting manual activities
It must be taken into consideration that even though the principal of the operations is automated, manual input is also required and production depends on it. After every ten components there is a replenishment requirement at the top-cap dispenser, and the output station must be emptied when four assemblies are completed. Both activities are currently completed by one production operative and cannot be done simultaneously meaning components will wait when manual support is required on the system elsewhere.
2.3 [bookmark: _Toc241932877]Process flow figure.
The physical arrangement and operating sequence of the CP Laboratory is represented in Figure 1 using Table 1 for process identification. Within the discrete event simulation, each operation is treated as an individual event, even although the stations form one continuous physical loop. Refer to Section 3, which includes the translation of the physical process into Arena modules and explanation of control logic.

[image: ]
[bookmark: _Ref241507513][bookmark: _Toc241931787]Figure 1 - Festo Industry 4.0 CP Laboratory Manufacturing System - Physical Layout and process sequence (University of Wales Trinity Saint David, 2026).
[bookmark: _Ref241508074][bookmark: _Toc241931774]Table 1 - Process Identification
	Station Number
	Station Description

	1
	Components in from Robot Assembly

	2
	Automated Optical Inspection

	3
	Drilling, either 2 or 4 holes

	4
	Top cap dispensing, refill after 10 components

	5
	Hydraulic press

	6
	Label printing

	7
	Output station, max four assemblies





3. [bookmark: _Ref241507678][bookmark: _Toc241932878]Current-State Model Development
3.1 [bookmark: _Toc241932879]Data collection and model inputs
There was data made available such as component interarrival times, processing and transfer times, drill route proportions, and the frequency of manual support activities. It was this operational data that was used during the development of the current-state model for each stage of the CP Laboratory process. So that variations within the manufacturing process could be accounted for, minimum, most likely, and maximum times were represented using triangular probability distributions (Law, 2015). When transfer time variation was not specified, fixed values were selected.
The principal model inputs and resources are summarised in Table 2. Also, the model incorporates a 60:40 routing split between the different drilling operations, cap replenishment after ten components and after four completed assemblies, the assemblies are removed from the output station.
[bookmark: _Ref241593675][bookmark: _Toc241931775]Table 2 - Model inputs
	Process/Activity
	Arena input
	Units
	Resource

	Component arrival
	TRIA (15, 18, 21)
	Secs
	None

	Optical inspection
	TRIA (2, 2.4, 3.4)
	Secs
	Camera

	Two-hole drilling
	TRIA (16, 18, 20)
	Secs
	Drill

	Four-hole drilling
	TRIA (30, 33, 36)
	Secs
	Drill

	Cap dispensing
	TRIA (2.7, 3, 3.5)
	Secs
	Dispenser

	Cap replenishment
	TRIA (110, 120, 135)
	Secs
	Production operative

	Hydraulic pressing
	TRIA (11.7, 12.3, 12.9)
	Secs
	Hydraulic press

	Label printing
	TRIA (6.2, 7, 8.7)
	Secs
	Printer

	Output processing
	TRIA (3.6, 4.1, 5.1)
	Secs
	Output station

	Finished part removal
	TRIA (20, 26, 32)
	Secs
	Production operative



3.2 [bookmark: _Toc241932880]Entities and resources
The primary entity was defined as an individual component, which remained within the model post arrival until completion. The optical inspection camera, drill, cap dispenser, hydraulic press, label printer, and output station. Each resource was initially assigned a capacity of one in the first instance within the initial configuration. 
There were also shared resources, as a production operative had the responsibility for replenishing the cap dispenser and removing finished assemblies. The tasks could not be conducted simultaneously as both activities were assigned to the same operator. Meaning that when the operator was already busy, the second activity required to wait until resource were available. Refer to Appendix A, as the current-state resource definitions and capacities are provided. 
3.3 [bookmark: _Toc241932881]Model logic
The physical manufacturing sequences were represented in the Arena model by dividing it into sections. The components were generated by a Create module, whereas the principal production operations were represented by Process modules. Movement between stations were reproduced using Delay modules, and the release of parts into relevant processes were controlled by Hold modules. A Decide module was introduced to direct 60% of the components to the two-hole drilling operations and the remaining 40% through the four-hole drilling prior to the routes rejoining.
Cap availability and completed output were monitored by assign and Decide modules. Every ten dispensing cycles were initiated by cap replacement, and four complete assemblies would trigger output removal. During their respective duration, the shared production operative was seized for both activities. Before the assemblies left the system through the Dispose modules, a Batch module was used to group them.
The complete current-state model is presented in Figure 2. Clearer screenshots of the drilling, replenishment, and out-put handling stations are provided in Appendix A, and included in Appendix B is a table that summarises the Arena symbols used in the model and their corresponding functions.
[image: ]
[bookmark: _Ref241599200][bookmark: _Toc241931788]Figure 2 - Complete current-state Arena model.




3.4 [bookmark: _Toc241932882]Simulation run conditions.
The influence of random variation was reduced by evaluating the model using ten replications, with each replication representing an eight-hour shift. This provided more reliable average results than a single simulation run. The base time unit was seconds, as the process and transfer times were recorded with the same unit. Each replication began with the system empty and idle, and no warmup period was used. So, that a consistent comparison was conducted, both the current-state and improvement were maintained using the same settings, these can be seen in Table 3.
[bookmark: _Toc241931776]Table 3 - Simulation conditions
	Setting
	Actual model value

	No. of replications
	 10

	Replication length 
	8 hours

	Base time unit
	Seconds

	Warm up period
	None

	Initial condition
	Empty and idle 



3.5 [bookmark: _Toc241932883]Model verification and validation.
Arena’s model-checking function was used during the verification of the model; components were observed progressing through the animated simulation. Verification determines whether the model has been implemented correctly, whereas validation assesses whether it adequately represents the real system for its intended purpose (Sargent, 2013). The checks provided confirmation that components were following the correct process sequence, both drilling routes were being used, and manual activities were being triggered at specific intervals. Also, the following was monitored, resource seizure and release, component counters, queues, and completed output. There were no errors during the ten replications.
The defined manufacturing process was logically represented within the model, but, historical production records were not provided, so therefore full validation was not complete. Before the simulated improvements could be implemented physically, further validation that includes throughput, queue, and cycle-time data should be acquired.



4. [bookmark: _Toc241932884]Current-State Performance Analysis
4.1 [bookmark: _Toc241932885]Throughput and cycle time
The evaluation of the productivity of the manufacturing system was verified by throughput, which was used to establish a baseline against which future system improvements could be compared. The current-state model produced an average throughput of 186 parts per hour, and an average output of 1491 finished assemblies per repetition. Under the existing operating conditions, the overall capability of the system was indicated by the existing values as shown in Table 3.
Cycle time is the total amount of time the from where the component arrived until the assembly being completed (Kumar, et al., 2023).). Including within this value is processing, transportation, and queueing between operations. Within the current-state model, the average total time in system was 3802 seconds and 3591 seconds of that was waiting for the drill. The process delays have a greater influence on the system performance over actual manufacturing operations as indicated by the high proportion of waiting time, full results can referenced in Table 4.
[bookmark: _Ref241923539][bookmark: _Toc241931777]Table 4 – Curren- state throughput and cycle time results
	Performance Measure
	Result

	Average Throughput
	186 parts/hour

	Average number Out
	1490.5 parts per 8-hour shift

	Average total time in system
	3802.42 seconds

	Average drill waiting time
	3590.62 seconds

	Average value-added time
	186.56 seconds

	Average nonvalue added time
	107.24 seconds 

	Average work in progress
	208.46 parts



4.2 [bookmark: _Toc241932886]Resource utilisation
So, that it can be determined how effective the available manufacturing resource were being used, resource utilisation was examined. The highest utilisation recorded within the system was the drill at approximately 100%, this indicates that it virtually operated with no spare capacity. With comparison to the hydraulic press, label printer, cap dispenser, and optical inspection camera, which all recorded significantly lower utilisation levels. This suggests that within the downstream stages of the process there was available capacity. 
The utilisation of the production operative was 83% which indicates an elevated level of activity while also having some spare capacity. High utilisation often indicates efficient use of resource, but once values approach 100%, it can cause queues, and increased waiting time throughout the system (Banks, et al., 2010). Full utilisation values are in Table 5.
[bookmark: _Toc241931778]Table 5 - Resource Utilisation
	Resource
	Utilisation (%)

	Drill
	99.99

	Production Operator
	82.97

	Hydraulic Press
	51.10

	Printer
	30.33

	Camera
	14.43

	Dispenser
	12.76

	Output station 
	17.67



4.3 [bookmark: _Toc241932887]Queuing and bottleneck identification
A bottleneck restricts the flow of the overall production system and should therefore be managed according to its effect on system throughput rather than its performance in isolation (Goldratt, 2014). This conclusion was made based on the combination of the very high utilisation, significant queues before drilling and extended waiting times for components once they entered the operation.
It was observed that approximately 199.55 components were waiting before drilling, and the waiting time of the reported drilling exceeded 3500 seconds. Compared to the rest of the system, these numbers were greater than where waiting times were low in comparison. The flow of components through the manufacturing process was therefore restricted and as a result increased overall production lead time. 
This conclusion is supported by the lower utilisation levels in downstream resources. Otherwise, if hydraulic press or the output station had similar high utilisation or queuing, these would be identified as the bottlenecks. Evidence clearly suggests that drilling limited the overall system performance, as highlighted in Table 6.


[bookmark: _Toc241931779]Table 6 - Queue waiting times.
	Queue
	Waiting Time (s)

	Drilling hold
	3590.62

	Hydraulic press
	0.00

	Parts removed
	38.44

	Batch
	10.74

	Refill
	7.68

	Optical inspection
	0.00





4.4 [bookmark: _Toc241932888]Value-added and non-value-added analysis
Value-added activities are what a customer is willing to pay for as it directly changes a product or service, whereas non-value-add consumes time and resource while not directly impacting or improving the final output from a customer perspective (Womack & Jones, 2003). Therefore, the classification of manufacturing processes was decided on this principal, Table 7 lists what this consists of.
[bookmark: _Toc241931780]Table 7 - VA vs NVA
	Value-Added activities
	Necessary Non-Value-Adding activities
	Non-Value-Adding waste

	Two-hole drilling
	Optical inspection
	Queueing

	Four-hole drilling
	Transfers between stations
	Waiting for resources

	Top-cap dispensing
	Cap replenishment
	Excess work-in-progress

	Hydraulic pressing
	Output handling
	

	Label printing
	Batching operations
	



As demonstrated, in the Arena results, a considerable proportion of the tool system time was spent waiting rather than processing. This gives an indication that there are opportunities to improve system performance without necessarily increasing the arrival rates of components. There may be greater benefits in reducing waiting times and improving flow rather than simply increasing machine capacity. 
4.5 [bookmark: _Toc241932889]Waste identification
Waiting, unnecessary transportation and excess inventory are recognised forms of waste because they consume resources without directly increasing customer value (Womack & Jones, 2003). Increased lead time was an adverse effect of the queuing before drilling which prevents components from progressing through the system. Work-in-progress (WIP) inventory was also created because of this queue, and partially completed assemblies remained within the system rather than progressing towards output.
Further waste such transportation between stations and manual support of activities such as replenishment and part removal was observed. These activities do not directly add value to the assembly but are necessary for the operation of the process.



5. [bookmark: _Toc241932890]Improvement Scenario Evaluation
5.1 [bookmark: _Toc241932891]Scenario evaluation methodology
A consistent evaluation method was established before individual scenarios were assessed. All the proposed improvements were compared against the current-state model which was used as the baseline. A fair comparison was ensured by maintaining the same simulation run conditions through the investigation. This included number of replications, replication length, starting conditions, and component arrival distribution. 
Each improvement scenario used the same key performance indicators (KPI’s) and was implemented within Arena independently. The KPI’s consisted of throughput, queue waiting times, resource utilisation, and the overall system flow. Any changes in performance between scenarios could be attributed directly to the improvement proposals as the resource and process conditions were the only factors altered.
5.2 [bookmark: _Toc241932892]Scenario 1: additional drilling capacity
Drilling was identified as one of the primary constraints within the system during current-state analysis. Due to its high utilisation and significant queues developing before operation. With that in mind, the first improvement scenario increased drilling capacity from one resource to two as shown in Figure 3. 
[image: ]
[bookmark: _Toc241931789]Figure 3 - Arena configuration showing drilling capacity increased to two

Although, utilisation dropped with the additional drill as shown in Table 8, it also provided slight improvement in throughput, queue length, and waiting time. The overall performance of system remained unchanged although there was additional capacity available. The observed delays were not being caused by insufficient drilling capacity. 
The scenario was rejected and alternative approaches were investigated as the simulation showed that by increasing the number of drills, introduced additional capacity without any meaningful impact.
[bookmark: _Toc241931781]Table 8 – Current-state vs increased drill capacity utilisation
	Resource
	Current state
	Additional drill

	Drill
	99.99%
	50.00%

	Production operator
	82.97%
	82.97%

	Hydraulic press
	51.10%
	51.10%

	Printer
	30.33%
	30.33%

	Output station
	17.67%
	17.67%

	Camera
	14.43%
	14.43%

	Dispenser
	12.76%
	12.76%



5.3 [bookmark: _Toc241932893]Scenario 2: improved drilling efficiency
As a result of the ineffective trial of increasing drill capacity, improving the efficiency of the existing drilling operation was focused on during the second scenario. So, that enhanced tooling, improved work holding, automated loading or process optimisation could be simulated, drilling times were reduced to represent these potential improvements as shown in Table 9.
[bookmark: _Toc241931782]Table 9 - Drilling process improvements assumptions
	Operation
	Current-State
	Improved Scenario

	Two-hole drilling
	TRIA (16, 18, 20)
	TRIA (12, 14, 16)

	Four-hole drilling
	TRIA (30, 33, 36)
	TRIA (21, 24, 27)


Process flow was improved significantly by reducing cycle times, research supports that process optimisation and cycle time reduction can increase productivity on assembly lines (Kumar, et al., 2023). Compared with the current-state model, queues before drilling decreased and waiting times were reduced as seen in Table 10. The second scenario directly improved and addressed the time components spent within drilling operations instead of just simply increasing available capacity. 
By improving the efficiency of an existing process, it can often be more effective than introducing additional equipment. Although, by removing the drilling constraint, it increased downstream activity demand which exposed a second limitation with the system.

[bookmark: _Toc241931783]Table 10 – Current-state waiting time vs improved drilling efficiency.
	Measure
	Current-State
	Improved Drilling

	Drilling waiting time (s)
	3590.62
	74.34

	Average drilling queue 
	199.55
	4.12


5.4 [bookmark: _Toc241932894]Scenario 3: additional production-operator capacity
After the drilling improvement, the production operative was the most heavily utilised shared resource, because they were responsible for both cap replenishment and complete assembly removal. This created competition between manual support activities. 
As referenced in figure 4, the production operative resource was increased from one to two, meaning the effect of the increased labour capacity could be evaluated. No further changes were made to the model.
[image: ]
[bookmark: _Toc241931790]Figure 4 - Arena configuration showing resource capacity increased to two.

The loading on the shared resource was reduced and flow through the later stages of the process improved when the second operative was introduced. Components were able to progress more efficiently through the system, once waiting associated with manual support activities decreased. The strongest overall performance was produced during this scenario which resulted in the most balance utilisation profile. Refer to Table 11 for the improvement achieved from the final recommended configuration. 





[bookmark: _Toc241931784]Table 11 - Improvement Achieved Following the Final Recommended Configuration
	Measure
	Current state
	Final scenario
	Change

	Average output per shift
	1,490.5
	1,974.0
	+32.44%

	Calculated throughput
	186.31/hour
	246.75/hour
	+32.44%

	Drilling waiting time
	3,590.62 s
	123.74 s
	−96.55%

	Average drilling queue
	199.55
	6.87
	−96.56%

	Total time in system
	3,802.42 s
	327.17 s
	−91.40%

	Average WIP
	208.46
	16.61
	−92.03%

	Operator utilisation
	82.97%
	54.98%
	−33.73%

	Parts Removed waiting
	38.44 s
	0 s
	Eliminated



5.5 [bookmark: _Toc241932895]Comparative scenario results
Table 12 is overall comparison table of the current-state model alongside each improvement scenario. It was made apparent that not all bottlenecks require additional equipment during the simulation trials. It was observed that the second drill reduced utilisation, which did not improve the system performance and was therefore considered an ineffective solution. 
In contrast, improving drilling efficiency reduced congestion and waiting at the original bottleneck. Once this constraint was removed, the production operative became the next limiting resource. Increasing operator capacity subsequently improved flow and produced the strongest overall results.







[bookmark: _Toc241931785]Table 12 - Comparison of current-state and improvement scenarios
	KPI
	Current-State
	Additional Drill
	Efficient Drilling
	Efficient Drilling and two operators

	Throughput (components/hour)
	186.31
	186.31
	139.88
	246.75

	Drill utilisation
	99.99%
	50.00%
	99.31%
	99.40%

	Operator utilisation
	82.97%
	82.97%
	94.41%
	54.98%

	Drilling waiting time (s)
	3,590.62
	3,590.62
	74.34
	123.73

	Average drilling queue length
	199.55
	199.55
	4.13
	6.87

	Average total time in system (s)
	3,802.42
	3,802.42
	6,458.46
	327.17

	Average number out per 8-hour shift
	1,490.5
	1,490.5
	1,119.0
	1,974.0



The basis of the recommendations in the following section was formed when the final scenario was selected as the preferred future-state configuration. 
6. [bookmark: _Toc241932896]Discussion and Recommendations
6.1 [bookmark: _Toc241932897]Interpretation of findings
Initially increasing the drill capacity seemed to be the most obvious solution, but it was shown in the simulation results that when a second drill is added throughput was not improved or waiting reduced. Although it was demonstrated in the simulation that the system was being constrained by the drilling operation, which was supported by high drill utilisation, significant queues, and extended waiting times. Rather than relying solely on resource utilisation, this highlights the importance of evaluating proposed improvements using system level performance measures.
A greater improvement within the original bottleneck which reduced queuing and waiting was made by drilling efficiency improvements. The production operator became the next limiting resource once the drilling constraint was reduced, which demonstrates that within an existing manufacturing system bottlenecks can shift when existing constraints get removed.
6.2 [bookmark: _Toc241932898]Practical recommendation
Rather than purchasing additional drilling equipment, it is recommended that focus is directed to the improvement of the efficiency of existing drilling operations based of simulation findings. The following should be considered; improved tooling, optimisation of process, better work holding arrangements or automated loading methods. Within the model, these provided a more effective solution over simply increasing drill capacity and the improvements reduced congestion upstream.
The simulation also revealed that increasing operator capacity downstream improved overall flow and manually supported activities delays were reduced as a result. That in mind, it should be considered to add a second operative where production volume justifies the additional labour cost.
6.3 [bookmark: _Toc241932899]Implementation considerations
Recommended improvements provided favourable simulation results, but to confirm achievable reduction in drilling cycle times, practical trials should be conducted to support implementation. Operator training, installation costs, disruption to production and ongoing labour requirements should also be considered. Once implementation is complete, the system should be monitored in case any new constraints emerge as system performance improves.




7. [bookmark: _Toc241932900]Model Limitations and Further Work
There were several limitations with simulation as it was developed using the available process data. The process variation was represented using triangular probability, which could not reflect the true manufacturing performance. It was also assumed within the model that operating conditions were consistent throughout the production period, and equipment breakdowns, maintenance activities, operator absences, or product quality defects were not included.
The scope of this investigation did not include validation against historical production data. These results should be considered indicative instead of being exact predictions of real word performance, but the model does provide a useful representation of the system.
Model accuracy and support validation can be improved if future work focuses on collecting production data from the CP Laboratory. Machine breakdowns, preventative maintenance schedules, and alternative staffing could be additional simulation scenarios that could be investigated. Further support for the implementation decisions should include a detailed cost benefit analysis of the recommended improvements. This would also help determine the most economical viable future-state configuration. 




8. [bookmark: _Toc241932901]Conclusion 
In conclusion, the investigation was successful in developing a current-state Arena simulation of the Festo Industry 4.0 CP Laboratory manufacturing process. Its performance was evaluated using key production metrics. Drilling was identified as the primary bottlenecks during the analysis of the current-state model, which was identified because of its high utilisation and significant queuing.
During evaluation, three improvements were focused on. The first scenario produced little overall improvement in system performance, when the drill capacity was increased. However, by improving drill efficiency, congestion and waiting was reduced. Although this improvement highlighted another constraint with a production operator further downstream. Process flow and system performance was further improved by increasing production operative capacity.
Finally, the simulation was proven to be effective when identifying bottlenecks and improvement opportunities before physical implementation as demonstrated by the reports results. Further validation is required using real production data before implementation of the recommendations, however base on the findings drill efficiency improvements and production operative capacity increases would provide the most effect future-state configuration. 
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[bookmark: _Toc241931791]Figure 5 - Resource spreadsheet showing current-state capacities.
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[bookmark: _Toc241931792]Figure 6 - Enlarged drilling-routing logic.
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[bookmark: _Toc241931793]Figure 7 - Cap replenishment logic.
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[bookmark: _Toc241931794]Figure 8 - Output-removal and batching logic.
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[bookmark: _Toc241931795]Figure 9 - Arena Run Setup screen.
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[bookmark: _Toc241931796]Figure 10 - Evidence of successful completion of all ten replications.
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	Arena module
	Function within the model

	Create [image: ]
	Introduces components into the system

	Process [image: ]
	Represents manufacturing or manual activities

	Decide [image: ]
	Routes components or triggers conditional activities

	Assign [image: ]
	Updates variables and component counters

	Hold [image: ]
	Prevents components progressing until a condition is satisfied

	Delay [image: ]
	Represents movement time between stations

	Record [image: ]
	Collects model-performance information

	Batch [image: ]
	Groups completed components before output

	Dispose[image: ]
	Removes completed entities from the model
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