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[bookmark: _Toc210677588]Introduction
[bookmark: _Hlk210561830]Discrete event simulation (DES) is a modelling system which simulates based on progress of discrete event conditions, not a continuous flow. This is usually modelled as a combination of time steps with a series of ordered events that affect the behaviour of the system (Pedrielli, et al., 2012). DES can model entire production lines, which can be used to either plan implementation of real-life systems with minimal financial investment, or to create digital twins for further optimisation. A digital twin is a simulated clone of a real-life process for the purpose of making changes to simulate their effects (Greasley & Edwards, 2021).
Optimisation is usually achieved through the identification and removal or reduction of waste regarded as ‘non-value adding’ processes. Such as transportation, waiting, underutilisation of workers, etc. Reduction of these wastes are referred to as the application of lean principles (Saddikuti, et al., 2021).
This report will analyse and apply such lean principles to identifying improvements in a part automated factory line. The digital twin will mimic the event processes and flow of the existing counterpart to allow the analysis of non-value adding events, bottlenecks, and general inefficiencies. 
Data will be gathered from queues, transfer conveyors, machine and operator utilisations, etc. This data can be scrutinised and compared for outlying inefficiencies. For example, a low operator utilisation indicates the operator spends most of their time waiting for work. Whereas a utilisation of 100% indicates the work is likely waiting for them, when this is the case, it would show as a backlog, and a queue will likely form. Key performance indicators (KPI) such as cycle time, utilisation, throughput, bottlenecks, and waiting times will all be collected over a defined operating period of one work shift (8 hours).
The collected data will be analysed, and a lean evaluation will be produced identifying where the most important non-value adding waste occurs and possible implementations to remove or reduce these.




[bookmark: _Toc210677589]Process Selection
The process selected for study is the FESTO industry 4.0 CP laboratory (CP Lab). Which is an automated modular production system with a continuous conveyor belt that feeds raw materials through a series of workstations. These workstations include distribution, inspection, drilling, top cap dispensing, hydraulic pressing, labelling, and outputting. Process selection was chosen due to its easily measurable throughput/queuing characteristics, along with the mixture of automated and manual processes. As such, this provides a clear use case for DES analysis to identify inefficiencies and possible lean improvements. See table 1 for the list of each event in the selected production line. This includes the time it takes for an item to be processed and the value status; non-value adding or value adding. 
[bookmark: _Toc210677617]Table 1 - Process list for selected production line
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AI-generated content may be incorrect.]
[bookmark: _Toc210677618]Table 2 - Legend for table 1
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A research study found that from trials comparing a digital twin to its real counterpart, a triangular process time distribution was found to produce more accurate results than a static average. An introduction of variability in statistical distribution improved the model reliability, otherwise the model tends to underestimate cycle times (Machado, et al., 2019). So, each station was recorded for a minimum, maximum and average time so the event could be set with a triangular time distribution. 
The top cap dispensing refill is done manually by an operator. Ten top caps are stored in the dispenser at a time so must be refilled when depleted. The same operator also removes the parts from the output station buffer, which holds a maximum of four assemblies. Comparison between utilisation of automated tools and the operator is a key indicator of efficiency and is the reason this process is a good case study for lean evaluation.
This process provides a high number of non-value adding operations, which provides an excellent starting point for lean evaluation and partially the reason this process was selected. The vast majority of these are in movement, which if not done quick enough can also introduce waiting and queuing time build up. The process times are a key area that also cause this, especially with such high variability in task cycle times, for example, label printing (~7 seconds), drilling (~10-15s), and top cap refilling (~260s). These complexities provide suitable conditions for examining additional non-value adding waste which is not initially visible without a full shift simulation and statistical analysis such as accumulated waiting/queueing times.
By selecting the CP Lab process, the study benefits from a complex manufacturing line suited for accurate discrete event simulation modelling. This will highlight inefficiencies and lean principles to demonstrate continuous improvement in the context of a modern manufacturing line.

[bookmark: _Toc210677590]Model Development
The DES modelling software chosen was Rockwell Arena, a comprehensive simulation program. A manufacturing line can be constructed simply using a flow-chart-like method. The program outputs a list of variable results from a simulated period, to be examined easily allowing for monitoring of KPIs. Although reliant on normal conditions and not accounting for variation in operator performance or breakdown of machinery, this still provides a good foundation for overall evaluation.
[bookmark: _Toc210677591]Process flow
The processes are defined into modules where the station, decision, queue, process, and assign blocks could be grouped to form the overall process. Flow from each module is linear so material travels the order as follows:
1. Inspection Module
2. Drill Process
3. Top Cap dispensing
4. Hydraulic Press
5. Labelling
6. Output module
Routing between the stations is handled using a route block with a set time corresponding to table 1 in the previous section. Routing time and waiting time are outputted as a comprehensive output and are evaluated as non-value adding activities as is the case in lean material handling practice (Saddikuti, et al., 2021). 
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[bookmark: _Toc210677606]Figure 1 - Inspection module
The inspection module is set up with a hold block that holds material while the optical inspection process is busy. After this the approval process is able to decide if the part is acceptable or rejects it into the reject bin. 
[image: A diagram of a process
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[bookmark: _Toc210677607]Figure 2 - Drill process module
When accepted, the part continues to the drill process. The hold block is used again to hold parts while the drill is busy. The decide splitter splits the parts into the required configuration of two-hole to four-hole ratios. This is currently at 50%. Both configurations use the same resource so can only be processed one at a time.
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[bookmark: _Toc210677608]Figure 3 - Top cap dispenser module
Next the top cap is dispensed onto the part. This time, every 11th part must trigger the operator to refill the dispenser unit. This is done with a counter variable and a decision block which counts up to 10 then sends the 11th part into the refill process and then resets the counter. The hold block is set to only let parts through when neither the refill process nor the top cap dispenser is busy. 
[image: A diagram of a press
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[bookmark: _Toc210677609]Figure 4 - Hydraulic press module
The hydraulic press is simple and set up as just a hold and a process. 
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[bookmark: _Toc210677610]Figure 5 - Labelling module
Labelling is only required 50% of the time, so therefore uses a decision block which either continues or skips the process.
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[bookmark: _Toc210677611]Figure 6 - Output module
The final process is the output module. Here two hold blocks were utilised, the first holds parts while the counter is four or less or the output and remove processes are busy. Once there are four parts in the second hold block, they are sent into the output process. Once complete, the parts are waiting in the buffer. The operator must then remove them from the buffer before more parts can be outputted.
[bookmark: _Toc210677592]Resources and logic
Each machine is assigned its own resource; this allows the output to properly show utilisation to evaluate the effectiveness and reliance of the resource. Most resources were distinct to the process, the inspection camera, dispenser, hydraulic press, label printer, and output robot handling only a single task each. However, the drill and the operator are a shared resource. Drilling can be two or four holes but can only perform one at a time. The operator is a human worker who must refill the top caps every ten cycles and empty the output buffer every four cycles. 


[bookmark: _Toc210677593]Waste Identification
After running the simulation for a shift of 8 hours and evaluating the output file results, many sources of Muda (wastes) were identified. Many of these non-value adding wastes align with the 8 types of waste in the lean framework. Using these principles, it is easy to evaluate the impact on system performance.
In order to identify waste, the processes within each module in the simulation output file were compiled into a table to show value/non-value adding times, wait times, and total times. See below table 7.
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[bookmark: _Toc210677612]Figure 7 - Process value and waiting table
[bookmark: _Toc210677594]Muda / non-value adding waste
The largest waste in the model is waiting, accounting for a total of 33.01 cumulative hours out of 42.76 total hours for the 272 items processed. The largest contributor was the output module, accounting for a total of 21.95 hours, causing a bottleneck at the buffer as items wait to be unloaded. Evidenced as the largest queue, the output hold stops items while waiting for the buffer to be free to send through another four items. This could be because of two reasons. Either the cycle time for this operation is too high compared to the cycle times of the rest of the processes, or that the operator is being over utilised. The 2nd biggest source of queuing is the top cap hold, another manual operation. At 10.29 hours, it is obvious the model is over reliant on manual processes that cannot keep up with the automated resources. The average number of items in the queue for top cap and output hold blocks was 1.3 showing a clear bottleneck at these two stages.
[bookmark: _Toc210677619]Table 3 - Total waste by process
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[bookmark: _Toc210677613]Figure 8 - Pareto chart for total waste time by process
Although there’s many movement of material processes visible in the process list and production line table (see table 3), none of this is considered true waste. Machines are as close as physically possible to each other. Transportation is necessary and fast enough to not cause any bottlenecks, as there are no queueing times between underutilised processes.
Over the simulated 8-hour shift, the top cap dispenser was refilled 24 times. This equates to once every 3 hours. The operator also emptied the output buffer 68 times. Excess processing represents tasks such as these, not adding value and interrupting the flow of the production line.
[bookmark: _Toc210677595]Muri / Overutilisation
While Muda shows how waste is created from non-value adding processes, there is another value to consider. Muri is the act of overburdening people or equipment. From examining the output results for resource utilisation (see table 4). We can see a clear overburden utilisation of the human operator when compared to the automated machinery. 85.1% of the total work shift the operator was busy on a task, while the drill machine (2nd highest utilisation) was only 12.4%. This shows a clear lack of balance in automation and manual processing. Muri is the act of pushing a machine or operator beyond working limits. This can cause breakdowns, defects, and safety concerns further exacerbating Muda (Liker, 2004). 
[bookmark: _Toc210677620]Table 4 - Resource utilisation and total busy time
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[bookmark: _Toc210677596]Value Analysis
Value adding (VA) activities are defined as product processes the customer is willing to pay for. Non-value adding (NVA) activities are processes that increase lead times, add costs without customer benefit, and either directly or indirectly reduces value of the product. Evaluating each process in the CP lab, the ratio of VA to NVA activities can be evaluated to determine the balance of the system as shown in figure 9.
[bookmark: _Toc210677621]Table 5 - Value adding and non-value adding time comparison
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[bookmark: _Toc210677614]Figure 9 - Pie chart for percentage of value and non-value adding processes
Value adding activities include drilling, top cap dispensing, hydraulic pressing, and label printing. These form the product and add value for the customer. Non-value adding activities include inspection, conveyor transport, refill and removal tasks, and all queueing and waiting times recorded by Arena. A vast majority of the time (95%) each product spends on the line is found to be non-value adding. Only 5% of the total lead time contributes to value adding processes. When queuing is separated from NVA processes, the percentages shift to just 22% non-value and 5% value adding processes. Queueing and waiting accounts for 72% of total item processing time as show in figure 10.
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[bookmark: _Toc210677615]Figure 10 - Pie chart for percentage of value and non-value adding processes, and wait time
This section demonstrates, while the CP Lab line completes the processing from raw material to end product, it is very inefficient. Over 95% of the time spent on the line is consumed by activities that do not add value to the product. Lean principles suggest improving this imbalance by applying the focus on the non-value adding activities. More specifically, the queuing and waiting times.



[bookmark: _Toc210677597]Simulation Analysis
The simulation was studied with a focus on particular KPIs in order to assess the current performance of the line. Aiming to provide a bigger picture of what needs improving, to give a good foundation of evidence before creating a plan. KPIs gathered are throughput, cycle time / lead time, waiting time (bottlenecks), and resource utilisation. These should provide a baseline performance of the model and highlight the inefficiencies to improve.
[bookmark: _Toc210677598]Throughput / cycle time
During the simulation, a total of 272 parts were processed. Total value adding time from table 5 is 2.46 hours, meaning per item average VA time is 32.55 seconds. Over eight hours, the maximum theoretical output for the model is 884. The true output is roughly 1/3 of the theoretical output. Throughput was plotted over time, showing a ‘warming up’ period in the first hour with only 13 items completed (see table 6). After this, it averaged out to 34 items per hour for the 2nd to 7th hour. Then a dramatic increase to 54 items in the last hour indicating a large number of items were stuck in work in progress (WIP). For the normal running state of the line, the graph (figure 11) indicates a clear linear throughput indicating that and queuing is consistent and does not fluctuate.
[bookmark: _Toc210677622]Table 6 - Throughput by hour
[image: A screenshot of a table

AI-generated content may be incorrect.]
[image: A graph with orange and green bars

AI-generated content may be incorrect.]
[bookmark: _Toc210677616]Figure 11 - Throughput by hour graph
[bookmark: _Toc210677599]Waiting / queueing
The model recorded an accumulated waiting total of 33 hours over the simulation run. Largest queues formed at the manual operation areas, which are top cap refill, and output removal. These processes have longer cycle times (average 260s and 62s respectively), which combined with having a shared operator with high utilisation (85%). In addition, the processes only initiate when completely full, or empty.  These factors constrain the flow causing these queues to form. The overall system waiting time is a crucial KPI to ensure smooth flow and efficient running.
[bookmark: _Toc210677600]Resource Utilisation
As previously highlighted in section 4.2, utilisation is extremely disproportional between manual and automated processes. The human operator having an average utilisation percentage of 85% while automated machines were only utilised between 2.5% to 12.4%. This means an overdependency on the operator as the rest of the machine sits idle most of the running time waiting for more parts. The performance could be greatly sped up if the operator dependency could be reduced. Meaning specifically the operator utilisation is an important KPI to track.
[bookmark: _Toc210677601]KPI Findings Summary
The determined KPIs supports the waste identification and allows the focus for lean improvement opportunities to be planned. To summarise, the main findings are:
· Low throughput relative maximum theoretical output.
· Large waiting times due to manual operations.
· Imbalance of operator utilisation (high) compared to automated processes (low).
· A clear bottleneck at the output stage.

[bookmark: _Toc210677602]Lean evaluation
The objective of implementing lean improvements is to drive the KPIs in the optimal direction, increasing throughput, reducing wait time, and balancing utilisation. There is a clear scope for improvement through targeted line adjustments. DES enables these changes to be tested at no physical cost and evaluated against the current system. Although this report only aims to identify and evaluate, several improvement opportunities were identified.
[bookmark: _Toc210677603]Improvements
The two largest bottlenecks resulted from long cycle times, high operator utilisation, and reactive rather than proactive scheduling. For the refill operation, flow can be improved by switching to proactive scheduling. Instead of waiting for the dispenser to be empty before refilling, the operator can begin replenishing as long as enough caps remain to satisfy the throughput during the refill operation. The average cycle time is 260s, while a new part enters the line every 104s. This means 2.5 parts will pass through the dispenser during the refill. Refilling can start when there are three caps left in the dispenser. However, this now increased the refills from 27 to 38 times per shift (every 7 caps), raising operator utilisation. We can resolve this by increasing the capacity of the dispenser to 15 top caps. This reduces refilling to 22 times per shift (every 12 caps), thus reducing utilisation.
The output buffer would also benefit from reduced waiting time. Parallel processing would allow flow to continue into a secondary buffer while the main buffer is being emptied. This would reduce waiting times at the output station and allow the automated output process to continue while the operator is emptying the buffer.
Finally, to better balance utilisation between the different stations, a takt-time based scheduling system can be introduced. This works by timing the processes to create harmony between the two stations (Wilhelm, et al., 2021). The previous proposal modified refilling to every 12 caps, while the output removal is every four. So, for every three refills, the operator can empty the buffer once. With these operations coordinated in this sequence, a more predictable workload schedule can be reached, improving efficiency and schedule accuracy compared to the current uncoordinated cycle, refilling every ten, and emptying output every four.


[bookmark: _Toc210677604]Conclusion
The DES software effectively modelled the CP Lab production line, providing quantitative evidence of its performance through key performance indicators. These KPIs revealed significant waiting times and an imbalance between automated and manual operations. The operator’s utilisation of 85% contrasted sharply with the low utilisation of the automated machines such as the drill (12.4%) and the hydraulic press (11.7%). Over 95% of the total processing time was found to be non-value adding, mainly caused by queueing at the top cap dispenser and output modules.
Through the application of lean principles, several targeted improvements were identified. Increasing the top cap dispenser capacity and introducing proactive refilling would reduce waiting times and interruptions in flow. Implementing parallel output buffers would minimise the end process flow interruptions. Takt-time based scheduling would ensure the operator can alternate between tasks at set intervals to ensure manual and automated elements work well together. This enables good flow with minimal queues.
Overall, the study demonstrates the value of using DES models to support continuous improvement projects within manufacturing environments. By analysing KPIs from virtually simulated systems, organisations can identify bottlenecks and underutilised processes. Improvements can then be implemented without financial risk. Lean evaluation through DES ultimately enables data-driven decision making for continuous, evidence-based improvement.
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