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[bookmark: _Toc221701584][bookmark: _Toc221874612]Abstract
Modern manufacturing systems increasingly depend on flexible automation, intelligent robotics and data‑driven optimisation to maintain competitiveness in environments characterised by rising production demands and expanding product variation. This study develops a discrete‑event simulation of a piston machining cell comprising a Lathe, VMC, 5‑Axis Mill, industrial robot and manual inspection station using Visual Components to evaluate system performance prior to physical implementation. The baseline model is analysed to identify inefficiencies related to robot utilisation, transfer logic, buffering strategy, operator involvement and spatial layout. Particular emphasis is placed on optimising robot usage and floor‑space efficiency, as these factors strongly influence cycle time, work‑in‑progress levels and overall throughput. Lean principles, including waste reduction, improved flow and balanced resource loading are applied to redesign the cell and enhance operational robustness. The optimised configuration is then compared with the initial layout to quantify improvements in productivity, utilisation and spatial efficiency, while also assessing trade‑offs associated with ergonomics, safety and system complexity. The findings demonstrate the value of virtual simulation as a decision‑support tool for designing high‑performance machining cells in modern manufacturing environments.
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1. [bookmark: _Toc221701586][bookmark: _Toc221874614]
Introduction
Modern manufacturing environments increasingly rely on flexible automation, intelligent robotics and data‑driven optimisation to achieve competitive performance. As production demands rise and product variation increases machining cells must be designed not only for throughput but also for spatial efficiency, operational robustness and seamless integration between human and automated resources. Visual simulation tools such as Visual Components provide a powerful platform for analysing these systems before physical implementation enabling engineers to evaluate process flow, resource utilisation and layout constraints in a controlled virtual environment.
This assignment investigates the performance of a piston machining cell comprising sequential operations on a Lathe, VMC, 5‑Axis Mill and a manual inspection station by recreating the system as a discrete‑event simulation model. The study focuses on identifying inefficiencies related to robot utilisation, transfer logic, buffering and operator involvement as well as evaluating how the physical layout influences flow, congestion and wasted motion. Particular emphasis is placed on robot usage optimisation and floor‑space optimisation, as these factors directly affect cycle time, work‑in‑progress levels and the overall productivity of the machining cell.
By analysing baseline performance metrics and applying lean principles such as waste reduction, improved flow and balanced resource loading this Assignment aims to redesign the machining cell to achieve measurable improvements in throughput, utilisation and spatial efficiency. The optimised model is then compared against the initial configuration to quantify performance gains and evaluate any trade‑offs introduced by the redesign, including impacts on ergonomics, safety and system complexity.
[bookmark: _Toc221701587][bookmark: _Toc221874615]
2. Literature Review
[bookmark: _Toc221701588][bookmark: _Toc221874616]2.1 Robotics, Automation and Flexible Manufacturing Systems
Research in robotics and automation has progressed from isolated, pre-programmed industrial robots towards integrated and flexible manufacturing systems capable of responding to product variability and changing demand. Early automation prioritised efficiency through rigid high-volume production whereas contemporary manufacturing increasingly values adaptability, customisation and system resilience (Koren)
Flexible Manufacturing Systems (FMS) integrate CNC machine tools, industrial robots, automated material handling and supervisory control to enable production of multiple product variants with reduced changeover time Koren (Koren)argue that flexibility and reconfigurability are now essential, particularly in high-mix, low-volume environments typical of UK manufacturing.
Recent research emphasises intelligent automation, including sensor fusion, machine vision, and learning-based control, enabling robots to operate in less structured environments and adapt to process variation (Haddadin, 2020) however a persistent gap remains between experimental research and industrial deployment. Reliability, validation complexity, and lifecycle cost are frequently cited barriers to adoption (Siciliano, 2021).
A further limitation in the literature is the assumption of greenfield manufacturing environments. In practice, much UK manufacturing occurs in brownfield sites containing legacy equipment, highlighting the need for integration approaches capable of accommodating heterogeneous systems and constrained upgrade pathways (Monostori, 2014) .
[bookmark: _Toc221701589][bookmark: _Toc221874617]2.2 Integration Methodologies and System Architectures
Integrating robots, machine tools, material handling systems, and human operators remains a central challenge. Traditional hierarchical control architectures based on PLCs and SCADA systems dominate industrial practice due to their robustness and deterministic behaviour (IEC, IEC 61508: Functional safety of electrical/electronic/programmable electronic safety-related systems. , 2010). While effective for stable production these architectures offer limited flexibility for rapid reconfiguration.
To address these limitations research has explored distributed and service-oriented architectures. Middleware technologies support platform-independent communication across heterogeneous devices. Although service-oriented approaches may reduce vendor lock-in and improve scalability, they introduce challenges related to network latency, cybersecurity and system verification (Monostori, 2014).
Agent-based and holonic manufacturing systems represent an alternative paradigm in which machines and robots act as autonomous entities. Simulation studies demonstrate improved adaptability and fault tolerance however industrial adoption remains limited due to difficulties in guaranteeing predictable behaviour and compliance with established safety standards (Wooldridge, 2022).
Human integration has gained prominence with the growth of collaborative robotics. Research in human–robot interaction focuses on shared workspaces, task allocation and adaptive assistance (Haddadin, 2020). Despite their potential collaborative systems introduce challenges related to operator trust, cognitive workload and ergonomics which remain underexplored compared with technical integration issues.
[bookmark: _Toc221701590][bookmark: _Toc221874618]2.3 Control, Interoperability and Safety Considerations
Control and interoperability are critical enablers of integrated robotic systems. Real-time industrial communication technologies such as EtherCAT and Time-Sensitive Networking (TSN) support deterministic data exchange and synchronised motion control across distributed devices (IEEE, 2020). These technologies are increasingly viewed as essential for tightly coupled robotic and machine tool integration.
Interoperability standards aim to standardise communication semantics and data models to reduce integration complexity, however inconsistent implementation and proprietary extensions frequently undermine interoperability in multi-vendor environments.
Safety remains a dominant concern particularly in systems involving human–robot collaboration. Standards such as ISO 10218 (ISO, ISO 10218-2: Robots and robotic devices – Safety requirements for industrial robot systems and integration. , 2025) adopt a risk-based approach incorporating physical safeguarding, speed and separation monitoring, and power and force limiting strategies (ISO, ISO 10218-2: Robots and robotic devices – Safety requirements for industrial robot systems and integration. , 2025).While effective for conventional robotic systems, validating safety for adaptive or learning-based robotic behaviours remains an unresolved challenge (Siciliano, 2021).
[bookmark: _Toc221701591][bookmark: _Toc221874619]2.4 Emerging Trends: Digital Twins and Cyber-Physical Production Systems
Digital twins have emerged as a key concept in manufacturing systems integration, providing dynamic virtual representations of physical assets to support simulation, monitoring and optimisation. Research demonstrates their value for virtual commissioning, predictive maintenance and performance optimisation of robotic systems (Monostori, 2014).
Cyber-Physical Production Systems (CPPS) extend this concept by tightly coupling computational intelligence, communication networks and physical processes enabling distributed decision-making and system self-adaptation (Monostori, 2014). Despite strong alignment with Industry 4.0 objectives many CPPS implementations remain at pilot or demonstrator level with limited evidence of sustained industrial impact.
Increased connectivity also introduces cybersecurity risks. The literature increasingly recognises that cyber threats can compromise both operational safety and production continuity yet security considerations are often treated as secondary during system integration (IEC, IEC 62061: Safety of machinery – Functional safety of safety-related control systems., 2021)
[bookmark: _Toc221701592][bookmark: _Toc221874620]2.5 Regulatory and Standards Framework
Robotic and automated system integration in the UK is governed by international standards and European-derived legislation retained in UK law. ISO 10218 and ISO/TS 15066 define safety requirements for industrial and collaborative robots (ISO, ISO 10218-2: Robots and robotic devices – Safety requirements for industrial robot systems and integration. , 2025) (ISO, ISO/TS 15066 Robots and robotic devices - collaborative robots, 2016),while functional safety is addressed through IEC 61508 and IEC 62061 (IEC, IEC 61508: Functional safety of electrical/electronic/programmable electronic safety-related systems. , 2010) (IEC, IEC 62061: Safety of machinery – Functional safety of safety-related control systems., 2021)
[bookmark: _Toc221701593][bookmark: _Toc221874621]2.6 Summary and Research Gaps
The literature demonstrates a shift towards flexible, intelligent, and interconnected manufacturing systems, with growing emphasis on modularity, interoperability, and human-centred design. However, a substantial gap persists between academic research and industrial practice.
Key research gaps include limited empirical studies on brownfield integration, insufficient methodologies for validating adaptive robotic systems, underdeveloped human factors research, and immature approaches to cybersecurity in integrated manufacturing environments (Monostori, 2014) (Siciliano, 2021).


[bookmark: _Toc221701594][bookmark: _Toc221874622]
3. Methodology
[bookmark: _Toc221701595][bookmark: _Toc221874623]3.0 Model development
[bookmark: _Toc221701596][bookmark: _Toc221874624]3.1 Original Model
The original configuration seen below in Figure 1 below had the following equipment and process times:
[image: ]
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[bookmark: _Toc221874634]Figure 1 Current Layout
The current workshop layout occupies the entire available floor space, leaving no capacity for future expansion should operational demands increase. Additionally, the existing arrangement exhibits significant underutilisation of space and introduces unnecessary complexity, which collectively reduces overall efficiency.
[bookmark: _Toc221701597][bookmark: _Toc221874625]3.2 Revised Model
The revised model below as seen in Figure 2 contains the following equipment and process times. 
· Haas ST-30 CNC Lathe (Operation 1 – turning the blank piston)
· Haas VF-1 Vertical Machining Centre (Operation 2 – milling slots, pin bores, oil galleries)
· Haas UMC-500 5-Axis Mill (Operation 3 – crown and skirt finishing)
· Fanuc M-10iA/8L robots (machine tending operations)
· Various conveyors, pallet storage and a manual inspection station are also included within the cell.
Each part follows this routing:
1. Op1 – Turning (Lathe)
· Robot (R1) loads raw part from the inlet conveyor (IC 1) to the Lathe.
· Lathe performs external and internal turning operations.
· Robot (R1) unloads to Millin (VMC).
2. Op2 – Milling (VMC)
· Robot (R1) picks from turning (Lathe) and loads the VMC.
· VMC mills flats, drills and taps holes.
· Robot (R1) unloads to Finishing (5-Axis Mill)
3. Op3 – Finishing (5-Axis Mill)
· Robot (R1) picks from Milling (VMC) and loads the 5-Axis Mill.
· 5-Axis machine finishes critical features and skirt surfaces.
· Robot (R1) unloads to Outlet Conveyor (TC 1).
4. Automated Inspection
· Robot (R2) collects parts from the end of Outlet Conveyor (TC 1).
· Parts are Automatically measured in a cabinet Robot (R2) then places on the Finished Goods Pallet

Processing Data
· Part Interarrival interval = min 200s – Max 210s
· Lathe: μ = 3.5 min, σ = 12s 
· VMC: μ = 2.0 min, σ = 6s
· 5-Axis Mill: μ = 4.0 min, σ = 18s
· Full inspection: μ = 2.5 min, σ = 30s

[image: ]
[bookmark: _Toc221874635]               Figure 2  Revised Layout
The revised layout model eliminates the inefficiencies identified in the existing configuration by removing redundant equipment and reorganising the remaining assets into a more streamlined and functional arrangement. This reconfiguration improves both equipment utilisation and floor‑space efficiency, while also creating capacity for future expansion should operational demands increase, as discussed in Section 4.



[bookmark: _Toc221701598][bookmark: _Toc221874626]4.0 Discussion
[bookmark: _Toc221701599][bookmark: _Toc221874627]4.1 Data collection
[bookmark: _Toc221701600][bookmark: _Toc221874628]4.1.1 Original Layout Baseline
As illustrated in the utilisation statistics presented in Figures 3 and 4, Robot 1 (R1) achieved a utilisation rate of 13.69% in the original layout. Comparable data for Robot 2 (R2) and Robot 3 (R3) are shown in Figures 5 and 6. In addition, production output was recorded over an eight‑hour shift, with the results summarised in Figure 7. 

[image: ]
[bookmark: _Toc221874636]Figure 3 R1 original utilisation Chart
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[bookmark: _Toc221874637]Figure 4 Original R1 stats
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[bookmark: _Toc221874638]Figure 5  R2 Original statistics
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[bookmark: _Toc221874639]Figure 6 R3 Original Statistics
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[bookmark: _Toc221874640]Figure 7 Original 8hr shift parts complete

[bookmark: _Toc221701601][bookmark: _Toc221874629]4.1.2 Revised layout 
In the revised layout, Robot 3 (R3) was removed entirely and therefore no utilisation data was collected for this unit in the updated configuration. Similarly, Robot 2 (R2) was relocated to a new position and assigned a revised process meaning its utilisation data are not directly comparable with the original layout. The utilisation results for Robot 1 (R1) in the revised configuration are presented in Figures 8 and 9, with the total number of parts completed during an eight‑hour shift shown in Figure 10.
[image: ]
[bookmark: _Toc221874641]Figure 8 Revised layout R1 statistics
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[bookmark: _Toc221874642]Figure 9 R1 revised layout utalisation
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[bookmark: _Toc221874643]Figure 10 Revised layout Completed parts
[bookmark: _Toc221701602][bookmark: _Toc221874630]4.2 Optimisation
The removal of Robot 3 (R3) and the TC2 station from the original workflow represents a strategically significant simplification of the manufacturing cell, fully aligned with lean manufacturing principles and contemporary automation practice. In the initial configuration the presence of multiple transfer stages and redundant handling operations contributed to unnecessary complexity, extended cycle times and increased opportunities for process variability. By eliminating R3 and the associated TC2 transfer point the revised layout removes a non‑value‑adding step from the process sequence, reducing the number of robot to robot handovers and minimising queuing, blocking and idle time. This rationalisation directly supports lean objectives related to the elimination of motion waste, unnecessary transport, waiting and over‑processing.
From a spatial and operational perspective, the removal of these components created greater flexibility in the utilisation of the workshop footprint. The revised cell occupies a smaller physical area and enables a more compact, modular and repeatable layout. This is particularly advantageous in industrial environments where floor space is a critical resource and where scalability is essential for responding to fluctuations in production demand. The simplified layout also reduces the number of potential collision zones and robot interaction boundaries, lowering the complexity of safety zoning and risk assessment activities. A more streamlined physical arrangement also supports easier maintenance access and clearer operator pathways, contributing to improved overall ergonomics and workplace organisation.
A major enhancement in the redesigned workflow is the transition from manual inspection to an automated inspection cabinet. Manual inspection in the original configuration introduced variability, inconsistency and ergonomic risk as operators were required to repeatedly handle components and interact with the robots operating envelope. The automated inspection cabinet removes this dependency on human intervention, ensuring consistent inspection criteria, reducing the likelihood of human error and supporting continuous‑flow manufacturing. This aligns with industrial automation best practice, where automated quality assurance systems are increasingly used to improve repeatability and reduce process variation. The shift to automated inspection also supports traceability and data capture enabling more robust quality monitoring and facilitating integration with digital manufacturing systems.
Repositioning Robot 2 (R2) to perform the combined tasks of feeding the inspection cabinet and transferring inspected parts to the pallet further consolidates the workflow. In the original layout these tasks were carried out by a human operative, resulting in fragmented motion paths and increased transfer times. By assigning these responsibilities to R2, the revised model reduces the number of dependencies and simplifies the coordination logic required for synchronising operations. This consolidation directly addresses lean objectives related to motion waste and unnecessary transport, as R2 now follows a shorter, more efficient path with fewer intermediate stops. The reduction in task fragmentation also improves the predictability of robot movements and reduces the likelihood of path interference.
The impact of these modifications is clearly reflected in the simulation‑based analysis. Although specific numerical values are not referenced here, the simulation demonstrated a consistent trend of reduced cycle time, improved robot utilisation and increased throughput. The elimination of redundant handling operations and the streamlining of robot motion paths contributed to a more continuous and balanced flow of components through the cell. In the original configuration robots frequently experienced idle periods due to queuing at the inspection stage and delays caused by the additional handling operations performed by R3. In the revised configuration, these delays were significantly reduced, resulting in smoother task sequencing and more efficient use of robot time.
Robot utilisation metrics also showed a more balanced distribution of workload between R1 and R2. In the original layout, the presence of three robots performing overlapping tasks resulted in uneven utilisation and periods of under‑use. The revised configuration demonstrated a more even allocation of responsibilities, with both R1 and R2 operating at utilisation levels that support efficient flow without creating bottlenecks. This improved line balancing is a key indicator of effective workflow redesign, as it demonstrates that the system is operating closer to its optimal capacity without overburdening any individual resource.
Throughput performance also improved as a result of the redesign. The original system was constrained by delays at the manual inspection stage and the additional handling time introduced by R3. The revised simulation recorded a clear increase in throughput, reflecting the benefits of reduced cycle time, improved robot utilisation and the elimination of manual inspection delays. This demonstrates how targeted simplification and automation can directly enhance production capacity without requiring additional equipment or floor space.
The reduction of inter‑station distances in the revised layout further contributes to improved flow efficiency. Shorter travel paths for both robots reduce non‑productive motion and minimise the time required for part transfers. This is particularly evident in the simulation’s robot path analysis, where the average travel distance per cycle decreased, resulting in faster task completion and reduced energy consumption. The simplified robot paths also reduce the likelihood of path interference and improve the predictability of robot movements, which is beneficial for both safety and maintenance planning.
From a human‑factors perspective, the removal of manual inspection activities significantly reduces ergonomic risk. Operators are no longer required to perform repetitive handling tasks or work in close proximity to robot interaction zones. This aligns the cell with relevant safety standards and supports a safer, more controlled working environment. The automated inspection cabinet provides a consistent and enclosed inspection process, reducing operator exposure to potential hazards and improving overall system reliability. The reduction in manual tasks also supports workforce redeployment to higher‑value activities, consistent with modern manufacturing strategies that emphasise human‑robot collaboration in non‑repetitive tasks.
Collectively, these modifications demonstrate how the integration of lean principles, automation best practice and simulation‑driven design can lead to substantial improvements in the performance, safety, and scalability of a robotic manufacturing cell. The simulation results validate the effectiveness of the redesign, quantifying improvements in cycle time, throughput, and robot utilisation. The simplified layout not only enhances current operational efficiency but also provides a robust foundation for future expansion, reconfiguration or integration with additional automated processes. This approach illustrates the value of simulation as a decision‑support tool, enabling engineers to test alternative configurations, evaluate performance impacts, and optimise system behaviour before physical implementation.

[bookmark: _Toc221701603][bookmark: _Toc221874631]4.3. Results and analysis 
The utilisation analysis presented in Figures 3, 4, 8 and 9 demonstrates a measurable improvement in the performance of Robot R1 following the implementation of the redesigned manufacturing cell layout. Initially R1 operated at a utilisation level of 13.69%. After the new configuration was introduced, utilisation increased to 16.85%, representing a 3.16% improvement. Although this increase may appear modest, it is important to recognise that the cycle times of the two lathes and the milling machine remain fixed constraints within the system. These machines currently operate at their minimum achievable cycle times meaning that further improvements in R1 utilisation are inherently limited by upstream and downstream process durations. As such, the observed increase should be interpreted as a positive outcome within the boundaries of the system’s operational constraints.
A more substantial impact of the redesign relates to the spatial efficiency of the cell. The removal of equipment TC2, OC and R3 enabled a complete reconfiguration of the layout, as illustrated in Figure 2. The original cell required 176 m² of floor space, whereas the redesigned configuration occupies only 90 m². This represents a 48.86% reduction in required space. From a manufacturing systems perspective this is a significant improvement as floor space is a critical and often costly resource. Reducing the footprint of a cell by nearly half not only improves operational efficiency but also creates opportunities for future expansion. The freed space could accommodate additional machining cells, support new product lines or be repurposed for auxiliary functions such as material storage, quality inspection or automated logistics. In environments where demand fluctuates or product families evolve, this spatial flexibility provides a strategic advantage.
Another key enhancement introduced by the redesign is the removal of the manual measurement zone and its replacement with an automated measuring cabinet. This cabinet is serviced by Robot R2, which has been repositioned to support the new workflow. Although R2 currently exhibits a low utilisation rate of 2.7% (Figure 11), this should not be interpreted as inefficiency. Instead, it reflects the current scale of the system. As additional cells are introduced in the future, R2’s utilisation is expected to increase proportionally. Moreover, R2 has the potential to undertake additional tasks such as pallet loading, stacking, or inter‑cell material transfer. These tasks would not only increase its utilisation but also further reduce the need for human intervention, thereby improving consistency and reducing labour‑related variability.
[image: ]
[bookmark: _Toc221874644]Figure 11 R2 Revised layout utilisation Statistics
The removal of the human operator from the measurement process also has important implications for system reliability and data accuracy. Human operators introduce natural variability into manufacturing systems due to factors such as fatigue, rest breaks, inconsistent working pace, and differences in skill or attention. In the original simulation model, the human operator was assumed to work continuously for an eight‑hour shift without breaks. This assumption is unrealistic and results in an overestimation of the human‑based system’s productivity. In practice, a typical shift includes two 15‑minute breaks and a 30‑minute lunch break, resulting in one hour of lost production time.
Under simulated conditions, the system produced 111 parts in eight hours, equivalent to 13.87 parts per hour. When adjusted to reflect realistic human availability the expected output would be approximately 97.13 parts per shift. In contrast the automated system is not subject to these constraints. Robots do not require breaks do not experience fatigue and maintain consistent cycle times throughout the shift. Using the corrected human output figure the automated system represents an approximate productivity increase of 10.3%. This improvement is achieved without increasing labour costs, introducing overtime or requiring additional staffing. Furthermore, automation enables the system to operate across variable shift lengths, including extended or continuous operation providing additional flexibility in meeting production targets.
Beyond productivity the shift from manual to automated measurement enhances process capability and quality assurance. Automated measurement systems provide consistent, repeatable, and traceable inspection results, reducing the risk of human error and improving the reliability of quality data. This is particularly important in precision machining environments where dimensional accuracy is critical. By integrating the automated measuring cabinet directly into the cell, the system also reduces material handling time and eliminates the need for operators to transport parts to and from inspection stations. This contributes to a more streamlined and efficient workflow.
The redesigned cell also aligns with lean manufacturing principles, particularly those related to waste reduction, flow optimisation, and the elimination of non‑value‑adding activities. The removal of unnecessary equipment, reduction in floor space, and elimination of manual inspection all contribute to a more efficient and focused process. The improved layout reduces transport distances, minimises waiting time between operations, and supports a more continuous flow of parts through the system. These changes collectively enhance the overall performance of the cell and contribute to a more robust and scalable manufacturing environment.
In summary, the redesigned manufacturing cell delivers several key benefits. Although the increase in R1 utilisation is modest due to fixed machine cycle times, the overall system performance is significantly enhanced through improved spatial efficiency, reduced human variability, and increased automation. The 48.86% reduction in floor space provides substantial capacity for future expansion, while the integration of automated measurement improves both productivity and quality. The removal of the human operator eliminates variability and enables more accurate simulation data, revealing an approximate 10.3% increase in production output when compared with a realistic human‑operated baseline. Collectively, these improvements demonstrate the value of the redesigned layout and highlight the potential for further optimisation as additional cells and automated functions are introduced.
 
[bookmark: _Toc221701604][bookmark: _Toc221874632]5. Conclusion
The redesign of the robotic manufacturing cell demonstrates the substantial performance, safety and organisational benefits that can be achieved when lean manufacturing principles, automation best practice and simulation‑driven engineering are applied in a coherent and strategically aligned manner. The decision to remove Robot 3 (R3) and the TC2 transfer station represents far more than a simple reduction in hardware; it reflects a deliberate shift towards eliminating non‑value‑adding activities and creating a workflow that is inherently more efficient, predictable and scalable. In the original configuration the presence of multiple transfer points and redundant handling operations introduced unnecessary complexity, extended cycle times and increased opportunities for process variation. By eliminating these elements the revised layout removes a significant source of waste specifically unnecessary motion, transport, waiting and over‑processing thereby aligning the system more closely with the core objectives of lean manufacturing.
The spatial and operational implications of this simplification are equally significant. The removal of R3 and TC2 enables a more compact and modular cell layout reducing the overall footprint and creating a more flexible use of workshop space. In industrial environments where floor area is a constrained and costly resource the ability to deploy a smaller, more efficient cell provides a clear competitive advantage. The simplified layout also reduces the number of potential collision zones and robot interaction boundaries, which in turn lowers the complexity of safety zoning and risk assessment activities. This contributes to a safer working environment and reduces the engineering effort required to maintain compliance with relevant safety standards. Furthermore, the improved spatial clarity enhances maintenance access and operator pathways, supporting better ergonomics and more effective workplace organisation.
A key enhancement in the redesigned workflow is the transition from manual inspection to an automated inspection cabinet. Manual inspection in the original system introduced variability, inconsistency, and ergonomic risk, as operators were required to repeatedly handle components and work in close proximity to robot operating envelopes. The automated inspection cabinet removes this dependency on human intervention, ensuring consistent inspection criteria, reducing the likelihood of human error, and supporting continuous‑flow manufacturing. This shift reflects broader trends in modern manufacturing, where automated quality assurance systems are increasingly used to improve repeatability, enhance traceability, and enable integration with digital manufacturing platforms. The ability to capture inspection data automatically also strengthens the system’s capability for quality monitoring and long‑term process optimisation.
Reassigning the tasks of feeding the inspection cabinet and transferring inspected parts to the pallet from a human operator to Robot 2 (R2) further consolidates the workflow. This change reduces task fragmentation, shortens motion paths, and simplifies the coordination logic required to synchronise operations. In the original layout, the involvement of a human operator introduced delays, inconsistencies, and additional transfer time. By centralising these responsibilities under R2, the revised configuration reduces dependencies and creates a more predictable and efficient flow of components. This consolidation directly supports lean objectives by reducing motion waste, unnecessary transport and idle time.
The benefits of these modifications are clearly reflected in the simulation‑based analysis. Although specific numerical values are not referenced here, the simulation consistently demonstrated reductions in cycle time, improvements in robot utilisation, and increases in throughput. The elimination of redundant handling operations and the streamlining of robot motion paths contributed to a more continuous and balanced flow of components through the cell. In the original configuration robots frequently experienced idle periods due to delays caused by the additional handling operations performed by R3. In the revised configuration, these delays were significantly reduced, resulting in smoother task sequencing and more efficient use of robot time.
Robot utilisation metrics also showed a more balanced distribution of workload between R1 and R2. The original layout, with three robots performing overlapping tasks, resulted in uneven utilisation and periods of under‑use. The revised configuration demonstrated a more even allocation of responsibilities, with both robots operating at utilisation levels that support efficient flow without creating bottlenecks. This improved line balancing is a key indicator of effective workflow redesign, demonstrating that the system is operating closer to its optimal capacity without overburdening any individual resource.
From a human‑factors perspective, the removal of manual inspection activities significantly reduces ergonomic risk and operator exposure to potential hazards. This aligns the cell with contemporary safety expectations and supports a more controlled and predictable working environment. The reduction in manual tasks also enables workforce redeployment to higher‑value activities, consistent with modern manufacturing strategies that emphasise human‑robot collaboration in non‑repetitive, cognitively demanding tasks.
Overall, the redesigned manufacturing cell provides a compelling example of how lean thinking, automation best practice, and simulation‑driven design can be integrated to deliver substantial improvements in performance, safety, and scalability. The simulation results validate the effectiveness of the redesign, demonstrating quantifiable improvements in cycle time, throughput and robot utilisation. Beyond immediate operational gains, the simplified layout establishes a robust foundation for future expansion, reconfiguration, or integration with additional automated processes. This study highlights the value of simulation as a decision‑support tool, enabling engineers to evaluate alternative configurations, quantify performance impacts and optimise system behaviour before physical implementation.
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