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Abstract

:

This study aims to improve the assembly manufacturing process to solve the workload imbalances by combining value stream mapping (VSM) and ranked positional weight (RPW). An empirical study was conducted in a defense manufacturing firm located in Indonesia. The study specifically focused on 155 components and 56 tasks distributed among 43 assembly workstations in one weapon product. The results of the analysis showed a significant reduction in the total cycle time, from 5121 s (85.35 min) to 3620 s (60.33 min), or a decrease of 29%. Additionally, the study found improvements in the balance of the assembly line as measured by balance delay, line efficiency, and smoothness index performance indicators. The application of VSM and RPW in this study is unique in the context of the defense industry, as it provides empirical analysis on cycle time and assembly line balance, which is rarely studied. The results of this study contribute to the advancement of literature in the field and provide valuable insights for other organizations in the defense industry and other manufacturing industries. By improving the efficiency and balance of the weapon assembly line, this study has the potential to increase productivity and reduce waste.
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1. Introduction


The assembly process is an important aspect in the manufacturing industry as it involves the joining of various parts to form a complete product. Over the years, various techniques have been developed to improve the assembly manufacturing process. Prior researchers have developed different techniques to make production processes effective, balanced, with minimum waste, and efficient. Each technique has its own characteristics and uniqueness. Prior research classified tools commonly used in lean manufacturing, which included among others cellular layout, six sigma, and value stream mapping (VSM) [1]. The classification found that VSM provides a comprehensive view of the flow of materials and information at all levels of the industry. Another research project confirmed the benefits of VSM by showing that it is a tool used to identify areas with potential for improvement. It accomplishes this by eliminating waste in the product development process while other tools only perform analysis [2]. For the straight-line configurations, prior authors compared 20 different heuristic methods on 100 assembly problems and found that the RPW heuristic method showed better results [3].



This study aims to improve the assembly manufacturing process in the defense industry. The defense industry is known for its strict quality control standards and is constantly under pressure to improve its processes to meet these standards. This study focuses on a defense manufacturing firm located in Indonesia. Specifically, the assembly process being studied is for the Assault Rifle X (henceforth ARX) product. The ARX is the firm’s leading product with the highest demand and most complex assembly process compared to other weapons. The goal is to increase production from 200 to 300 ARX per day. The workers have to pay close attention to the assembly process because most of it is performed manually. Special machines are employed in the assembly process in order to assemble components that require high precision that cannot be achieved manually.



The weapon division responsible for the ARX assembly process has 56 operations/tasks distributed among 43 workstations, with a total of 155 components. Preliminary analysis shows that almost all workstations have a cycle time greater than the required takt time, leading to an imbalance in workloads. One station has a workload of 67 s, while another has a workload of 253 s, causing a bottleneck at the station with the heaviest workload and affecting the overall assembly line efficiency.



Basing their work on the unique characteristics of different assembly line balancing techniques compared by previous researchers and researchers’ preliminary analysis, researchers are encouraged to combine the value stream mapping (VSM) and ranked positional weight (RPW) methods to improve the ARX weapon assembly process [4]. Preliminary analysis is conducted to ensure that the main analysis can be carried out effectively [5,6]. Combining the VSM method, used in lean manufacturing, with the RPW method for line balancing, is expected to improve the ARX weapon assembly process in the weapon division of the firm. This combination is anticipated to provide clear mapping of material and information flows and to calculate the performance indicator value of the ARX weapon assembly, thereby possibly helping the weapon division to achieve its production target.



The remainder of the paper is structured as follows, each with a distinct focus. The next section presents a literature review on three key concepts: lean manufacturing, value stream mapping, and ranked positional weight. In the third section, the materials and methods used in the research are explained, with a particular focus on the six stages of the research. In the fourth section, the current process and performance are described, providing context for the improvements that will be suggested in the following section. The fifth section explores the potential benefits of combining value stream mapping and ranked positional weight, and how these two concepts can be used to drive improvements in the organization. Discussion is provided in the sixth section. In the last section, the implications of the study are discussed, as well as potential future directions for research in this field.




2. Literature Review


The assembly process is a critical stage in the manufacturing industry, where different components are put together to form a final product. It is a complex procedure that requires coordination and efficient management of various activities, including material handling, assembly operations, and quality control [7,8,9]. The success of an assembly process depends on various factors, including the design of the assembly line, the type of equipment used, the skills of the workers, and the implementation of an effective line balancing technique. The assembly process is also influenced by the type of product being manufactured, the volume of production, and the available working time [10]. To achieve an efficient assembly process, it is essential to balance the workloads at each workstation and to minimize the cycle time for each operation. The use of lean manufacturing techniques, such as value stream mapping, can help to streamline the assembly process and optimize the use of resources.



Prior research on the use of VSM as a lean tool has been conducted by various scholars. For instance, VSM was applied to the process of raw materials until the production of finished products in the motorcycle industry. As a result, the production lead time decreased significantly from 3.215 days to 0.54 days, processing time decreased from 15.67 min to 14.13 min, and the production output per worker increased from 13.95 frames to 17.54 frames [11]. VSM was also used to eliminate waste gas turbine product development. The result was a 50% reduction in the lead time for the product design stage, which reduced the overall lead time [2].



More specifically, the application of VSM to assembly processes has been studied in the assembly process of Printed Circuit Board (PCB) for the production of smart vehicle tags. The focus of the research was on workstations with a cycle time that exceeded the takt time. VSM can identify the causes of high cycle times in these workstations, enabling improvements and resulting in a 63% reduction in machine setup time [12]. The study also demonstrates that the application of VSM can not only be implemented in the entire supply chain management activities of a company, but also in one of the activities, such as the product assembly process. This is because each part of the supply chain management activities always involves the flow of materials and information that are interrelated and have the same goal, which is to focus on maximizing value for end customers. Lean thinking with the application of VSM was also used during the pandemic by previous researchers in non-manufacturing environments [13]. The pandemic is an event that has had a wide-ranging impact both on manufacturing and non-manufacturing and has drawn the attention of academics from various disciplines [14]. The VSM method can also be applied to small businesses or creative enterprises [15]. These types of businesses have different characteristics compared to large organizations [16,17].



Meanwhile, studies aimed at improving the performance indicators of the assembly process, one of which is line efficiency, have focused on using line balancing techniques with different methods. The computer method for sequencing operations for assembly lines (COMSOAL), ranked positional weight (RPW), and largest candidate rule (LCR) methods were applied to improve line efficiency in the automotive industry. The report showed that all heuristic methods could provide good solutions for straight-line balancing problems. Fathi et al. (2018) compared 20 different heuristic methods on 100 assembly problems and found that the RPW heuristic method showed better results in providing solutions to industries that run assembly functions with straight-line configurations [18]. These diverse tools are expected to ultimately help managers in making a better decision for the organization [19,20].



The Helgeson–Birnie method (RPW), Kilbridge–Wester Heuristic, and Moddie Young were implemented in line welding with the aim of improving line efficiency. The research results showed that the line efficiency and balance delay performance indicators had the same value when the three methods were applied. However, there was a difference in the smoothness index value. The Helgeson–Birnie (RPW) method showed the best smoothness index value [21]. The RPW method used to balance the assembly line for a parts product was applied in different scenarios. The results showed that the RPW method produced a balanced assembly line with high line efficiency when there were no resource constraints at each workstation. The study also showed a significant decrease in the number of workstations required from 61 to only 27 [22].



In sum, previous studies have been exclusive to certain methods, and few have combined various techniques to achieve optimal results for unique problem-solving in the field. Based on the firm’s needs in this study, and considering the advantages of the VSM method in the application of lean manufacturing concepts and the RPW method in line balancing techniques, the researchers were motivated to combine the two methods in improving the assembly process.



2.1. Lean Manufacturing


Lean manufacturing originated with the Toyota Production System (TPS) and was gradually adopted by Toyota in the 1950s. By the 1980s, Toyota was widely recognized for its successful implementation of the just-in-time (JIT) system and is now regarded as a leading firm in efficient and effective lean manufacturing practices. The term “Lean Manufacturing”, or “Lean Production”, was first introduced in the book The Machine that Changed the World in 1990 [23].



Lean manufacturing is a set of principles and methods aimed at eliminating waste in the production process. The objective is to reduce costs, increase output, and shorten lead times by removing anything that does not add value from the customer’s perspective. Standard processes involve detailed production guidelines to eliminate variation in worker tasks. Continuous flow aims to achieve a constant flow of processes to avoid bottlenecks and interruptions. Pull-production ensures that goods are produced only when needed and in the correct quantity. Quality at the source eliminates defects at the start of the production process and at the end leads to customer satisfaction [23,24]. Continuous improvement requires worker involvement in the pursuit of perfection through the elimination of waste [23,25].



Lean principles are primarily applied in industries that involve assembly-based processes or repetitive manual processes. These are typically industries where worker efficiency and attention to detail play a significant role in productivity. The implementation of improved systems can result in the elimination of significant waste and inefficiencies. Industries such as wood processing, garment manufacturing, automobile assembly, electronics assembly, and equipment manufacturing are all examples that have adopted lean concepts [26].




2.2. Value Stream Mapping


Value stream mapping is a visual representation tool that helps companies to identify sources of waste in their production processes. It helps evaluate the current process and create an ideal future strategy. The mapping process evaluates the time required for value-added activities, non-value-added activities, cycle time, and changeover time. By identifying these factors, the company can eliminate waste and apply lean principles to improve its processes [27].



The purpose of VSM is to visualize and identify the sources of waste in a company’s production process. The VSM team then creates a plan to eliminate these wastes and improve productivity by creating a blueprint for lean activities. There are two main steps in creating a VSM map: (1) a current state map, where the existing production system is analyzed and waste is identified; and (2) a future state map, where a plan to eliminate waste is developed and a continuous flow of products is established. Vital elements of VSM include understanding customer requirements, process steps, lead time, and takt time.



There are circumstances where some workstations cannot adopt a continuous flow process and must instead use a batch system. This can be due to processes located far apart from each other, requiring a changeover for fast or long cycle times, or having excessive waiting times. To control production flow in these cases, a pull system based on supermarkets is commonly used. The pull system acts as a link between two processes, providing proper production orders and serving as a scheduling tool in the supply process.




2.3. Ranked Positional Weight (RPW)


The RPW method was invented by Helgeson and Birnie in 1961 at General Electric [22]. It is a commonly used heuristic method for line balancing and is known for providing higher line efficiency compared to other methods, such as the probabilistic line balancing method, the Hoffman method, and the Kilbridge and Wester Column method. The RPW method prioritizes work elements with the longest processing time and assigns a weight (rank) to each work element based on their precedence relationship and processing time. The method involves arranging the sequence of work elements, evaluating their working time, calculating the weight of each position, arranging work elements based on weight, setting the cycle time, calculating the number of workstations required, and assigning tasks to workstations to maximize efficiency. The RPW method has practical steps, a short completion time, and a low cost compared to other methods.





3. Materials and Methods


The research proceeds in six stages: (1) data collection to create a current state map, (2) creation of current state maps, (3) calculation of performance indicators, (4) identification of waste and proposal of improvements, (5) design of a future state map, and (6) re-calculation of performance indicators. The final results will be compared to the initial values to determine the effectiveness of the improvements. The stages are illustrated in a process flow diagram in Figure 1.



3.1. VSM Data Analysis


In mapping the ARX weapon assembly process, the following data will be collected: process flow, cycle time, transport time, changeover time, number of operators, working time availability, and uptime information. Cycle time is the duration of processing a single product before the next one arrives. Changeover time is the time taken to switch from one product to another. Uptime is calculated as the percentage of machine availability for processing. Transport time is the duration of moving the product from one station to another.



To create current state maps, the flow of information and materials on the actual assembly line will be observed and the collected data will be represented graphically on the map. The analysis of the current state maps will reveal opportunities for improvement that will be incorporated in the design of future state maps aimed at reducing waste and optimizing the overall process.




3.2. RPW Data Analysis


The data needed for the rapid process walk (RPW) method include cycle time, available time, the number of workstations, and total working time. These data will be used to calculate assembly performance indicators, such as balance delay, line efficiency, and smoothness index [22]:




	
Balance delay (BD)








Balance delay (BD) indicates the proportion of waiting time to the total time spent on the assembly line. A low BD value is desirable and indicates efficient use of time, as it means there is no waiting time for the operator to perform the next task. The BD is calculated using an equation [7]:


  B D =    (  n u m b e r   o f   w o r k s t a t i o n × c y c l e   t i m e  )  − t o t a l   w o r k   c o n t e n t   t i m e   n u m b e r   o f   w o r k s t a t i o n × c y c l e   t i m e   × 100  



(1)







	2.

	
Line efficiency







Line efficiency is the ratio of total time at workstations to cycle time multiplied by the number of workstations. Line efficiency is the most critical performance indicator of an assembly line because the higher the line efficiency value, the better the assembly utilization. The line efficiency is calculated by the equation [7]:


  L i n e   e f f i c i e n c y =   t o t a l   w o r k   c o n t e n t   t i m e   n u m b e r   o f   w o r k s t a t i o n × t a k t   t i m e   × 100  



(2)







Or


Line efficiency = (100 − balance delay)



(3)







	3.

	
Smoothness index







The smoothness index is an index that shows the relative waiting time of an assembly line. Perfect balance is indicated by the minimum smoothness index value of 0 (zero). In other words, the distribution of the workload on the assembly line is said to be even if the smoothness index value is getting closer to 0 (zero). The smoothness index is calculated by the equation [7]:


  S m o o t h n e s s   i n d e x =     ∑   i = 1  m     (   (  T S m a x  )  −  (  T S i  )   )   2     



(4)







Si shows the i-th workstation, TSi is the total working time at the Si station, m is the number of workstations, and TSmax is the maximum time available at the workstation.





4. Current Process and Performance


In the ARX weapon assembly process, the work areas are divided into eight component sub-assemblies:




	
Barrel and Upper Receiver Sub-Assembly



	
Bolt and Bolt Carrier Sub-Assembly



	
Lower Receiver Sub-Assembly



	
Butt Stock Sub-Assembly



	
Complete Barrel Sub-Assembly



	
Complete Weapon Sub-Assembly



	
Washing and Packing of Weapon



	
Weapon Accessories Sub-Assembly








Some of these sub-assemblies are performed in parallel, while others are carried out in series, meaning that the preceding process must be completed first. The work process of these eight sub-assemblies is depicted in Figure 2.



Figure 2 shows that the Barrel and Upper Receiver, Bolt and Bolt Carrier, Lower Receiver and Weapon Accessories sub-assemblies can be performed simultaneously, while the Complete Barrel sub-assembly can only start after the completion of the Barrel and Upper Receiver sub-assembly. The Butt Stock sub-assembly can be done after the Lower Receiver sub-assembly. The Complete Weapon sub-assembly can only be done when the Complete Barrel, Bolt and Bolt Carrier, and Butt Stock sub-assemblies are completed. The assembly process is followed by weapon testing, washing, and packing, where the results of the Weapon Accessories sub-assembly are included in the packing process. Finally, the packaged weapons are stored in the warehouse.



4.1. Barrel and Upper Receiver Sub Assembly


The Barrel and Upper Receiver sub-assembly consists of 11 operations divided into nine work stations, with a total operating time of 1222 s across all stations (Figure 3).



In the Barrel and Upper Receiver sub-assembly, only two workstations (A5 and A7) have a cycle time lower than the takt time. The process ratio is 1.26%, indicating a low level of value-adding activity compared to non-value-adding activities, due to a large amount of inventory and WIP between workstations, leading to long waiting times and extended production lead times.




4.2. Bolt and Bolt Carrier Sub-Assembly


The Bolt and Bolt Carrier sub-assembly involves eight operations split across five workstations, with a total operating time of 684 s for all stations (Figure 4).



All stations in the Bolt and Bolt Carrier sub-assembly have a cycle time greater than the takt time. The sub-assembly ends with an inventory of 300 components, resulting in a low process ratio of 1.29%.




4.3. Lower Receiver Sub-Assemblies


The number of operations in this sub-assembly is eight processes divided into seven workstations, with a total operating time of 904 s (Figure 5).



Only one station uses machine assistance in the Lower Receiver sub-assembly, namely the C1 + C2 operation. All stations in the Lower Receiver sub-assembly have a higher cycle time than the takt time.




4.4. Butt Stock Sub-Assembly


This sub-assembly has four operations divided into two workstations with a total operating time of 263 s (Figure 6).



The entire process on the Butt Stock sub-assembly is performed manually and requires simple tools for assembly. However, because installing components on the auxiliary equipment (fixture) takes a long time, all stations in this sub-assembly have a higher cycle time than the takt time. The process ratio on the Butt Stock sub-assemblies is only 1.19% due to the large inventory/WIP at the end of the process.




4.5. Complete Barrel Sub-Assembly


There are eight operations in the Complete Barrel sub-assembly to combine the Barrel component with its supporting elements. The eight operations are divided into seven workstations with a total operating time of 728 s. In this sub-assembly, two workstations have a lower cycle than the takt time, namely the E1 and E4 + E5 operations. The inventory/WIP at the end of the process is relatively high, causing the process ratio in this sub-assembly to become low (Figure 7).




4.6. Complete Weapon Sub-Assembly


There are three operations and three workstations on the Complete Weapons sub-assembly, with a total working time of 325 s (Figure 8).



The Complete Weapons sub-assembly combines components from previous sub-assemblies and is conducted manually, simulating the ability to disassemble a fully assembled weapon with bare hands. The process across all stations has a cycle time higher than the takt time, resulting in a low process ratio due to the significant inventory/work in process (WIP) at the end of the process.




4.7. Washing and Packing of Weapon


The number of operations on Washing and Packing are seven processes divided into eight workstations with a total working time of 722 s. Due to the lengthy process, there are two workstations in each washing process (Operation G5) and case sealing process (Operation G7) (Figure 9).



One workstation in this subsection has a lower cycle time than takt time, namely in the G6 operation. The location of the weapons case sealing that is integrated with the warehouse causes no inventory/WIP at the end of the process. The process ratio in this process is highest compared to the others.




4.8. Weapon Accessories Sub-Assembly


In the Weapon Accessories sub-assembly, seven operations are divided into two workstations with a total working time of 273 s (Figure 10).



Each workstation in the assembly process performs operations with a cycle time lower than the takt time, but because each operation is carried out by a single person, the station’s overall cycle time exceeds the takt time, resulting in an inability to reach production targets. The end of the process in this sub-assembly additionally has a relatively high inventory/WIP, leading to a process ratio of only 1.24%. Performance indicators such as balance delay, line efficiency, and smoothness index are calculated to assess the efficiency and workload uniformity of the assembly process.



	
Balance delay







   B D =    (  43    ×    87  )  − 5.121   43 × 87   × 100 = − 36.89 %   









The minus value in the balance delay calculation indicates that the workload received by the assembly personnel to meet the target of 300 ARX per day is excessive.



	
Line efficiency







Line efficiency = (100 − (−36.89))% = 136.89%









The higher the line efficiency value is, the more maximal will be the utilization of product utility. However, if the value is more than 100%, it also shows an overload production indicator.



	
Smoothness index







   S m o o t h n e s s   i n d e x =      (  253 − 136  )   2  + .   .   . +    (  253 − 138  )   2    = 858.09   









A higher smoothness index value indicates an uneven distribution of workload on the current assembly line; therefore, improvements are needed in order that the smoothness index value gets closer to 0 (zero).





5. Improvements by Combining VSM and RPW


5.1. Value Stream Mapping (VSM)


Based on the results of the VSM analysis, improvement efforts for the process include:



1. Setting up a more ergonomic workstation



The position of components on the workbench was rearranged based on ergonomic principles, with a focus on optimizing the reach zone [28]. The components on the workbench were arranged to fall within the operator’s reach, reducing the time it takes to retrieve and place parts during assembly. An experiment showed that this resulted in a 23% reduction in average cycle time, demonstrating that the placement of components has a significant impact on cycle time in manual assembly processes.



2. Changing machining process parameters.



The assembly process improvement was achieved by adjusting the machining process parameters using machine assistance. The parameters adjusted include the rotating speed of the tools, feed rate, and engine power. The changes were made while taking into consideration the machine’s maximum capability and preventive maintenance plan. The combination of rearranging components on the workbench and adjusting machine parameters resulted in a 35% reduction in average cycle time. This method of reducing the cycle time by adjusting machining parameters was also supported by prior research where the speed and feed of the machine in roughing and finishing operations was increased, reducing the cycle time from 140 to 111 s with no negative impact on product quality [27].



3. Investing in new machines.



This improvement focuses on the weapon washing operation (G5) at the workstation. The implementation of an ultrasonic cleaning machine can enhance the speed and efficiency of the washing process while also promoting a healthier work environment by reducing the usage of harmful chemicals.



4. Maximizing the use of electronic information.



The proposed improvement involves implementing ERP software to improve communication and coordination between the assembly and warehouse areas. The ERP software will help keep track of the number of components processed in the assembly area, allowing the warehouse to schedule handling of WIP more effectively. The use of electronic information has already been successful in reducing the inventory at suppliers from three days to a half-day [11].




5.2. Ranked Positional Weight (RPW)


The positional weight calculation starts by creating a precedence diagram, and the positional weight of each workstation is subsequently determined. The ARX weapon assembly precedence diagram is depicted in Figure 11.



The positional weight calculation for each work element is carried out by first creating a precedence diagram and determining the weight of each workstation. The weighting process is based on the precedence diagram in Figure 11, which is used to sort the work elements from highest to lowest weight. The task assignment at each workstation is then determined by assigning the work elements with the highest weight first. Combining two or more work elements at a station is possible, provided their combined cycle time does not exceed the takt time (87 s). If a single work element has a cycle time that exceeds the takt time, it must be assigned to its own station and cannot be combined with other elements. The results of this task assignment are shown in Table 1.




5.3. Future State Maps


The current state map of the ARX weapon assembly was analyzed, together with proposed improvements and experimentation results, leading to the creation of the future state map.



5.3.1. Future State Maps of the Barrel and Upper Receiver Sub-Assembly


The Barrel and Upper Receiver sub-assembly will still have nine workstations, but the overall operating time of these nine workstations has been decreased from 1222 s to 740 s (Figure 12).



Operations A1 + A2, A3, and A4 are improved by performing more ergonomic workstation arrangements, while the operation of A6, A8, A9, and A10 + A11 made additional improvements by changing the machine parameters. The problem of stockpiling inventory/WIP at the end of the process is solved by using electronic information through ERP software.



The process ratio of the Barrel and Upper Receiver sub-assembly increased from 1.26% to 1.86%, which indicates that the value-adding activity of this sub-assembly is greater than in the previous condition.




5.3.2. Future State Maps of the Bolt and Bolt Carrier Sub-Assembly


In the Bolt and Bolt Carrier sub-assembly, eight operations are grouped into five workstations. The improvements suggested led to a reduction in the total operating time of these five workstations, from 684 s to 505 s. This resulted in an increase in the process ratio of this sub-assembly, from 1.29% to 1.89%.




5.3.3. Future State Maps of the Lower Receiver Sub-Assembly


The total operating time of the seven workstations that compose the Lower Receiver sub-assembly was reduced from 904 s to 673 s and the process ratio of this sub-assembly is 1.89%.




5.3.4. Future State Maps of the Butt Stock Sub-Assembly


The total time of four operations divided into two workstations on the Butt Stock sub-assembly was reduced from 263 s to 203 s. Because all processes in the Butt Stock sub-assembly are performed manually, repairs are made by setting up more ergonomic workstations. The process ratio of the Butt Stock sub-assembly increased relatively sharply from 1.19% to 4.46% due to the loss of inventory/WIP at the end of the process.




5.3.5. Future State Maps of the Complete Barrel Sub-Assembly


Total operating time on the Complete Barrel sub-assembly that consists of seven workstations was reduced from 728 s to 578 s by arranging more ergonomic workstations and changing the machine parameters. The process ratio in this sub-assembly was 1.86%.




5.3.6. Future State Maps of the Complete Weapon Sub-Assembly


The total working time of the Complete Weapon sub-assembly was reduced to 250 s from the original 325 s. By placing components on a workbench within easy reach of the operator, the working time of assembling components compared to the previous condition was much reduced. The process ratio value also increased from 1.06% to 1.88%.




5.3.7. Future State Maps of the Washing and Packing


Total working time on Washing and Packing consisting of eight workstations was reduced from 722 s to 461 s. Even after the improvement, there was an insignificant decrease in the process ratio from 2.32% to 2.07%. However, almost all workstations have a lower cycle time than the takt time. Only stations in the G7 operation have a cycle time higher than the takt time.




5.3.8. Future State Maps of the Weapon Accessories Sub-Assembly


The Weapon Accessories sub-assembly with two workstations decreased the total working time from the original 273 s to 210 s. The arrangement of a more ergonomic workstation and electronic information to reduce inventory/WIP at the end of the process can increase the process ratio from 1.24% to 4.61%.





5.4. Performance Indicators after VSM and RPW Implementation


The calculation of performance indicators post-VSM and RPW implementation was carried out to conduct a comparison with the current state and evaluate the changes made.



	
Balance delay







   B D =    (  43 × 87  )    –   3.620   43 × 87   × 100 % = 3.23 %   









There is no minus value in the balance delay after improvement with the application of VSM and RPW, which means that the production target of 300 ARX per day is possible to achieve. A low balance delay value shows good assembly performance because the operator has no waiting time before the next job.



	
Line efficiency







Line efficiency = (100 − 3.23) % = 96.77%









The value of the line efficiency after improvement with the VSM and RPW is close to 100%. It means the utilization of production utilities is close to the maximum.



	
Smoothness index







   S m o o t h n e s s   i n d e x =      (  124 − 102  )   2  + .   .   . +    (  124 − 106  )   2    = 250.75   









The smoothness index score after improvement with VSM and RPW is lower than the current condition. A smoothness index score closer to 0 (zero) indicates that the workload distribution on the assembly line is more even than before.





6. Discussion


A comparison of the weapon assembly process’s cycle time before and after the implementation of VSM and RPW is illustrated in Figure 13.



The implementation of VSM and RPW has resulted in a significant reduction in the cycle time of the weapon assembly process. This can be seen in the comparison chart in Figure 13, where the total cycle time has decreased from 5121 s to 3620 s, which is a decrease of 29.3%. This reduction in the cycle time is higher compared to the results of similar research conducted by previous researchers who obtained a reduction of 20.8% and 31.7% by combining VSM with line balancing techniques [29,30]. This shows the effectiveness of combining VSM and RPW in improving productivity in the manufacturing industry by reducing the production cycle time. The comparison of performance indicators, including balance delay, line efficiency, and smoothness index, is shown in Table 2.



The results of the application of VSM and RPW to the weapon assembly process are shown in Table 2. It reveals that the performance of the process has improved, with an increase in the balance delay value from negative to positive, and a line efficiency value that does not exceed 100%. These improvements mean that it is now possible to meet the production target of 300 ARX per day, compared to the current conditions where it was not possible due to an excessive workload. Additionally, the smoothness index value being closer to 0 shows that the workload at each station is more evenly distributed after the improvements.



This study’s findings corroborate previous research in manufacturing processes, indicating that implementing lean tools such as VSM and line balancing techniques such as RPW can enhance a firm’s operational performance. For instance, this study aligns with previous research in the textile products industry, where the use of VSM reduced lead times significantly from 20 to three days [31]. Similarly, a study in the wiring production process found that the use of lean tools, such as VMS, reduced cable-cutting processes by 14.9% and enhanced the work environment through broader work autonomy for employees [32].



Prior studies have examined partial processes, and others have evaluated the entire process of implementing lean tools. Despite the varied implementation scope, previous studies show that VSM has the ability to reduce the lead time. For instance, a study conducted on gas turbine production found that improvements in the design phase could reduce the lead time by 50% [2]. In the camshaft industry in India, the application of VSM increased on-time delivery by 15% [33]. The efficiency improvement found in this study aligns with previous findings that RPW produces a balanced assembly line with a high line efficiency when there is no resource constraint at each workstation [22].



Line balancing techniques such as RPW provide the best solution for various straight-line balancing issues [18]. Additionally, previous studies suggest that the RPW method provides the best smoothness index value [21]. The combination of lean techniques with line balancing techniques, as performed in this study, indicates that the combination of these tools is possible and useful for improving production performance. For example, the combination of VSM with RPW and work standardization can optimize the layout by reducing the number of workstations and the lead time [30]. This combination has also been applied in the manufacture of bus bodies and can reduce the production cycle time by more than 10%. The results of these studies indicate that combining different methods can be useful for improving a firm’s production process performance.




7. Implication and Future Direction


Overall, the application of VSM and RPW has improved the performance of the weapon assembly process, as indicated by the comparison data of the performance indicators. Based on the conclusion that the application of VSM and RPW can improve the overall performance of the weapon assembly process, there are several conclusions that can be drawn. Academically, the combination of VSM and RPW can help to reduce the cycle time and improve the balance delay, line efficiency, and smoothness index of the weapon assembly process, leading to an increase in productivity. Practically, the improved weapon assembly process, such as the preparation of more ergonomic workstations, can help to improve the work conditions for assembly operators, leading to an increase in their efficiency. This can have a positive impact on employee morale and can contribute to a healthier and more productive work environment. Further, by minimizing waste due to transportation and excess inventory, practitioners can optimize the weapon assembly process, leading to better inventory management. This can help firms to reduce their inventory carrying costs, improve their cash flow, and minimize stockouts. By reducing excess inventory, practitioners can free up valuable warehouse space, which can be used for other purposes. Finally, the application of VSM and RPW can help firms to become more competitive in the marketplace. By improving productivity, work conditions, and inventory management, firms can offer better products at a lower cost. This can help them to increase their market share, attract more customers, and ultimately increase their profitability.



The limitations of this study suggest future research directions to further improve and expand the results. The current research was conducted in a specific context and for a specific assembly process. In addition, the study only evaluated the changes in performance indicators after the implementation of VSM and RPW, without further exploring the long-term effects or sustainability of these improvements. Another limitation of the study is that it only used quantitative data and did not include qualitative data to provide more in-depth insights into the improvement process. Considering these limitations, future research could focus on exploring other areas of the weapon assembly process to identify and minimize waste, evaluating the long-term effects and sustainability of the improvements, and incorporating both quantitative and qualitative data to provide a more comprehensive understanding of the improvement process. It is also important to evaluate the scalability of the VSM and RPW method to other types of manufacturing processes, and to understand how these techniques can be best implemented in practice to achieve continuous improvement.
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Figure 1. Research Stages of Weapons Assembly Improvement. 
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Figure 2. ARX Weapon Assembly Work Process. 
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Figure 3. Current State Map of Barrel and Upper Receiver Sub-Assembly. 
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Figure 4. Current State Map of Bolt and Bolt Carrier Sub-Assembly. 
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Figure 5. Current State Map of Lower Receiver Sub-Assembly. 
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Figure 6. Current State Map of Butt Stock Sub-Assembly. 
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Figure 7. Current State Map of Complete Barrel Sub-Assembly. 
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Figure 8. Current State Map of Complete Weapons Sub-Assembly. 
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Figure 9. Current State Map of Washing and Packing. 
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Figure 10. Current State Map of Weapon Accessories Sub-Assembly. 
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Figure 11. Weapon Assembly Precedence Diagram. Note: A = Barrel and upper receiver, B = Bolt and Bolt carrier, C = Lower receiver, D = Butt stock, E = Complete barrel, F = Complete weapon, G = Washing and packing, H = Weapon accessories. 
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Figure 12. Future State Map of Barrel and Upper Receiver Sub-Assembly. 
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Figure 13. Cycle Time Comparison. 
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Table 1. Assignment of Elements to Workstations.
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	W. Station
	Element
	CT
	W. Station
	Element
	CT





	1
	A1 A2
	102
	22
	B3 B4
	91



	2
	A3
	80
	23
	C8
	95



	3
	A4
	95
	24
	E6
	87



	4
	A5
	83
	25
	B5 B6
	124



	5
	A6
	82
	26
	D1 D2
	82



	6
	A7
	70
	27
	E7
	79



	7
	C1 C2
	113
	28
	D3 D4
	121



	8
	A8
	84
	29
	B7 B8
	114



	9
	C3
	123
	30
	E8
	95



	10
	A9
	77
	31
	F1
	79



	11
	A10 A11
	67
	32
	H1 H2 H3
	104



	12
	C4
	76
	33
	F2
	76



	13
	E1
	68
	34
	H4 H5 H6 H7
	106



	14
	C5
	95
	35
	F3
	95



	15
	E2
	81
	36
	G1
	64



	16
	B1
	75
	37
	G2 G3
	78



	17
	C6
	76
	38
	G4
	64



	18
	B2
	101
	39
	G5
	86



	19
	E3
	95
	40
	G6
	67



	20
	C7
	95
	41
	G7
	102



	21
	E4 E5
	73
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Table 2. Weapon Assembly Performance Indicator Comparison Data Before and After Implementation of VSM and RPW.
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	Balance Delay
	Line Efficiency
	Smoothness Index





	Before
	−36.89%
	136.89%
	858.09



	After
	3.23%
	96.77%
	250.75



	Optimal Value
	0%

Closer to 0 is better
	100%

Closer to 100 is better
	0 (zero)

Closer to 0 is better
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