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Abstract

:

One of the key postulates of the modern automotive industry is the increase in production efficiency while minimizing costs. In the opinion of experts from the automotive industry, meeting this condition may be the first stage on the way to preventing waste generation and implementing a circular economy model. The article presents a case study of issues related to the lean manufacturing methodology in terms of the impact of shortening the changeover time of the assembly line on the overall production efficiency. The presented considerations focus on the optimization of the production process using the SMED (Single Minute Exchange of Die) technique of a selected spare part. From the point of view of the Lean Manufacturing concept, the main goal of the SMED technique is to increase the flexibility of responding to changing customer needs by shortening the changeover times and faster responses to changing orders. The article describes the stages of implementing the SMED method and its impact on the increase in the OEE (Overall Equipment Efficiency) index, which allows for the percentage recognition of the degree of machine park utilization, which is one of the key factors for assessing energy efficiency. In addition, the benefits that have been achieved by using this method in terms of time and economy have been presented. The theoretical aspects related to the method used were supplemented with its practical implementation in order to improve the changeovers in a manufacturing company in the automotive industry. Based on the obtained test results, an analysis of the effectiveness of the measures taken to reduce the changeover time was carried out. The use of the SMED methodology contributed to a significant reduction in changeover time—by as much as 291.4 s. The burden on operators was significantly reduced—the total time and number of operations performed by them (both internal and external) was reduced. Operator paths have also been shortened using simple procedures such as changing the layout of the lines and modifying the changeover tool trolleys and tool locking system at the stations. The presented research may be helpful in answering the question whether the implementation of the SMED idea may be the key to effective resource management and, at a later stage, to the implementation of the circular economy model. In addition, the research results can find their practical application among both manufacturers of spare parts and the vehicles themselves, considering introducing process changes on their production lines in order to increase production efficiency and implementing the idea of industrial sustainability.
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1. Introduction


The modern automotive industry is one of the most dynamically developing markets of the 21st century. The prevailing socio-economic situation and the processes of mutual competition in this market require the introduction of new forms of organization of the production process, in line with current trends. For companies specializing in the production of spare parts to develop, they then must adapt to the dynamic changes taking place in the environment, which are triggered by the progressing globalization. In order to stay in such a competitive market, individual producers must use solutions that strengthen the effectiveness of achieving strategic goals [1]. In the case of assembling the same component, i.e., a given spare part for several manufacturers or vehicle models, it may be necessary to change the production line. [2,3,4]. Changeovers should be designed in a thoughtful and analytical way so that their times are as short as possible [5,6,7]. The work of operators and the sequence of actions used by them should be standardized, and operators should be trained and fully aware of their duties [8,9]. Therefore, the key to the success of manufacturing companies in the automotive industry is the introduction of a systemic way of thinking about production processes into their companies.



One of the methods of increasing production efficiency is the concept of lean manufacturing, which was developed in the automotive sector in Japan by Toyota Motor Company after the end of World War II [10,11,12]. It is known under the English name of lean management. It consists of reducing production costs by constantly eliminating waste and improving production processes. This concept was confirmed by its application in Japan and then in the USA. It turned out that Toyota was much more efficient than other European and American competitors [13,14,15]. The concept of lean manufacturing defines and categorizes wastes with Muda, which comprises overproduction, stocks, waiting times, shortages, unnecessary movements, and unnecessary transports [16]. The assumption is that reducing waste increases competitiveness through savings in the production organization process, thus being in line with the idea of a circular economy. However, the implementation of innovative solutions is associated with incurring costs. Therefore, in the current difficult market reality, at the first stage, most activities of entities from the automotive industry focus on issues related to changes in the organization of production processes, the purposes of which are to increase efficiencies while minimizing costs.



The novelty of the article is the development of an integrated model for the implementation of the SMED method in the example of an automotive company, taking into account changes in the environment. The company should adapt to these changes by using innovative structures for changing the machine park to the assumptions of the sustainable circular economy. By proposing a model, the authors indicate the processes in the analyzed enterprise that require improvement and indicate ready-made solutions, verified in real conditions, as part of the innovative economy. There are no studies in the literature that would refer to shortening the machine park changeover time in order to improve production efficiency and organization of the production of spare parts in a vehicle’s production process. Therefore, this article fills the research gap and is a concrete example of how to modify the manufacturing process and machinery park with the use of SMED tools to increase production efficiency in the automotive industry. As a result of these considerations, a model of effective selection of the strategy for organizing the production processes of a given spare part was created and adapted to the individual situational conditions of an entity from the automotive industry, creating a new area for analyses on the effectiveness of implementing solutions in the field of organizing the production processes of individual spare parts. The article aims to analyze the implementation of the SMED method on an assembly line of car headlights for the example of one of the leading manufacturers and to indicate the savings in time and money. The main effect of the introduced changes is to generate time savings that can be used to produce more products. Using the SMED method, an analysis of the initial state was prepared, taking into account the activities performed during the changeover, tools used in the changeover process, and layout of the assembly line [17]. The analysis of the above-mentioned issues showed areas that should be modified. The content of the article gives a fresh, innovative, and, at the same time, practical look at the basic principles of minimizing time wastage in production plants and the resulting financial benefits [18,19]. Unlike other studies available in the literature on the subject, in this work, the authors analyzed the actual production process by implementing solutions that were used in practice, more specifically in the automotive industry. In addition, the article provides the necessary knowledge on the use of Lean Manufacturing tools and the SMED method in the automotive industry to optimize production processes in the field of assembly of individual spare parts, which is the first step in achieving the company’s goal of increasing assortment flexibility and the ability to compete with time.



The rest of the article is as follows: Section 2 presents a global and national review of the literature on lean manufacturing and the use of SMED methodology in optimizing production processes. Section 3 describes the research methodology used for the Lean Manufacturing analysis. Section 4 describes the results and discusses them. Finally, Section 5 describes the conclusions of the research.




2. Literature Review


The SMED (Single Minute Exchange of Die) methodology is a set of techniques and tools that enable shortening the changeover times of machines, devices, and production processes. The main goal of the method, developed by the Japanese engineer Shigeo Shingo, is to carry out each changeover in a unit number of minutes (up to 10 min) by dividing and simplifying the whole process so that the changeovers are made with the use of as few tools as possible. The basic assumption of the SMED method developed by Shigeo Shingo in the 1950s and 1960s is the maximum reduction in machine changeover time to a single-digit value below 10 min and a clear separation of internal and external activities [20,21,22]. The Japanese engineer Shigeo Shingo (1909–1990) is considered one of the greatest experts in the field of production management; he is known as the creator of SMED and the Toyota production system [23]. It was he who divided the activities into internal and external. This method is called SMED and comes from the English name Single Minute Exchange of Die (single-digit mold changeover time expressed in minutes) [24,25,26]. Retooling is a process that is related to the preparation of a machine or a series of interconnected machines for the production of a new product [27]. It consists of replacing tools and preparing a new production process [28,29,30]. The enterprise does not gain any added value during its lifetime. The changeover time is presented as follows in the graphic in Figure 1. This is the time between the production of the last good product from the batch of the previous reference and the first good item from the next batch. Retooling is the process of preparing the production of a new reference, during which components for the new version of the product must be provided, and machines must be retooled [31,32].



The conversion of machines takes place on production lines. The production line is a set of machines and stations arranged in accordance with the sequence of operations performed in the technological process. The number of stations depends on the needs and the manufactured details or assemblies [33,34]. The product passes through the workstations in the so-called production process. The concept of line production is characterized by the fact that machines are arranged to form lines [35]. Its arrangement is characterized by the fact that the product passes through successive, adjacent production stations arranged in a characteristic way [36,37]. An exemplary arrangement of stations on production lines is shown in Figure 2. Production on the line can be partially or fully automated. When designing the line, the SMED methodology should be taken into account, which contributes to shortening the changeover time of machines and devices and increasing the efficiency of the line.



Quick tool change is important for the company because it is possible to adapt machines to new production tasks and adapt production to customer requirements in a short time [38,39]. Reducing the changeover time brings many benefits: shorter delivery times, competitive advantages, and increases in production without increasing employment and replacing machines. Reducing the changeover time brings tangible profits and may increase the company’s profitability [40]. The funds obtained through the implementation of the SMED method can be used for new investments, training, and marketing. The creators of the SMED method had specific goals in mind: reducing the cost of retooling, and the ability to offer customers a variety of products that meet individual needs and tastes [41]. This could not be achieved with mass production. The SMED method excludes defects resulting from mass production. Using this method, one could produce small batches of products, increase flexibility, reduce inventory, speed up lead times, increase machine and employee productivity, and reduce downtime. The operations performed during the changeover time reduction are divided into four stages, which consist of [42,43]:




	-

	
Collection and control of tools and machines so that they are in the right place and work properly;




	-

	
Separation of internal and external reinforcement;




	-

	
Transforming internal processes into external processes. During this stage, a re-analysis of the changeover is performed. It is checked whether all internal activities have been properly qualified. Methods are sought to transform internal operations into external ones;




	-

	
Improvement of all aspects of changeover, including analysis of the assembly line layout, registration of all activities performed in the changeover process, and measurement of changeover time for the state after modernization.









In the initial phase of SMED, it is recommended to record the changeover process with a camera. Recording should accompany the changeover process from beginning to end, and the cameraman should carefully follow every movement of employees. It is important to analyze the collected material at the meeting of the SMED group and to invite engineers, operators, and other employees who carried out the changeover to the discussion [44]. It is important that the operators accurately name the activities and their durations. Designated people can make Spaghetti diagrams that graphically show time wasted during machine changeover. On the layout, you should draw all the roads it covers. Often, analysis of these graphs shows that operators cover long distances during changeovers. The maximum shortening of the operators’ paths brings measurable benefits. Based on the SMED analysis, it is possible to analyze all external and internal activities that operators perform at specific workstations. The task of the implementation group at this stage is to indicate which activities can be performed before or after the changeover. The effect of such an analysis is the transformation of some internal activities into external activities. Thus, SMED makes it possible to implement a continuous flow of products, without loss of efficiency or long waiting times. Such activities contribute to the improvement of quantitative and qualitative indicators. The duration of changeover is an element that determines the flexibility of the production process, and properly organized activities and designed flows at the workplace allow for its shortening. A useful tool used to optimize the changeover process is the checklist. The list eliminates time wasted searching for tools unnecessarily. The list should include the necessary tools and materials needed for conversion [45]. From such a list, the operator learns the materials, tools, and when they will be needed during changeover. The list also includes recommendations for checking the technical condition of tools. During the analysis, attention is paid to improving transport.



The use of the presented technique results in a reduction in the cost of unit production of products, shortening the order fulfillment time, increasing the use of the working time of operators and machines, and minimizing downtime on the production line [46]. Among the additional benefits, the increase in the ergonomics of work on the line by enlarging the working space and standardizing the tools used for changeover is worth mentioning, as this was also confirmed by the authors in their research [47,48,49,50]




3. Materials and Methods


3.1. Case study—Initial State Analysis


In accordance with the SMED methodology, an analysis of the original condition of the assembly line was carried out by observing the condition of the line during production and changeover (Figure 3). The observation was aimed at searching for time losses. This was performed by observing the changeover process, measuring the duration of all operator activities. The work of the operators was examined by means of monitoring installed on the line. The operators were not informed in advance about the upcoming observations and measurements. The process of assembling vehicle lamps on the assembly line and the retooling process of a leading manufacturer were analyzed. On the basis of the data obtained during the observation, tabular lists of times allocated to individual operations (operators’ activities) were prepared. During the observation, attention was also paid to the organization of workstations in accordance with the safety rules and the availability of tools for operators. Research has shown that the current work organization process on assembly lines is not free from the Muda phenomenon in the areas of unnecessary movement of operators, time loss, and prolongation of the production process. Table 1 presents a description of the work activities performed by individual operators at individual workstations. The included description makes it possible to identify the performed tasks defined by individual symbols.




3.2. Design and Implementation of a New Changeover Process


In order to shorten the path traveled by the operators during the changeover, a new innovative layout of the production line was designed by the authors, shown in Figure 4. The storage place for tools was marked and located in a way that facilitated the removal of trolleys by operators, without disturbing or getting in each other’s way. When designating new tool storage areas, sections for trolleys for individual workstations were precisely marked. Trolleys for conversion were clearly and comprehensibly marked. The design of the automatic station trolleys changed. The previous four carts, two for the lower tools and two for the upper tools (Figure 5), were replaced by two merged carts (Figure 6). They could operate the lower and upper stations simultaneously. Replacement of handcarts was one of the stages of modernization of the production line. The trolleys were changed to those that had comprehensive and fully automated tools and assembly accessories adapted to the production cells. The trolleys were fully automated and of standardized dimensions that fit into modern internal transport devices as part of tool management. Trolleys for conversion to lower and upper tools were adapted to the dimensions of workstations, the functionalities of which allowed for convenient and safe changeovers.





4. Results and Discussion


4.1. Analysis of the Initial State before Implementation


There were five feeders with components on the line: MO05, MO15, MO25, MO35 and MO65, which were fed by line feeders. The line feeder completed the missing components and replaced them with the new components of the new product reference. Five operators operated manual assembly stations, automatic stations, robotic cells (gluing cells), and automatic and visual control stations. Their duties also included the control and packaging of finished products and the retooling of machines. After the observations, it was found that the production of lamps was in accordance with the standards. We were dealing with a smooth flow of one piece (one-piece flow), and the manufactured lamps left the production line in rhythmic, recurring intervals. The work on the tested line was balanced, which meant that the time of the operators’ work sequence was equal. The line worked in a takt of 42 s. The analysis of the changeover cycle for the initial state took into account all the activities of the operators in the specified period during their duration. Internal retooling included the activities that must have been performed when the machine or device being retooled was switched off. On the other hand, external changeovers were all those activities that could be performed before stopping the machine or after restarting the process converted to the production of a new type of product. Such a division had far-reaching consequences because it was internal changeovers that caused losses in machine operation efficiency and downtime, which resulted in extending production series. It was from the internal changeovers that the analyses and the process of shortening the changeovers most often began. Knowing the times of individual stages, one could start looking for system modernization. The times were measured between the individual stages of the process, and it was on their bases that remedial actions were taken to modernize the production processes. According to the SMED methodology, activities were divided into internal and external. The total time of all operator activities was 899.7 s. During this time, internal activities were performed in 368.4 s and external activities in 531.3 s (Figure 7). In total, 157 activities were performed, including 61 internal and 96 external related to the changeover process (Figure 8).



The SMED method is a team reduction in the machine changeover time, which allows for the division of the changeover activities into internal and external. SMED enables one to implement a continuous flow of products without compromising performances or waiting times. Such activities improve the quantitative and qualitative indicators of customer service. A detailed analysis of times allows for the elimination of external activities, the replacement of some internal activities with external ones, and the gradual reduction in the duration of other internal activities. The analysis of changeovers using the SMED method indicates activities whose durations significantly affect the extension of the machining process, thus being the cause of waste. The duration of changeover is an element determining the flexibility of the production process, and properly organized activities and designed flows at the workplace allow for its reduction. In the case under analysis, the separation of external activities and their improvements make it possible to shorten the time of setting up and calibrating the machine, thus leading to an increase in operational efficiency and the production of a larger number of production batches.



The Gantt chart shows the sequence of changeovers carried out by operators (Figure 9). The beginning of the abscissa is our start of retooling. The operators start the procedure simultaneously, when the last good piece of the old reference is packed. The total changeover time is 489.7 h, including the production of the first piece in 42 s. The chart shows especially long operator idle times between the first piece produced and the next. This analysis makes it possible to determine the bottlenecks for individual operators in most cases of redundancy, to optimize the idle times between the execution of the first piece and the next one by an average of 230 s., and to optimize the idle time between the execution of the first piece and the next one by an average of 230 s.




4.2. Design and Implementation of a New Changeover Process


Based on the observations, a detailed description of the activities performed by the operators along with their durations was developed, based on measurements during three changeovers.



Operator 1 worked at stations MO10 and MO20. The sequence of operator 1’s activities included the manual assembly of lamp components at the MO10 station and then the transfer of the semi-finished product to the M020 station, where the automatic assembly process took place (Figure 10).



Operator 2 collected the semi-finished product after the MO20 work cycle was completed and continued to work on MO30 and MO40. At the MO30 station, the semi-finished product was manually retrofitted, and then automatic assembly with a glow test took place at the M040 station (Figure 11).



Operator 3 collected the semi-finished product after the MO40 work cycle, visually inspected it, and continued to work at the MO50 station. This was the gluing cell (Figure 12).



Operator 4 collected the semi-finished product after the work cycle of the MO50 station was completed, continued to work at the MO60 station, and added more subassemblies during manual assembly. After finishing work at the MO60 station, they placed the finished product at the MO70 station and started its work cycle, which included the control of the lighting and geometrical features of the lamp (Figure 13).



Operator 5 was an employee of an external company. They were responsible for the visual inspection of the lamp; their job was to check whether the product met all the requirements contained in the visual inspection standards and quality instructions. All compliant lamps were entered into the system by scanning the final label, which was stuck on the lamps after a positively completed test on the MO70 machine. This person did not participate in the changeover (Figure 14).



	-

	
Human wainclude: of coordination of work, performing unnecessary tasks, waiting employees, using the wrong method of work;




	-

	
Process waste: control that does not give permanent, long-term improvements, consequences of arbitrary decisions, waste resulting from the lack of standardization, consequences of uneven (smooth) flows of materials and information between workstations, waste related to the occurrence of errors and mistakes;




	-

	
Information waste: waste due to lack of information, creating unnecessary, irrelevant information;




	-

	
Waste of property: mismatch of resources with the work schedule, unnecessary movement of resources and information, materials related to the implementation of processes office administration that will not be used or are kept for too long;




	-

	
Waste managerial: lack of proper organizational discipline, consequences of employees not identifying with their tasks and roles.







As part of the research, a detailed record of the operators’ workflow was developed for the innovative developed model of the changeover process. The analysis contained a detailed description of the activities performed by the operators along with their durations, developed on the basis of measurements during three performed changeovers. Measurements were made using a stopwatch and included an accurate, real-time course of activities. In this way, operators tested a new mechanism for introducing improvements, on the basis of which further modifications will be introduced. The analysis of the changeover process after the changes took into account all the operators’ activities, specifying their durations. According to the SMED methodology, activities were divided into internal and external. The total times of the operators’ activities are presented in Table 2. During the changeover, a total of 157 activities were performed—including 61 internal and 96 external. The path of the operator’s movement is shown in the Spaghetti diagram in Figure 15.



The Spaghetti Analyses presented in Figure 15, Figure 16, Figure 17 and Figure 18 show the path of individual operators 1–4 and the activities performed at their workplace, but it can also be helpful in identifying the flow of components and semi-finished products. On the basis of these charts, the following can be made: shortening of the paths along which the material moves (choosing the shortest route), relocation of workstations (if the material is moved back and forth), frequency of movements between individual workstations, elimination of unnecessary activities (primarily bringing, packing unpacking, moving empty containers, etc.), batch sizes of production and transport batches, relief of the most frequently used intersections and transport paths, and improving internal transport and MUDY identifications.



A similar analysis was also performed for the remaining four operators. For operator 2, the summary analysis of the sequence of activities during the changeover of the MO30 and MO40 assembly stations is: execution time, 125.7 s; internal activities, 73.5 s; and external activities, 52.2 s. A Spaghetti chart showing the way operator 2 moves before the implementation SMED methods are shown in Figure 16.



For operator 3, the summary analysis of the sequence of activities during the changeover of the MO50 assembly station is: execution time, 66.3 s; internal activities, 30 s; and external activities, 36.6 s, Figure 17.



For operator 4, the summary analysis of the sequence of activities during the changeover of the MO60 and MO70 assembly stations is: execution time, 156.3 s; internal activities, 72 s; and external activities, 84.3 s. Spaghetti diagram showing the way operator 4 moves before implementing the SMED method shown in Figure 18.



The analysis of the changeover process after the changes took into account all the operators’ activities, specifying their durations. According to the SMED methodology, activities were divided into internal and external. The total time of operators’ activities after modernization amounted to 473.4 s, including internal activities performed in 248.9 s and external activities in 224.5 s. During the changeover, a total of 157 activities were performed—including 61 internal and 96 external. The Gantt chart shows the new sequence of changeovers performed by operators after applying SMED. Each of the operators starts the changeover of the stations where they work when they finish production. As a result of the changes made, this time was shortened to 198.3 s, which means that the changeover time was shortened by 291.4 s (Figure 19).



The analysis of the data presented in the diagram above concerns the time of four operators working individually on their tasks as part of a joint production operation. On the basis of optimization activities and calculated working times at individual stages, information is graphically presented for each operator, and how much time they have to perform their tasks, so as not to delay the work of the next operator who has his own time slot. These activities eliminate time losses and ensure effective production processes. Additional information is used to identify how the tasks of individual operators are connected to each other and to whom they are assigned, allowing one to determine the exact time of work in a given position. In the future, the analysis of this data may lead to the improvement of human resources management. It should be emphasized that there are still transport reserves in the subsystem for complex production capacity. When analyzing the device status diagram, attention was paid to the occurring micro-downtimes of the transport devices. They found their reflection in several-minute downtimes of the production unit, the elimination of which would allow for the increase of production volume. This could be performed by changing the stopping place of the trolleys transporting spare parts, without the need to integrate them into the production technology. Currently, the transport trolleys are waiting in the tool room next to the assembly line. When it is necessary to change machines, e.g., due to unplanned downtime, they must travel the entire length of the production hall, collect the appropriate type and grade of the spare part, and deliver it to the production line. This causes several-minute breaks in the operation of the technological line. If they were moved closer to the production line assembly, it would be much shorter travel time. A simulation of the behavior of the transport system was carried out for the changed location of the transport trolley station, the diagram of which is shown in Figure 20.



As a result of the simulation, it was found that the load on the production unit was 97%. The percentage occupancy also increased for trucks transporting spare parts. Comparing the simulation values without taking into account the time for delivery of tools, one could notice an improvement in the use of the effective working time of the production unit from the initial 63.4% to 84.7%.



Based on the obtained test results, an analysis of the effectiveness of the measures taken to reduce the changeover time was carried out. The use of the SMED methodology contributed to a significant reduction in changeover time—by as much as 291.4 s. The burden on operators was significantly reduced—the total time and number of operations performed by them (both internal and external) was reduced. The paths taken by the operators were also shortened by simple procedures, such as changing the layout of the lines and modifying the tool trolleys used for retooling and the tool locking systems at the stations.




4.3. Economic Analysis


The use of the SMED method eliminated redundant activities and shortened the operation time and the number of employee shifts to two, which resulted in significant cash savings. Below is the calculation of the profits achieved using the SMED methodology and the 375 basic assumptions used in it:


Z = (Tz· Lzr· Lp· L·C)/T [EUR]



(1)




where



Z—profit, EUR;



Tz—saving time using the SMED methodology, s;



Lzr—number of production shifts working on the line during the year;



Lp—number of rearming during a shift;



L—number of years of project duration;



T—line takt time, s;



C—price of one lamp, EUR;



Tz = 291.4 s;



Lzr = 1000;



Lp = 1;



L = 4;



T = 42 s;



C = 1000 EUR.



With idealized assumptions:




	-

	
changeover takes place under ideal conditions included in the standards;




	-

	
line working at full capacity;




	-

	
failure-free machines;




	-

	
all components compliant and available on time;




	-

	
fixed, maximum customer orders.









The plant can gain up to EUR 5,871,407.11 with the reorganization of the changeover carried out in accordance with the SMED methodology. After the implementation of corrective actions in the form of system modifications, changeover trolleys, elimination of elements blocking tools requiring the use of keys and reorganization of the operators’ work order, it is possible to save 291.4 s during one changeover, during which six lamps can be produced. The simulation of the savings obtained over 5 years by implementing the described method is EUR 5,871,407.11 with maximum customer orders and the line operating at full capacity. The funds saved can be used for new research and innovations in the field of increasing the use of recycling, optimization of the life cycle, or the implementation of the closed loop and the principle of extended producer responsibility (EPR) in relation to this category of products. A properly implemented SMED method increases the availability of production equipment, which means that the OEE indicator shows an increase in the production efficiency of the analyzed machine. The obtained results confirm the legitimacy of the conducted research, being the basis for considering the introduction of process changes in the field of other spare parts and components of vehicles.





5. Conclusions


The success of manufacturers in the automotive industry depends, to a large extent, on whether the products offered are in line with current trends, requirements, and expectations of customers. The best examples of this are ecological standards, which have become increasingly important in recent years. The automotive industry must be prepared for the long-term challenge of minimizing the impact of the automotive industry on the natural environment [51]. At the first stage, it included a change in propulsion technologies, a reduction in the consumption of individual raw materials, and lower greenhouse gas emissions into the atmosphere. The next stage will be significant changes in the production of vehicles and spare parts, e.g., in the process of their final assembly. The very idea of a circular economy assumes maximizing the use of resources, materials, and products while minimizing waste or preparing it for reuse. The first step towards the implementation of a circular economy is the development of modern assembly lines that are effective—whether in terms of materials or energy—to increase production efficiency while minimizing costs.



The conducted research allowed to draw the following conclusions:




	
The original design of the assembly line layout was non-functional, with flaws that made work difficult and lost time. Noticeable disadvantages included narrow passages between stations and poorly located places for storing tools and trolleys for changeovers. The trolleys were positioned on the left side of the production line, well away from the operator stations. In the case of the operator in the first station, the place for the tool trolleys was far behind the workstation. Employees interfered with each other while collecting carts with tools for changeover, blocking the way of others on the route leading to and from the station.



	
The design of the bogies was another important factor contributing to longer changeover times. Some of them were used for retooling the lower tool and some for the upper tool. There were no trolleys that would combine these two functions at the same time. Merged carts shortened changeover times of automatic stations; operators could carry two tools at the same time.



	
Screws were used to fasten the tools in the stations. Screwing in and out of the screws required a few or a dozen or so turns of the key and was preceded by finding and bringing appropriate keys from the tool cabinet. In order to reduce the time spent going to the cabinet to collect keys and the time spent on unscrewing screws, new latches were used, which were quick to use and did not require the use of any auxiliary devices.



	
During the observations, it turned out that the first concept did not take into account the changeover time and the operators starting the changeover simultaneously when creating the layout, when the last good piece of the old reference was packed. Starting the changeover of the station by each operator at the moment when they finished their work at the station significantly reduced the changeover time.



	
In the original concept of organizing the changeover on the line, its time using the SMED methodology was shortened to 198.3 s. This new changeover lasted 291.4 s shorter. The time used should have been spent on production for a line operating with a takt of 42 s; this was enough time to produce six full lamps. Implementation of corrective actions resulted in a reduction in the total time used by operators for changeover from 899.4 s to 473.4 s. The time of performing internal activities during changeover was significantly reduced, which was 368.4 s before and 248.9 s after the transformation. Furthermore, the times of external activities were from 531.3 s to 224.5 s. Additional benefits resulting from the introduction of the SMED method included the reduction in the number of external and internal activities. The number of internal activities was reduced from 61 to 43 and external activities from 96 to 63.



	
The list of string charts (Spaghetti) accurately depicted how many operators passed on the assembly line were eliminated and what time savings this brought. In total, 27 transitions were eliminated. The movement times of the operators on the line were reduced: the first gained 8 s, the second 130.1 s, the third 8.6 s, and the fourth 80.1 s. These results were achieved thanks to simple solutions: a new design of the assembly line with a new, functional arrangement of stations and trolleys.








This article analyzed the retooling of the assembly line in relation to one selected spare part. Certainly, much more extensive analyses will be needed in the near future, covering a larger number of spare parts and vehicle components in particular. In addition, further research on this topic should focus on aspects related to the analysis of changes in the field of new technological and production solutions implemented in several key areas, such as designing new vehicle models using the same components and spare parts in this process. Another important element of further research in this matter will also be a cost analysis of the implementation of technologies based on the ideas of life cycle optimization, closed circuit, and the principle of extended producer responsibility (EPR), not only to selected elements of the vehicle, as it has been thus far, i.e., e.g., battery drive units [40], but also other spare parts or even complete subassemblies.



Summing up the presented considerations on the project of an innovative model of reducing machine changeover times in order to improve production efficiency in the automotive industry as a way to a circular economy, they certainly do not fully exhaust the essence of the issue. They are only a fragment and, at the same time, an encouragement for further research in this matter. Therefore, such analyses will be the subject of future work aimed at defining and identifying key factors for the implementation of such an ambitious plan for the automotive industry, in which environmental protection and rope production are not mutually exclusive.



SMED is an approach that usually requires considerable time commitment from the company’s employees, which is sometimes treated as a significant disadvantage of this method. However, spending time on improvement activities is necessary to achieve significant results, as evidenced by the countless examples of SMED implementations in various industries. Therefore, models should be built using artificial intelligence methods. The use of these methods would enable even better results and the development of more efficient models. To this end, a hybrid approach should be taken into account, combining elements of effective management tools and artificial intelligence based on expert knowledge models.
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Figure 1. Visualization of changeover time. Source: own study. 
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Figure 2. Anthe ample of positioning of workstations on production lines. Source: own study. 
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Figure 3. The original condition of the assembly line before applying the reduction in the changeover time of the headlamp assembly line using the SMED methodology. Source: own study. 
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Figure 4. The state of the assembly line after the reduction in the changeover time of the headlamp assembly line using the SMED methodology. Source: own study. 
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Figure 5. Trolley for converting the lower and upper tools: (a) trolley for changing the lower tool, (b) trolley for changing the upper tool. Source: own study. 






Figure 5. Trolley for converting the lower and upper tools: (a) trolley for changing the lower tool, (b) trolley for changing the upper tool. Source: own study.



[image: Sustainability 15 10558 g005]







[image: Sustainability 15 10558 g006 550] 





Figure 6. Modified cart with latches for converting the lower and upper tools: (a) trolley for changing the lower and upper tools, (b) lower tool latch, (c) upper tool latch. Source: own study. 
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Figure 7. Duration of internal and external activities during changeover before implementing the SMED method. Source: own study. 
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Figure 8. The number of internal and external activities performed during the changeover before implementing the SMED method. Source: own study. 
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Figure 9. Gantt chart showing the sequence of changeovers performed by operators before the changeover time reduction. Source: own study. 
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Figure 10. Operator 1 and his workstations. Source: own study. 
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Figure 11. Operator 2 and his workstations. Source: own study. 
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Figure 12. Operator 3 and his workstations. Source: own study. 
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Figure 13. Operator 4 and his workstations. Source: own study. 
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Figure 14. Operator 5 and his workstations. Source: own study. The main defined wastes of operators include: 
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Figure 15. Spaghetti diagram showing how operator 1 moves during the changeover of the MO10 and MO20 stations before and after the implementation of the SMED method. Source: own study. 
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Figure 16. Spaghetti diagram showing how operator 2 moves during the changeover of the MO30 and MO40 stations before and after the implementation of the SMED method. Source: own study. 
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Figure 17. Spaghetti diagram showing how operator 3 moves during the changeover of the MO30 and MO40 stations before and after the implementation of the SMED method. Source: own study. 
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Figure 18. Spaghetti diagram showing how operator 4 moves during the changeover of the MO30 and MO40 stations before and after the implementation of the SMED method. Source: own study. 
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Figure 19. Gantt chart showing the sequence of changeovers performed by operators after reduction in changeover time. Source: own study. 
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Figure 20. The degree of utilization of production and transport equipment of the finishing unit, %. [image: Sustainability 15 10558 i001] system occupancy rate [image: Sustainability 15 10558 i002]— no blocking system. Source: own study. 
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Table 1. Description of the symbols of workstations performed by individual operators.
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	Workplace Symbol
	Job Description





	MO10
	manual assembly station, consisting of one lower tool in the form of a support



	MO 20
	automatic assembly station, consisting of two tools—the lower one in the form of a support and the upper one in the form of screwdrivers



	MO30
	manual assembly station, consisting of one lower tool in the form of a support



	MO40
	an automatic assembly station consisting of two tools—the lower one in the form of a support and the upper one in the form of screwdrivers and a camera



	MO50
	a cell of robots in which the lamp is glued and cooled



	MO60
	manual assembly station



	MO70
	an automatic station where the control of lighting, dimensions, and tightness of the product is carried out



	MO80
	station for final visual inspection and packing of finished products







Source: own study.
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Table 2. Analysis of the sequence of actions performed by operator 1 during the changeover of the MO10 and MO20 assembly stations after the changes.
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No.

	
Action

	
Execution Time, s

	
Activities

	
Operator




	
Inside

	
Outside






	
1

	
The operator’s approach to the place of storage of tools and trolleys for changeover in order to pick up the trolley

	
1.5

	

	
X

	
1




	
2

	
Retrieving an empty cart for retooling a manual assembly station MO10

	
3.2

	

	
X

	
1




	
3

	
Bringing an empty trolley to the MO10 station

	
1.7

	

	
X

	
1




	
4

	
Unlocking the tool at the MO10 station

	
1.9

	
X

	

	
1




	
5

	
Transferring the tool to the changeover trolley

	
2.8

	
X

	

	
1




	
6

	
Tool jammed on the carriage

	
2

	
X

	

	
1




	
7

	
Putting the trolley with the tool to the storage place

	
1.9

	

	
X

	
1




	
8

	
Downloading the cart to the new one references

	
3.2

	

	
X

	
1




	
9

	
Bringing the trolley to the station manual assembly

	
1.7

	

	
X

	
1




	
10

	
Tool unlocking

	
1.8

	
X

	

	
1




	
11

	
Moving the tool to the MO10 station

	
2.8

	
X

	

	
1




	
12

	
Locking the tool on the MO10 station

	
1.4

	
X

	

	
1




	
13

	
Returning the empty cart

	
1.5

	

	
X

	
1




	
14

	
Retrieving an empty trolley to change the support (bottom tool) and the upper tool in the MO20 automatic station

	
3.4

	

	
X

	
1




	
15

	
Bringing the trolley to the MO20 station

	
1.9

	

	
X

	
1




	
16

	
Selection of the machine operating mode in which it is possible to change the station

	
4

	
X

	

	
1




	
17

	
Unlocking the lower (support) and upper tools

	
3.8

	
X

	

	
1




	
18

	
Transfer of tools to the changeover trolley

	
5.6

	
X

	

	
1




	
19

	
Locking tools on the cart

	
3.8

	
X

	

	
1




	
20

	
Returning the trolley with tools to the storage place

	
2.1

	

	
X

	
1




	
21

	
Fetch the carriage with the lower and upper tool for the new reference

	
3.3

	

	
X

	
1




	
22

	
Bringing the trolley to the MO20 station

	
2.4

	

	
X

	
1




	
23

	
Unlocking tools

	
4.1

	
X

	

	
1




	
24

	
Transfer of tools to the MO20 station

	
5.4

	
X

	

	
1




	
25

	
Locking tools at the MO20 station

	
4

	
X

	

	
1




	
26

	
Returning the empty trolley to the storage place

	
2.2

	

	
X

	
1




	
27

	
Approach to the cabinet with test samples

	
3.2

	

	
X

	
1




	
28

	
Downloading a test sample for a new reference from the cabinet with samples

	
5

	

	
X

	
1




	
29

	
Approach to the MO20 station

	
2.9

	

	
X

	
1




	
30

	
Carrying out a test during which the correct operation of all is checked sensors

	
30

	
X

	

	
1




	
31

	
Reference of the sample to the cabinet after test

	
2.8

	

	
X

	
1




	
32

	
Putting the sample in the wardrobe

	
4.9

	

	
X

	
1




	
33

	
Back to the station

	
2.9

	

	
X

	
1




	

	
Sum:

	
125.1 s

	
73.4 s

	
51.7 s

	
1








Source: own study.
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