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Abstract

:

Remanufacturing processes are one of the key pillars of the so-called closed-cycle economy. Unfortunately, the design and organization of such processes pose a significant problem, due to, among other things, the high variability of the process as a consequence of both the degree of wear and tear and the quality of the remanufactured components. This article presents a method for optimizing the flow of the brake caliper remanufacturing process in the MTO (make-to-order) model. For the optimization process, the system dynamics (SD) method, which belongs to a group of simulation methods, was used. The developed model allows, in particular, the prediction of the number of components at the input to the regeneration process and the method of defining the size of the transport batch and evaluating its impact on the length of the production cycle of the batch of regenerated products. The issues of staffing management at individual positions and the organization of transport operations with variable production batch sizes were also discussed. The provided experiments have shown that reducing the size of the transport batch contributes to shortening the production order execution time, both with standard and increased staffing.
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1. Introduction


As the world’s population grows, the demand for raw materials necessary for the production of various types of products increases [1,2]. However, this is becoming limited by the availability of natural resources, which poses a key challenge to paradigm shifts in the implementation of manufacturing processes [3,4]. Taking into account the finiteness of natural resources and the need to reduce the negative impact on the environment, the assumptions of a closed-loop economy, understood as a model of production and consumption, which is based on sharing, borrowing, reusing, repairing, renewing, and recycling existing materials and products for as long as possible, are becoming increasingly important [5,6].



A consequence of the growth of the closed-loop economy is the emergence and development of companies engaged in remanufacturing various types of products to enable their reuse [7,8]. Unfortunately, the organization of the flow in this type of processes is hampered, among other things, by the high variability of the process resulting, among other things, from the need to eliminate remanufactured elements at different stages of the process and the variability of the production batch size resulting from the reduction of elements subject to the remanufacturing process [9,10,11].



The classic model used in the remanufacturing of products is the make-to-stock (MTS) model, where the subject of planning is the number of products entering the process without regard to current customer needs [12]. Remanufactured products are directed to the finished goods warehouse, where they await customer orders [13]. Unfortunately, a consequence of this type of approach is the need to accumulate a large amount of inventory of remanufactured products, which entails storage costs, the need to freeze a large amount of financial resources and increases the risk of not being able to sell remanufactured products [14,15,16]. This is particularly important in the case of unique products, whose sales are characterized by low volumes [17,18].



In order to reduce the negative consequences of the implementation of the process in the MTS model, many companies are considering striving to change the model to the MTO model or the MTO–MTS hybrid model [19,20,21]. Unfortunately, the problem in this regard remains the correct planning of the number of products that should be introduced into the process so that, after taking into account the waste of defective products at subsequent stages, the number of products defined in the customer’s order is obtained at the end of the process [22,23]. The challenge of flow optimization also becomes the determination of the size of transport batches in such a way that the received order can be fulfilled on time [24,25,26].



In order to meet the above-mentioned requirements, this paper presents a method for optimizing the flow of the brake caliper body remanufacturing process in the MTO (make-to-order) model. A system dynamics (SD) simulation method was used for the optimization process.



The system dynamics (SD) method allows the analysis of systems composed of many components, linked by cause-and-effect relationships, often in the form of feedback loops, which makes it particularly useful in solving complex research questions [27]. The basis of the SD method is control theory [28] and systems thinking [29]. The SD method provides tools for numerical simulation and analysis of interactions between elements of the system under study. Extensive literature data indicate that the SD method is characterized by its versatile application, being useful in conducting the analysis of social, economic, and technical systems [30,31]. In the field of mechanical engineering, the SD method is now being introduced to carry out research in almost all stages of the product and technology life cycle [32,33,34,35,36,37,38].



Models of manufacturing systems made in the SD method are often realized at a high level of abstraction and need to be combined with other simulation methods. Studies that have attempted detailed simulation of manufacturing processes primarily introduce hybrid simulation—which combines the SD method with DES (discrete event simulation) or with ABMS (agent-based modelling and simulation) [39,40,41]. It has been shown that in numerical hybrid simulation, the SD method is primarily used to analyze supply chains, enterprises, and manufacturing systems at the strategic level. In contrast, detailed models of manufacturing systems are implemented using the DES or ABMS method.



The lack of detailed models of manufacturing systems developed by the SD method is mainly due to their considerable complexity [39,40,42,43]. Despite the finding of the initial trend of introducing the SD method mainly for the general analysis of manufacturing processes—without an accurate representation of the structure of the manufacturing process—the analysis of the literature data carried out indicates the possibility of using the SD method to accurately represent the elements of manufacturing systems. So far, using the SD method, among other things, models have been developed and numerical simulations have been carried out of: the performance of the machining process taking into account the change of basic cutting parameters (e.g., cutting speed, feed rate, and tool geometry) [44], the input hopper of a machine tool with a co-ordinated flow of material (FIFO—first in–first out), the readiness of the machine tool to process products [45], the implementation of the machining process on machine tools working in parallel and the combination of production flow and discretization of the flow of products [46,47]. The SD model’s representation of the operating parameters of the real production system has been shown to be highly consistent [44,48]. It was found that the results of SD simulation of a manufacturing system are more consistent with the behavior of the real system than in the case of DES simulation [48]. This provides an important rationale for extending the application of the SD method to the analysis of regeneration processes.




2. Materials and Methods


2.1. Problem Description


Due to the nature of remanufacturing processes, in the classic model, these processes are carried out in the MTS (make-to-stock) model, which, in practice, means the introduction into the process of a batch of used products determined on the basis of the production plan. The basis for the development of the production plan is the type and quantity of used components delivered to the production line by companies involved in the purchase of such components. In practice, this means that finished products (after remanufacturing) are collected at the output of the process, constituting a stock for later sale. Unfortunately, this type of approach (which is a classic push model) leads to the accumulation of a large amount of finished goods, which, consequently, results in high storage costs and a significant risk of not being able to sell the accumulated inventory.



Taking into account the above factors, companies are striving to change their production model towards the MTO model, which provides an opportunity to reduce the level of finished goods inventory, and, thus, the funds blocked in the remanufacturing process, as well as the storage costs and the risk of not being able to sell them. Unfortunately, the high variability of the process (including, among other things, the variable volume of waste of individual elements subject to the remanufacturing process, at different stages of the process) makes the planning process and organizing its flow become tasks that are difficult to implement in practice. The problem in this regard remains both the determination of the number of input elements to the process (because the number of products at the input will never be equal to the number of finished products), as well as the determination of the number and size of transport batches, which, due to the waste generated and the reduction of the size of the production batch, are dynamically changing.



In order to solve the problem thus defined, it was decided to use computer simulation methods. The subject motivating the research work undertaken was one of the international companies engaged in the remanufacturing of parts for cars and trucks. The enterprise carries out processes according to the MTS model, which results in the accumulation of a large volume of finished goods. In order to reduce warehousing costs, the enterprise is considering introducing production management in accordance with the MTO model, which involves changing the way production flow is managed. The peculiarities of the remanufacturing process cause difficulties in planning this process, and its correct organization requires answers to the following questions:




	
What should be the input number of items to the production system in order to fulfill a customer order without creating unnecessary inventory?



	
How to identify bottlenecks in the remanufacturing process and what actions should be taken to eliminate them (and, consequently, reduce the lead time of production orders)?



	
How to determine the size of the optimal transport batch in the case of decreasing number of items in the production batch?








In order to find answers to such defined questions (research problems), it was decided to carry out work involving modeling and simulation of the regeneration process using the system dynamics (SD) method. The process of regeneration of the brake caliper body was chosen as the object of research. The remanufacturing process of this key component of the brake caliper determines the possibility of fulfilling the customer’s order.




2.2. The Characteristics of the Brake Caliper Remanufacturing Process


The brake caliper (Figure 1) is a key component of the braking system in automotive vehicles that directly affects driving safety. The classic brake caliper consists of the following basic components:




	-

	
Body;




	-

	
Brake caliper piston;




	-

	
Lever, bracket, and spring (in the case of handbrake);




	-

	
Air vent.
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Figure 1. Brake caliper. 






Figure 1. Brake caliper.
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The remanufacturing process aims to restore the product to its original state with possibly identical parameters as it had when it leaves the factory as a new product. This means that all components are individually checked at the entrance to the process and then subjected to a comprehensive remanufacturing. During remanufacturing, also new components are used that are impossible to restore to their original characteristics (e.g., bearings or rubber elements).



The correct performance of remanufacturing depends on proper planning of the process. The first task of the planning department is to determine the customer’s need for the product. Next, used brake calipers are sent to the disassembly station where the individual components of the product are separated. The components of the caliper are segregated accordingly and go to dedicated remanufacturing lines. One of the components of the caliper is its body, the regeneration process of which is the focus of this work (Figure 2).



The general scheme of the process of regeneration of brake caliper bodies is shown in Figure 3. The whole process begins with the disassembly of the brake caliper (P1).



The disassembly process is followed by body washing (P2). Contaminants in the form of dust, grease, corrosion, and other impurities that have formed during the operation are removed.



The next step is sorting and verification (P3). This is the point at which the bodies are thoroughly inspected for quality. The condition of critical components is verified and the brake caliper body is also checked for excessive corrosion. In case of a negative assessment of the quality of the body, it is scrapped.



After passing the sorting, the regeneration of surfaces responsible for the proper adhesion of brake pads (P4) is carried out. During the operation of the calipers, these surfaces are worn unevenly, which results in a deterioration of braking efficiency. The regeneration operation is carried out with customized machine tools (saws).



After transferring the body to the next workstation, the regeneration of threaded holes (P5) occurs. Successful regeneration ensures that there will be no leaks or problems with the installation of the brake caliper in the car. Nevertheless, it sometimes appears that repair is not possible. The bodies are then transferred to CNC milling machines or scrapped.



A series of machining operations (P6) are carried out on CNC milling machines. Threaded holes are repaired here by inserting repair bushings. Hydraulic system connections, air vent, piston adjustment mechanism, and lever shaft holes are regenerated.



These processes are followed by a comprehensive quality control (P7). It is aimed at detecting any defects that arise during remanufacturing.



The next step is to improve the visual characteristics of the body (P8). For this purpose, a special putty is used. After it is applied to the areas of corrosion defects and its hardening, it is carefully grinded and painted.



Puttying is the last dirty process, followed by body washing (P9). Clean details begin the preassembly stage, part of which is the insertion of sleeves (P10). Next comes the completion of the necessary components of the caliper, i.e., bolts, gaskets, pistons, etc. (P11).



When all components are prepared, they go to the assembly where they are carefully assembled giving the final complete brake caliper (P12).



The final stage is verification of the caliper at the final test. Here the integrity of the system is checked, as well as the visual quality of the body and the compatibility of the installed components (P13). After a positive final test, the remanufactured calipers go to the warehouse from where they are then distributed to customers.



Correct regeneration of the caliper is not always possible. Some of the items are excessively worn—they have defects, which, when identified, lead to production waste. According to the company, waste is identified in the following processes: sorting, sawing, and quality control. Regenerated calipers are not always subjected to all technological operations (omission of selected operations is possible in the case of good quality of individual features of the product, eliminating the need for regeneration)



Figure 4 shows the average waste values of defective parts, the quality of which prevents their regeneration. As can be seen from this diagram, after the sorting operation, an average of 15% of the clamps is production waste, 17% is sent to the next operation—cutting, the remaining 68% does not require surface recovery and is sent to the threading operation (P5). After surface regeneration (P4—saw), 98% of the parts go to the next operation—threading (P5), and 2% are identified as production waste. After threading, 85% of the calipers are moved to the CNC operation, and 15% are sent directly to quality control. After CNC processing, about 2% are production waste. In the quality control operation, an average of 69% of the clamps are sent for cleaning, 30% are sent for putty application, and 1% are identified as scrap. Production waste is also identified by the leak test performed after the final process step (clamp assembly and test). They amount to about 1% of the parts tested.



An important factor affecting the efficiency of the flow of products during the remanufacturing process is the interoperational transport processes. In the analyzed process, items are transported in transport boxes (Figure 5), the size of which is adjusted to the number of pieces in the transport batch.



The transport of bodies between the various stages of the regeneration process is carried out using two transport devices, i.e., a roller conveyor (Figure 6a) and a scissor transport truck (Figure 6b). The roller conveyor system allows transport in a way that is more ergonomic for the operator and more efficient in terms of transport time. Scissor transport carts, on the other hand, allow the load to be raised and lowered to different heights. Thanks to this flexibility, these devices are ideal for areas where manipulation and transport flexibility are needed.



The diverse construction of the stations where various regeneration operations are carried out imposes the necessity of adapting the means of transport to the specifics of the area, which makes both roller conveyors and scissor transport trucks applicable to different stages of the brake caliper remanufacturing process.





3. Modeling the Brake Caliper Body Remanufacturing Line with the Use of the System Dynamics Method


The system models created by the SD method include two basic categories of elements: stocks and flows, and the cause-and-effect relationships linking these elements. A stock represents the instantaneous value of an element in the modeled system, while a flow defines the rate of change of a stock. A schematic of a manufacturing workstation structure typically includes a stock Material for processing with two flows: Material supply and Processing (Figure 7). The stock is the same as any storage (inventory) of processed products. The flows represent material transfer and processing operations, respectively, increasing or decreasing the value of the stock. The dependency curve linking the stock Material for processing and the flow Processing indicates the relationship of these elements—processing occurs when materials are available.



The basis for developing a model of the brake caliper body remanufacturing process in the convention of system dynamics was a schematic of the brake caliper remanufacturing process, data on the average volume of waste at each stage of the process (Figure 4), the table of process operation times (Table 1), the table of transport operation times (Table 2) and a description of the production flow presented in Section 2.2.



Measurement of unit time and transport operation time was performed using the chronometric method and included the following steps:




	
Process observation: defining the areas and key elements for which measurements should be made;



	
Measuring the time: time measurement was conducted using a stopwatch. Measurements began with the start of a specific operation and ended with the completion of the same operation;



	
Uncertainty analysis: due to the unique form of the regeneration process, the operation times may have some uncertainty and measurement imprecision. Differences in operating conditions, job specifics, or technologies used can affect the duration of individual operations;



	
Measurement repeatability: in order to obtain more reliable results, the postmeasurement time of regeneration operation was recorded repeatedly. Multiple measurements allow estimation of the time range and help identify possible deviations.








Due to the measured times of technological and transportation operations, in many cases less than a minute in the model, 1 s was adopted as the basic unit of time. The results of the simulation experiment were recorded at each time step, i.e., every second. The simulation time of the brake caliper remanufacturing process depended mainly on the throughput of the production stations and the size of the production and transportation batch, and ranged from 24,000 to 69,000 s. Due to the abrupt changes in the values of the flow streams (e.g., the start of the transport operation after the required amount of material has been collected), the Euler integration technique was adopted during the simulation.



The model of the brake caliper body remanufacturing process was developed in Vensim Professional 7.2 software (Figure 8).



Each process operation has been connected to two storage bins, from which it takes and to which it transfers the processed clamp body. For example, operation P1 (disassembly) is connected to the InBuffer1 and OutBuffer1 storage bins. The item is transferred from the OutBuffer of the preceding operation to the InBuffer of the following operation in the transport process (T1, …, T13). If, according to the description of the production flow of a technological operation, nonconforming products are produced, then a flow of products is realized from the output storage bin of this operation to the waste storage location (Z3, Z4, Z6, Z7, and Z13). Such a flow reduces the number of products transferred to the next operation. In addition, some products can skip selected technological operations (processing is not necessary). This can be seen in the example of operation P5—THREAD REGENERATION, after which part of the body goes to P7—QUALITY CONTROL bypassing P6—CNC MILLING (which corresponds to the specifics of the process shown in Figure 4). The movement of products from the process P5 to P7 is represented by the flow ToIB7, which causes a decrease in the flow T5, and an increase in the state of the InBuffer7.




4. Simulation of the Flow of Parts in the Process of Regeneration of Brake Caliper Bodies


4.1. Determination of the Number of Items at the Input of the Process to Ensure the Fulfillment of the Customer Order without the Accumulation of Unnecessary Inventory


The experiments carried out included numerical simulation of ATE-type clamp remanufacturing for 3 different batch sizes ordered by the customer: 80, 120, and 160 units. According to the current characteristics of the process, one workstation was assumed for each technological operation. Analysis of the simulation results made it possible to determine the minimum batch size (the number of calipers at the input of the process), which, taking into account the generation of production waste, will allow the customer’s order to be fulfilled. According to the process data shown in Figure 4, waste is identified in processes P3, P4, P6, P7, and P13. The waste is transferred to the Z3, Z4, Z6, Z7, and Z13 bins. Table 3 shows the status of production waste accumulated during customer order processing.



On the basis of simulation experiments, it was determined that for the fulfillment of a lot of 80 pcs, an additional 21 calipers (the average amount of waste in the remanufacturing process) should be taken into account. For a lot of 120 pcs, 31 additional calipers should be taken into account, and for a lot of 160 pcs, 38 additional calipers should be added to the process input. In practice, this means that in order to fulfill the orders corresponding to 80, 120, and 160 pieces of ready products (remanufactured brake calipers), the planned sizes of production batches (corresponding to the number of products entering the process) should be, respectively, 101, 151, and 198 units.




4.2. Identification and Elimination of Bottlenecks in the Brake Caliper Body Remanufacturing Process


The analysis of the results of the conducted simulation experiments also showed the accumulation of excessive stocks (exceeding the size of the transport batch) in the input trays of the selected processes. The inventory level of the input trays of processes P3, P12, and P13. The data shown in the graphs (Figure 9) indicate the accumulation of excessive inventory in the InBuffer3, InBuffer12, and, to a smaller extent, InBuffer13 storage bins.



A solution to this problem was proposed by increasing the number of employees at P3-sorting and P12-assembly stations to two. This modification led to an increase in the efficiency of the P3 and P12 processes, as a result of the intensity of the accumulation of excessive stocks in the InBuffer13 (Figure 10).



The problem was solved by doubling the staffing and, thus, the throughput of the P13 process. The modifications carried out eliminated the excessive inventory of work-in-progress (Figure 11).



The increase in staffing has reduced the maximum stock levels in the InBuffer3, Inbuffer12, and Inbuffer13 storage bins. This is particularly evident for InBuffer12, where the maximum stock level was reduced from more than 100 to 10 units. The considerations presented here indicate that increasing the manning of the P12 process makes the greatest contribution to reducing work-in-progress inventory and should be a priority action in balancing the production line under consideration. Increasing the staffing also resulted in a reduction in customer lead time, as discussed in Section 4.3.




4.3. Determination of the Optimal Size of the Transport Batch


In the next stage of the research, a study of lead times was conducted for different transport lot sizes. It should be noted that in the process in question, maintaining a constant batch size for all transport operations is hampered by a large percentage of waste and different operation sequences for particular brake caliper bodies. Therefore, only a “reference” transport batch size was determined and transport volumes between operations were calculated based on it. If, for example, a batch of 40 pieces is sent to the sorting operation, on average 6 pieces are waste, 7 pieces are transported to the cutting operation, and 27 pieces are sent to the CNC machining station. For example, after the sorting operation, 15% of the bodies constitute production waste, 17% are sent to the cutting operation, and the remaining 68% are sent directly to the CNC station. The model of transport batch distribution after the sorting operation (P3) includes 3 flows: T3, PZ3, and TOIB5 (Figure 12), representing the movement of items, respectively, to the input tray of the process P4, the waste storage bin after the sorting process Z3, and the input tray of the process P5.



Flows T3, PZ3, and TOIB5 are given by Equations (1)–(3):


TOIB5 = IF THEN ELSE(OutBuffer3 >= TB3, TB3, 0) × 0.68



(1)






PZ3 = IF THEN ELSE(OutBuffer3 >= TB3, TB3, 0) × 0.15



(2)






T3 = IF THEN ELSE(OutBuffer3 >= TB3, TB3, 0) × 0.17



(3)




where: OutBuffer3—stock level of the OutBuffer3 and TB3—transport batch size after P3 operation.



Table 4 and Table 5 show the turnaround time of production orders for different transport batch sizes for standard and increased production process staffing.



The data presented in Table 5 show that the increase in manning resulted in a significant reduction in order processing time. For example, for a shipment batch of 40 units, the fulfillment of an order of 160 clamps requires 69,992 (s) (19.4 h), and after increasing the staffing, the same order is completed in 50,622 (s) (14.06 h). It is worth noting that increasing the staffing of stations P3, P12, and P13 (sorting, assembly, and leak test) does not require the purchase of machine tools or other expensive equipment.



The results of the conducted experiments also indicate that the execution time of an order decreases as the size of the transport batch decreases (Figure 13). This is possible when transport operations are carried out without interrupting technological operations, for example, with the use of automatic transport equipment, additional workers carrying out transport operations, or transport during the operation of an unmanned machine tool.



Reducing the size of the transport batch results in a reduction of the production order lead time (Figure 13) for both standard and increased staffing. In the following numerical simulation experiments, the number of transport operations was determined for the fulfillment of an order to remanufacture 160 brake calipers (Table 6).



The results in Table 4 and Table 5 show that shortening the order fulfillment time is possible by reducing the size of the transport batch. On the other hand, reducing the size of the transport batch increases the number of transport operations, which involve additional work and costs.



The possibility of using two “reference” transport batch sizes in transport operations was also examined. In this study, the principle was adopted that smaller transport batches are transferred from shorter operations to longer ones, and larger transport batches are transferred from longer operations to shorter ones. The number of transport operations for the fulfillment of the order for the remanufacturing of 160 brake calipers with the adopted transport batch size: 40, 32, 24, 16, 8, 4, 2, and 1 pc, as well as for the production based on two transport batch sizes (40–32, 32–24, 24–16, 16–8, and 8–4) are shown in Table 7.



The results in Table 7 indicate the low usefulness of constructing routes with two transport batch sizes, especially for large batch sizes. For example, if we consider the introduction of a production flow based on two transport batch sizes 40–32 instead of a flow with a batch size of 40, we will obtain an extension of the order execution time from 50,622 s to 52,779 s and an increase in the number of transport operations from 75 to 87. At the same time, the use of a transport batch with a size of 32 pieces will allow for a shorter order execution time (44,890 s) with a slightly larger (96) number of transport operations. As the size of the transport batch decreases, the benefits of using transport based on two transport batch sizes become visible, e.g., 24–16, 16–8, and 8–4. Thanks to this, we obtain an intermediate lead time and an intermediate number of transport operations—which give greater opportunities to adapt to the customer order schedule. It is also worth noting that a significant reduction in the size of the transport batch (even to the flow of a single item) results in a slight reduction in the order fulfillment time, with a rapidly increasing number of transport operations (Figure 14).





5. Summary and Conclusions


The article presents the issue of optimizing the flow of parts in the process of remanufacturing brake calipers. Attention was paid to the specificity and complexity of the regeneration process as well as the complexity of the problem of predicting waste/scrapping of brake caliper bodies in individual operations.



During the analysis of the production process (using computer simulation methods), bottlenecks were identified and solutions were proposed to eliminate them. The provided experiments carried out allowed the following conclusions to be formulated:




	
The introduction of a reduced transport batch size seems to be a key element of optimizing the production process. Experiments confirm that shortening the order fulfillment time is possible by using transport operations that do not require interruption of technological operations;



	
Automatic transport devices, or transport during the operation of the machine tool that does not require maintenance, are potential solutions aimed at increasing the smoothness and efficiency of the regeneration process;



	
A significant reduction in the size of the transport batch, even down to the flow of a single item, may result in a slight reduction in the order processing time, with a simultaneous sharp increase in the number of transport operations (the optimal size of the transport batch should, therefore, be carefully selected, taking into account various factors such as the type of operation, staffing, and the efficiency and cost of transportation operations).
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Figure 2. Brake caliper body: (a) before the regeneration process and (b) after the regeneration process. 
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Figure 3. Regeneration scheme of brake calipers. 
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Figure 4. Average amounts of waste at each stage of the regeneration process. 
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Figure 5. Transport containers used in the process of remanufacturing brake caliper bodies. 
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Figure 6. Transport equipment used in the process of remanufacturing brake caliper bodies: (a) roller conveyor and (b) scissor transport cart. 
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Figure 7. Structure diagram of the production workstation model. 
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Figure 8. Remanufacturing process of brake caliper body model. 
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Figure 9. Stock levels during simulation—standard staffing: (a) InBuffer3, (b) InBuffer12, and (c) InBuffer13. 
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Figure 10. InBuffer13 level with increased P3 and P12 staffing. 
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Figure 11. Stock levels during simulation—increased staffing: (a) InBuffer3, (b) InBuffer12, and (c) InBuffer13. 
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Figure 12. Diagram of the distribution of a batch after a sorting operation (P3). 
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Figure 13. Production order lead time (160 pcs) for different batch sizes with standard and increased staffing. 
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Figure 14. Production order lead time and number of transport operations for different batch sizes (increased staffing). 
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Table 1. Average unit time of technological operations.
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	Symbol
	Name of the Technological Operation
	Average Unit Time (s)





	P1
	Disassembly
	104



	P2
	Washing
	672 *



	P3
	Sort and verification
	110



	P4
	Surface regeneration
	93



	P5
	Thread regeneration
	33



	P6
	CNC milling
	189



	P7
	Quality control
	89



	P8
	Applying the putty
	222



	P9
	Cleaning
	37



	P10
	Assembly of the sleeve
	72



	P11
	Parts collection
	55



	P12
	Assembly
	215



	P13
	Final test
	80







* Washing time of batches of up to 40 pieces.













 





Table 2. Average unit time of transport operations.
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	Symbol
	Average Unit Time (s)
	Symbol
	Average Unit Time (s)





	T1
	54
	T7
	12



	T2
	66
	ToIB9
	17



	T3
	12
	T8
	21



	ToIB5
	22
	T9
	9



	T4
	9
	T10
	11



	T5
	14
	T11
	10



	T6
	20
	T12
	12



	ToIB7
	18
	T13
	58










 





Table 3. The waste level in the completion of a production order.
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Order

Size (pcs)

	
Scraps Level (pcs)




	
Z3

	
Z4

	
Z6

	
Z7

	
Z13

	
Total *






	
80

	
15.15

	
0.34

	
1.44

	
0.83

	
0.79

	
21




	
120

	
22.95

	
0.52

	
2.18

	
1.26

	
1.2

	
31




	
160

	
30

	
0.68

	
2.86

	
1.65

	
1.6

	
38








* The total waste level was determined after rounding up to the total of the individual storage units.













 





Table 4. Production order lead time—standard staffing.






Table 4. Production order lead time—standard staffing.





	
Order Size

	
Transport Batch/Production Order Lead Time (s)




	
40

	
32

	
24

	
16

	
8

	
4

	
2

	
1






	
80

	
51,413

	
42,902

	
35,234

	
33,267

	
26,653

	
24,376

	
23,616

	
23,551




	
120

	
59,464

	
50,491

	
44,772

	
41,881

	
35,346

	
33,353

	
32,840

	
32,725




	
160

	
69,992

	
60,080

	
52,990

	
50,496

	
43,967

	
42,088

	
41,976

	
41,784











 





Table 5. Production order lead time—increased staffing.
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Order Size

	
Transport Batch/Production Order Lead Time (s)




	
40

	
32

	
24

	
16

	
8

	
4

	
2

	
1






	
80

	
39,056

	
31,410

	
25,655

	
23,523

	
18,511

	
16,460

	
15,321

	
15,161




	
120

	
43,896

	
35,851

	
32,568

	
28,429

	
23,931

	
21,474

	
20,347

	
20,119




	
160

	
50,622

	
44,890

	
38,571

	
34,510

	
29,360

	
27,563

	
25,725

	
25,570











 





Table 6. Number of transport operations for different transport batches.
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	Transport Batch
	40
	32
	24
	16
	8
	4
	2
	1





	Number of transport

operations
	75
	96
	123
	172
	331
	637
	1163
	2320










 





Table 7. Lead time and number of transport operations for different transport batches.






Table 7. Lead time and number of transport operations for different transport batches.





	Transport Batch
	40
	40–32
	32
	32–24
	24
	24–16
	16
	16–8
	8
	8–4
	4
	2
	1





	Number of transport

operations
	75
	87
	96
	115
	123
	165
	172
	268
	331
	535
	637
	1163
	2320



	Lead time
	50,622
	52,997
	44,890
	44,163
	38,571
	37,756
	34,510
	32,695
	29,360
	28,757
	27,563
	25,725
	25,570
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