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Abstract

:

In order to describe the impact that the appropriation of additive manufacturing (AM) has on the supply chain (SC), a validated system dynamics model representing vectorially multiple products and multiple demands in different periods was used as a basis to apply to a case study of medical implant manufacturing, configuring three chain scenarios: 1. traditional supply chain with subtractive manufacturing, 2. centralized supply chain with additive manufacturing, and 3. decentralized supply chain with additive manufacturing. It was possible to notice that the production time is longer in additive manufacturing compared to traditional manufacturing and the cycle time and total demand closure were lower in traditional manufacturing. In addition, it was observed that the AM performance is significantly better in conditions of lower demand, which can be attributed to the characteristics of customization and small batches that this type of production approach implies.
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1. Introduction


Additive manufacturing (AM) is one of the disruptive technologies that can alter the behavior of industries. Regarding the supply chain, it was mentioned that it reconfigures its management and the processes it includes. Thus, based on a system dynamics model proposed by Nuñez-Rodriguez et al. [1], which presents the operation of a supply chain composed of three links, supplier, manufacturer, and distributor, with a make-to-order (MTO) system, three application scenarios are designed where it is possible to visualize the behavior of the MTO chain with subtractive and additive characteristics in terms of material and information flows through cycle times, quantities of raw material, and quantities of the finished product.



The system dynamics representation of the model proposes the behavior of a multi-demand, multi-product motor company [2], with variable capacity and different characteristics for each product. It includes suppliers of a single raw material, corresponding to an easily accessible commodity product that does not require a specialized supplier, and distributors with varying delivery times depending on the selected mode of transportation. These actors are articulated in the supply chain that functions as a collaborative system to respond to demand. This behavior can also be seen in a traditional supply chain, thus facilitating the contrast and quantification of the impact of the manufacturing approach in the chain’s management.



For the simulation of the scenarios, the starting point is the healthcare sector and its performance in Colombia. Possible changes in supply chain management were analyzed based on the inclusion of additive manufacturing, particularly in the case study of programmed surgery. The initial data were provided by the Interfaz Research Group of the Universidad Industrial de Santander, Colombia.



The scenarios presented represent two alternatives for the appropriation of the additive process, depending on the role played by the manufacturer and how it interacts with the other actors in the chain, given that it can be centralized, i.e., one manufacturer serving three regions, or decentralized, where three focal manufacturers each serve their own region. According to the description of the scenario, three regions were projected; in this case, the central region (R1), the coastal region (R2), and the southern region (R3), as shown in Figure 1, assuming the Colombian geography.



According to the information provided, it was estimated that by 2020 there were 890 cases related to the use of medical devices in Colombia per year. These devices are now divided into three categories: implants, biomodels, and cutting guides, as shown in Figure 2.



The demand and printing times were projected for the three product categories previously described. After analyzing the presented cases, it was possible to notice that 60% of the cases were concentrated in region 1 (central), 30% in region 2 (north), and the remaining 10% in region 3 (south). Products were classified into three categories: product 1 corresponds to biomodels, product 2 to cutting guides, and product 3 to implants. Table 1 breaks down the projected product quantities by region and product.



Based on the context, it was possible to carry out the following actions: simulation of the scenarios, results comparison, and analysis of the impact of the appropriation of additive manufacturing on the supply chain.




2. Literature Review


The healthcare supply chain (HSC) is held as a value chain network where companies dedicated to the development of care package elements (raw material suppliers and manufacturers) and those dedicated to the provision of care services (provider entities) interact to meet the need for the medical care of patients (consumers) [3]. Due to the high complexity of manufacturing and distribution of this type of goods and services, some optimization processes are required to integrate the supply chain with the management of material, information, and financial flows [4,5] since, under the current conditions, the direct transfer of additive manufacturing knowledge from the industrial sector (suppliers) to the care sector is complex [6].



From a macro perspective, the HSC should be analyzed based on the information, supplies, and finances involved in the acquisition and transfer of goods and services from the supplier to the end user in order to improve clinical outcomes while controlling costs; this also includes the identification of crucial actors and the role they play within the chain [3]. In this sector, the role of the state is fundamental since it is accountable for guaranteeing access to healthcare and determining and directing the entities in charge of administering the services [7].



For the definition of scenarios, the results of a systematic literature review were considered, consisting of application cases within different medical procedures. Table 2, referenced in Appendix A, focuses on the results from the components of the AM process, starting with the inputs that include the types of materials explored to produce medical devices or biomedical equipment. After that, the types of 3D printing and the cases in which they have been applied are shown. Finally, the outputs related to the cases of medical procedures are summarized and then classified according to the service time.



Among the materials, five types are highlighted: titanium, polymers, ceramics, metals, and nanometals, with titanium being the most used for medical devices such as surgical instrumentation or surgical kits [8]. In addition, it is paramount to take into account the purpose of the element to be produced, since there are tolerance levels for its use within the product flow; for example, when implants or invasive components are made, the patient’s body may or may not accept this material.



The transformation processes correspond to the existing types of 3D printing, which made it necessary to consider the variables of printing time, implementation costs, ease of usability, access to preventive and corrective maintenance, and others [9] to select the most appropriate one. The most representative cases where these processes are used are aneurysm, cancer, cardiovascular disease, skull surgery, surgical guides, maxillofacial surgery [10], dentistry [11,12], orthopedics [13], prosthetics [14], vascular surgery [15] and others. In addition, these cases are characterized by the time availability when planning and waiting for materials. The above suggests that, currently, AM is not as responsive as traditional manufacturing in medical emergency cases, considering the high levels of customization and time needed for printing procedures and finishing processes.



Based on the cases mentioned above, contrasted with the characterization of the SSC in Colombia (subtractive manufacturing approach), a proposal was made on how AM would impact the chain management. The four levels of appropriation of the additive process proposed by J. Chen et al. (2016) [16] were taken as a reference: (1) printing for surgical procedure planning, (2) printing of operation tools through implant guides, (3) artificial bone printing, and (4) organ printing.



Consequently, the first representative change would be evident in the chain structure, where the roles of some actors could change and, in addition, new categories related to the design activity could appear, considering that, in AM, the collection of personalized patient information is necessary. Based on this information, the three scenarios analyzed were defined.



From a system dynamics approach, 306 cases that related supply chain management to system dynamics were reviewed. Researchers found that 75% of the results are linked to analyzing the management process variables from the supply chain, where one or two variables that model a specific process are studied. In most of the application cases, a specific issue of a variable affecting a management process is modeled, i.e., the aim is to understand the behavior of a variable within the performance of the chain. The predominant variables tend to be inventory management, information exchange, chain integration, system performance, demand projection and management, and production planning and scheduling. However, no studies relate all the chain management processes together from a holistic viewpoint; although the chain is considered a system where the associated variables affect others, there is not any research in the literature that integrates the eight SC management processes into a single model.



In some cases, the SD approach was oriented to determine the impact of demand variability and delivery time on SC performance; in other cases, models were proposed to simulate the operation of chain networks, focusing on the definition of metric indicators such as inventory, orders, and customer satisfaction. Likewise, multi-objective analyses were developed for policy formulation, modeling supply and demand in single markets. Another application focus studied the behavior and relationships within the chains to determine the critical components that interfere with efficiency and sustainability results.



In contrast to the analysis of the evolution of SD models related to the SC, there were evident coincidences among the variables analyzed in chronological order (demand analysis, inventory analysis, bullwhip effect, costs, production capacity, distribution, time), i.e., system dynamics has focused on the analysis of traditional industry variables. The latter becomes an opportunity for the development of simulation models that allow analyzing the behavior of the chain and its management based on the variables that industry 4.0 supposes, integrating trends such as additive manufacturing, big data, augmented reality, industrial internet of things, and cloud storage, among others, which have been characterized as potential agents of change in the configuration and behavior of the industry.




3. Materials and Methods


System dynamics is a modeling process for the understanding and discussion of complex problems such as supply chains where a series of actors interact in response to flows of money, information, and materials [2]. Starting from the base model proposed by Nuñez-Rodriguez et al. [1], built with the guidance of Andrade [17], and validated with Sterman’s process stages [18], the behavior of cycle times, raw material quantities, and finished product quantities were analyzed in contrast to scenarios with subtractive and additive characteristics. The results were obtained with Evolution software, version 4.6, created by Research Group SIMON, Universidad Industrial de Santander, Bucaramanga, Colombia in 2003.



Figure 3 presents the flow-level diagram of the model’s behavior that recreates a multi-product supply chain, considering the definition of the order acceptance policies and the purchasing policy. This representation corresponds to a simplified version of the supply chain and order management, developed in three processes: purchasing (supplier), production (manufacturer), and distribution (distributor). This model operates in a vectorial way, except for the supplier link, and allows the representation of the behavior through the supply chain with three types of products, 1(X), 2(Y), and 3(Z), with different material consumption, processing times, and distribution times for each one.



The model has structural operating policies associated with stock acceptance and capacity acceptance, as shown in Figure 4. These are policies that the focal manufacturer considers to prioritize order processing and the generation of production orders.



Some variations were made in the interest parameters to reflect the changes implied by the AM within the chain, starting with the inclusion of additive process activities such as the design of 3D files, printing, and finishing processes, which, although not deepened in the model, are assigned to the manufacturer. Given the lack of data in practice due to the appropriation level of AM in the production area, a traditional behavior and two additive behaviors were proposed for a simplified supply chain with data assumed from traditional cases documented in the literature.



The scenario approach was carried out for the health sector case study, specifically for medical implant manufacturing. Through a literature review, it was possible to determine some adjustments which allowed the representation of two alternatives for the appropriation of the additive process, depending on the role played by the manufacturer and how the interaction with the other actors in the chain takes place. In summary, three scenarios were constructed: the first represents a traditional supply chain (TSC) under the original conditions of the conceptual model, the second represents a centralized additive supply chain (ASC), and the third represents a decentralized ASC. Finally, the results obtained in each scenario were contrasted to determine the impact of the additive process on the supply chain performance.




4. Results


4.1. Description of Scenarios


4.1.1. Scenario 1—Traditional Supply Chain


As for the traditional supply chain scenario, the use of subtractive manufacturing processes, such as the generation of products from the removal of material [19], includes the following: manual extraction activities, traditional machining or CNC machining [20], as well as complementary post-processes to obtain medical devices, dental devices, and implants [21]. Regarding supply chain management, the structure can be decentralized or centralized, where a high level of coordination and integration is required in developing, manufacturing, and delivering inputs related to the elements of care packages (classified into medical devices, drugs, and biotechnologies).



In this sense, the expected behavior is that the production processes are carried out by the first link, i.e., the supplier, who supplies the healthcare provider institutions [3].



The TSC representation is shown in Figure 5, with three service-provider regions (1, 2, 3) that produce a specific product (1, 2, 3), which can be consumed in any of the studied regions with an associated distribution transport time. In this case, there is a raw material supplier, a focal manufacturer, and a distributing company in each supply chain. The model allows different operating policies to be established.



In order to simulate the scenario, it was necessary to modify the base model [1]. First, researchers began by representing a priority of care policy by region and adding the demand policy, as shown in Figure 6.



This policy defines the priority of attention by region based on product demand (Dem_Pi_Ri). Initially, the priority is to deliver the product in its own region, and then continue with the closest regions (P_A_D_MRi). This policy can be modified according to the conditions of the problem to be modeled. The main characteristic to be considered in the modeling is the consistency of the product delivery times, i.e., delivery to the closest region should not take longer than farther regions. The parameters and variables considered are described below:



P_A_D_MRi: parameter that determines the priority of attention order for regions 1, 2, and 3 by the company MOTORAi_Ri (i: 1,2,3).



Dem_Pi_Ri: exogenous variable determining the product demand by region in a given period (i: 1,2,3).



T_Dist_P_A_MRi: shows the parameter to keep in mind as, if the priority order is modified, the distribution times must be adjusted coherently for each region (i) and the elements of the two vectors must be in the same order.



Secondly, the supply chain traceability was visualized, consolidating the production order status information as shown in Figure 7, where the entire system can also be seen. With the consolidated modeling, nine vectors are created to operate each layered level. The first three vectors are ordered according to the attention priority policy of the region. The demand of the first manufacturer (Demand_FM1) corresponds to what supply chain 1 must produce. Each vector represents each region’s demand; the same happens with the remaining two supply chains (2 and 3). Thus, it continues with the creation of production orders and the output of products in the process (outputWIP1) and shipped products (Shipped1).



Thirdly, the SC of region 1 produces a single product and meets the demand of the three regions. The supplier is maintained with a single raw material as in the base model; consumption is constant because it is the same product (Raw_Mat_Quant), as seen in the supplier link in Figure 8, which is repeated in each of the regions.



On the other hand, focal manufacturer 1 may have different capacity characteristics (Total_Load_Cap1) concerning the focal manufacturers in regions two and three. This situation is replicated with the processing time (Printing_T1) since one product is produced per region, and the characteristics vary from one area to another. In this case, the management policy for the structural operation of the first manufacturer, Figure 4, is involved; the latter changes when it comes to the base model since the priority is given to the region to be served and not to the product (the order of arrival). Distribution time is considered a vital aspect of this model because it can represent asymmetry in shipments between regions, affecting production delivery times and the cycle time to meet demand.



In order to contrast the models and determine the impact of AM in terms of chain cycle time, researchers retained the annual and monthly demand distribution data for the scenario 1 simulation. On the other hand, since each region requires the three products regardless of where they are produced, considering the layers by vectors explained above, Table 3 shows the configuration of products by the manufacturer. The model allows modifying the discussed policy definition [1].



The capacity, materials, and time conditions were defined for each of the three focal manufacturers, as shown in Table 4. The grams consumed by each product, the number of machines, and the capacity per machine are related. In addition, the procurement times for each region, the manufacturing/printing times associated with the product size, and the distribution times according to proximity are defined. For example, when delivery occurs in the same region, the estimated time is 24 h, for the closest area it is 48 h, and for the farthest region, it would take 72 h to deliver the final product.



In this scenario, the order priority policy is set by region, as summarized in Table 5, where, firstly, each manufacturer meets the demand of the product it manufactures. For example, in region 1, focal manufacturer 1 first finishes and completes all orders for product 1, whereas, in region 2, focal manufacturer 2 prioritizes orders for product 1 and so on.



From the initial conditions shown in the scenario, the input data were recorded, where the orders are generated at the beginning of each week, as shown in Table 6.




4.1.2. Scenario 2—Centralized Additive Manufacturing Supply Chain


The second scenario corresponds to the supply chain with centralized additive manufacturing, where the existing groups of suppliers assume the additive process, i.e., there is a change in the production approach (subtractive to additive); however, communication and transportation with the other links remain structurally the same [16]. The main changes would be in the internal processes and chain management, which from its configuration would disaggregate a previous link to the suppliers of drugs, biomedical equipment, medical devices, and support services, including the supply of raw materials for their manufacture in cases where AM is applicable [22].



Figure 9 shows a chain made up of a supplier, a focal manufacturer, and a distributor as in the base model. The difference lies in the three regions centralized in region 1, where the three products are produced. The policy is to serve the closest region, region 1, then region 2, and finally, region 3, which is the furthest away.



Once again, in order to simulate the scenario, it was necessary to modify the base model. The demand is represented in Figure 10, which shows the region demand request for the three products, which ultimately constitutes the total demand for the region, and so on with the other regions. It also shows the policies of priority of attention for product and region and the link’s parameters in the supply chain.



The supply chain structure remains similar to the base model, as shown in Figure 8. However, the necessary vectors for the model operation are increased in this scenario. Vectors one, two, and three correspond to the attention of region 1 with the priority of products one, two, and three, creating the variable of the order of production of region 1 (Order_ProdR1). Vectors four, five, and six correspond to the attention of region 2 and the same product priority creating the variable of the production order of region 2 (Order_ProdR2). Finally, vectors seven, eight, and nine correspond to the attention of region 3, keeping the same product priority and generating the variable of production order of region 3 (Order_ProdR3). All the production orders were integrated into (Order_Prod), containing the nine vectors.



Two key aspects are highlighted in this modeling. The first is that each region’s distribution time (Prodt_D_Lead_Time) is different. The second corresponds to the printing time (Print_Time), which should establish the vector’s position according to the product type being processed and the attention policy established. Figure 11 presents the policy of the regions.



In order to contrast the models and determine the AM’s impact in terms of chain cycle time, the annual and monthly demand distribution data of the scenario were kept in the simulation of scenario 2 (Table 6 and Table 7).



Table 7 shows the capacity, material, and time conditions of scenario 2. In this case, the manufacturer is located in region one and is responsible for producing the three products for distribution in the other areas. Procurement times are 120 h, and printing times are associated with the size of the product whereas distribution times are due to proximity. For example, when delivery occurs in the same region, the estimated time is 24 h, for the next closest area it is 48 h, and for the farthest region, it would take 72 h to deliver the final product.



The priority policy is detailed in Table 8. First, it is necessary to meet the demand for the three products in region 1, then region 2, and finally, region three.



From the initial conditions shown in the scenario, the input data were recorded, where the orders are generated at the beginning of each week, as shown in Table 9.




4.1.3. Scenario 3—Decentralized Additive Supply Chain


The third scenario includes additive manufacturing in a decentralized supply chain [23,24]. In this case, the additive process is assumed by the health service provider institutions (IPSs); i.e., there would be production spaces (data collection, printing, and finishing) of medical devices or elements, which implies an effort in the reconfiguration of internal processes, chain management, and existing links. At the initial stage, the traditional groups of suppliers would be retained since they are required to respond to medical emergencies and less complex procedures where it is not appropriate to use AM. However, these suppliers may or may not assume the role of supplying inputs for the printing process within the IPSs, which means that these institutions require new services in materials, digitization, and maintenance of 3D printing equipment. When the IPSs incorporate these services, they stop participating in the chain only as service providers and become involved in manufacturing. Figure 12 shows the printing process in each region where there is demand, eliminating any external transportation and physical storage.



With this approach, three chains are proposed, each with a supplier, a manufacturer, and an independent demand, which are linked to a logistics operator that distributes the demand according to the needs of each region (in this case, three regions) and also keeps control of the firm orders, those for production, those in production, and those set to be delivered. These previous orders are also stored in an order delivery record to monitor the performance and operation of each manufacturer.



These considerations imply changes in the base model, particularly in the vectorization and establishment of a logistics operator. Figure 7 represents the modeling of the logistics operator section added to the original model. It represents the interaction of the demands and the control exercised over the productions to store them in the fulfilment history.



The previous modification made it necessary to define the demand managed by the logistics operator, as shown in Figure 13. In this case, the product priority is also maintained, i.e., product 1 is served first, then product 2, and finally, product 3, in each of the focal manufacturers/regions.



With the demand representation, it is possible to propose producing new products that are served globally (three for each region) with different raw material consumption, printing times, manufacturer capacities, and distribution times. Likewise, the regions where the machines/printers operate are determined, as shown in Figure 14, where each is associated with a specific region.



In addition, for the structural operation of the focal manufacturer, a policy was defined that operates independently for each region, with the possibility of each region taking action differently. Figure 15 shows this policy, which depends on stock and capacity acceptance. In the case of acceptance by stock, the quantities of available and existing raw materials are checked against the orders to meet and the products to produce. As for acceptance by capacity, the production order variables and the priority criteria are reviewed for each case.



This regionalized scenario allows for greater flexibility in achieving alternatives and satisfying demand, given that each manufacturer operates independently according to its operating parameters and structural policy.



Regionalization is also observed in raw materials, which meet the same conditions as the base model, i.e., a single regional supplier that manages the manufacturer’s inventory and a distribution company that delivers the product as it is produced.



This scenario presents the model amplification, which allows visualizing a greater functionality of the logistics operator since it controls the different business units framed in simplified supply chains of a single supplier, manufacturer, and distribution network.



Having the same objective from the first two scenarios made it necessary to retain the annual and monthly demand distribution data (Table 6 and Table 7) to simulate the discussed scenario.



Table 10 shows the capacity, material, and timing conditions of scenario 3. There are three manufacturers and three supply chains, each located in a region, in charge of producing the three products and supplying the same territory. The supply times are 120 h in each chain, the printing times are associated with the size of the product, and the distribution times correspond, in this case, to 24 h, since in each region there is a chain that supplies the three products throughout the territory.



For scenario 3, the priority policy is based on the product type, given that all three are produced in each region. For example, in region 1, product 1 is made first, then product 2, and finally, product 3.



The input data were recorded based on the initial conditions related to the scenario. The corresponding orders are generated at the beginning of each week, as shown in Table 11, changing the product priority for each region concerning scenario 2.





4.2. Scenario Simulation


Based on the initial conditions of each model and scenario, the models were run in the Evolution software to obtain the results that are organized as follows:




	
Lead-time analysis indicates the time elapsed from the reception of the first order in week one until all orders of the product category are recorded in the order record.



	
Analysis of available capacity and orders in production and inventory.



	
Analysis of the behavior of raw material and finished product inventories.








4.2.1. Chain Lead-Time Analysis


The first result is associated with the fulfilment of the projected monthly demand for each product in each region, i.e., it was determined how long it would take to complete all the orders and record them in the order record. The lead time was set at the time the entire demand was fulfilled. For example, the demand for product 1 in region 1 in any scenario corresponds to 45 units recorded in hour 1. The demand starts its journey through the supply chain and is fully distributed and delivered at hour 748 in scenario 1, hour 671 in scenario 2, and hour 764 in scenario 3.



Table 12 was constructed from the results, which summarizes the supply chain lead time for each scenario, grouping the products as a total in each region. In addition, the variation of weeks between scenarios 1 and 2, and 1 and 3 was calculated to contrast the TSC approach with the ASC. Additionally, the divergence between scenarios 2 and 3 was compared to understand the changes between the centralized and decentralized supply chains.



The contrasting scenarios show how the structural changes in the chain and the manufacturers’ location reduce the total product delivery times for the cases depending on the region. For example, procurement, production, and distribution times of the 45 units of product 1 for region 1 are reduced by 11.48% in scenario 2 compared to scenario 1, whereas scenario 3 compared to scenario 1 decreased the hours by 2%. Finally, comparing scenarios 2 and 3, the lead time increased by 12.06%.



After analyzing the variation from scenarios 2 and 3, which contrasted a centralized AM supply chain with a TSC, it was possible to identify five negative variations out of nine (P1R1, P2R1, P3R1, P1R2, P1R3). The lead time was reduced mainly in region 1. On the other hand, times increased in the other four cases, two in the second region (P2R2, P3R2) and the remaining in the third region (P2R3, P3R3).



After analyzing the variation from scenarios 3 and 1, which contrasted a decentralized AM supply chain with a TSC, it was possible to identify five negative variations out of nine (P1R1, P2R1, P3R1, P3R2, P3R3). The analysis indicates that the lead time is then again reduced, and there is an increase in terms of time for the remaining four cases (P1R2, P2R2, P1R2, P2R2).



Finally, as for the variation from scenarios 2 and 3, which contrasted a centralized AM supply chain with a decentralized AM supply chain, researchers observed a reduction in times for products and regions related to the following cases: P2R2, P3R2, P1R3, P2R3, and P3R3. At the same time, it was possible to identify a decrease for the following cases: P1R1, P2R1, P3R1, P3R1, and P1R2.



In all cases, the variations are mainly associated with the initial conditions described above; the individual procurement, production, and distribution times, as well as the priority policies, impact the decision-making process regarding production planning. It should be noted that the chain’s installed capacity remained the same in the three scenarios (3 machines with a capacity of 1 unit per machine). Procurement times correspond to 120 h, printing times are maintained depending on the product’s weight, and distribution times vary according to proximity, with deliveries ranging from 24 to 72 h. In order to understand the variations in a better way, researchers analyzed the following variables: available capacity, orders in production and pending delivery, and inventory levels. The latter is better detailed in the following paragraphs.




4.2.2. Behavioral Analysis of Orders, Inventories, and Available Capacity


Figure 16 contrasts the behavior of production orders for each scenario. In this way, researchers observed the operation of the priority policy established for each case. Scenario 1 shows the three manufacturers producing the product they are in charge of for shipment to the destination region. Region 1, being in charge of product 1, concentrates most of the orders, first handling orders from its own region and continuing with regions 2 and 3; it finishes the orders in production in hour 1100. In scenario 2, the last production orders occur in hour 730, where all three types of products are handled simultaneously since only one manufacturer is located and is in charge of manufacturing all products. In scenario 3, a similar behavior to the first scenario is observed. However, in this case, the last production order occurs at hour 900, 200 h earlier than in scenario 1 since the manufacturers are in charge of producing all three products and not just one.



Researchers analyzed the graphs summarized in Figure 17 to determine the behavior of the available capacity. As for scenarios 1 and 3, where there are three manufacturers, there is a clear distinction between the product types and demand. For example, in the first scenario, where the manufacturer in region 1 (FM1R1) is responsible for the production and distribution of product 1 to all regions, and hence, is responsible for 62.71% of the demand, whereas the manufacturer in region 2 (FM2R2) has 26.27% and the manufacturer in the third region (FM3R3) has 11.02%, which means that FM2R2 and FM3R3 have a greater available capacity. In the third scenario, even though each manufacturer is capable of producing and delivering within its region, the percentages of demand served by each region are very similar to those of the products (61.02%, 29.66%, and 9.32%), which means that in regions 2 and 3 there is a greater available capacity to meet orders.



Regarding times, it is possible to evidence that FM1 becomes available in hour 731 in the second scenario, in hour 900 in the third scenario, and the same happens in hour 1.200 during the first scenario. The latter shows that the additive supply chain scenarios have a greater capacity to meet higher demand.



Likewise, the pending delivery orders were reviewed in the scenarios presented in Figure 18. In the first scenario, the pending delivery orders go up to approximately 1150 h, and are ready to be distributed to the regions according to the demand. The maximum number of orders accumulated for delivery is six. Scenario 2, on the other hand, presents more significant fluctuations with periods at zero since it meets the demand before registering the start of a new week. However, it reaches peaks of 12 products on backorder, i.e., 6 more than the first scenario and 7 more than the third one.



In scenario 1, some products have off-peak periods, but in others, such as P1R1, those products are permanently back-ordered until demand is met after 700 h.



In scenario 3, for every hour there are, on average, two orders pending delivery, which remains constant in almost all hours, except for products P2R1 and P3R1, due to the demand each represents. In this case, the last backorder is at hour 870.



The scenario with the lowest backlog is scenario 3, whereas scenario 2 is the scenario where orders are dispatched for delivery the fastest. Both scenarios include additive manufacturing in their production processes, which generates flexibility of response to meet the demand and distribute to each region as suitable.



In order to verify the behavior of the pending delivery orders, the behavior of the finished product inventory was projected, as shown in Figure 19.



The raw material inventory was also simulated, as shown in Figure 20. It is possible to observe that, even though demand remains equal in all three cases, the behavior of orders in production and the available capacity of each manufacturer generates the following variations:




	−

	
In scenario 1, when there are new orders generated, FM1R1 starts requiring 1600 units of raw material, then it accumulates orders and reaches a peak of 2900 units to complete production. In comparison, FM2R2 and FM3R3 have an inventory of less than 100 units that runs out in a few hours since their demand is much lower than that of product 1.




	−

	
In scenario 2, the behavior is divided for each week, where average peaks of 1800 units are reached and then decrease, reaching off-peaks at zero when order production has finished and new orders have not been generated. One of the reasons for the previous situation is that only one manufacturer manages a single inventory of raw materials.




	−

	
In scenario 3, the material’s behavior reaches a maximum of 1100 units in the case of FM1R1 because it accumulates the most significant quantity of products and demand, whereas in FM2R2 and FM3R3, the amounts reach 650 and 200, respectively.









The hours in which the raw material inventory is determined varies significantly from scenario 1 to scenarios 2 and 3. Although manufacturers require 1090 h to finish all units in the first scenario, in the second and third scenarios, 725 and 850 are needed, respectively. The latter demonstrates how the additive supply chain scenarios represent a better balance in inventory accumulation.






5. Discussion


A case study was defined to explain the impact of implementing additive manufacturing through supply chain configurations. Hence, three scenarios were proposed:




	
Traditional supply chain;



	
Supply chain with centralized additive manufacturing;



	
Supply chain with decentralized additive manufacturing.








Based on data from the Colombian context and the literature on the usage of medical devices (biomodels, cutting guides, and implants), the lead times, available capacities, and inventories of raw materials and finished products were obtained.



Researchers designed a modeling baseline from the results obtained from the simulations to continue with the variation of parameters and values based on the particular contexts of each industry. The previous results allowed researchers to understand the benefits for companies and, even more so, for supply chains of adopting this approach in the transformation process. This starting point can vary significantly in terms of the actors in the chain since scenarios could be examined in which another link could take on the additive process, which, in short, would mean simplifying the number of links that make up the chain. In addition, we could begin to explore scenarios in which distribution takes on other types of responsibilities and modes of transportation. The supplier, for example, could carry out part of the additive process, and even the client itself could be in charge of production. However, these are alternatives that will be explored in future research.



By evaluating the available capacity, orders in production, and inventories, it was possible to define the maximum quantities of raw material units required in each scenario. It was shown that scenario 1 accumulated orders from previous weeks due to its low available capacity, which made it require up to 100% more units in the third week than the other scenarios. As for scenario 2, the conditions explained in the case study are considered the most appropriate in proportion to the benefits it showed in the short term. However, future conditions and the trend towards creating printing farms and atomized chains should be considered, as they will allow for greater customization and rapid changes in production when there are low-volume orders, which is similar to the third scenario.




6. Conclusions


Based on all the product iterations carried out throughout the simulated months, it is possible to notice that, although the production time is longer in additive manufacturing compared to traditional manufacturing, the cycle time and total demand closure were lower than in traditional manufacturing. In addition, it was observed that the AM performance is significantly better in conditions of lower demand, which can be attributed to the characteristics of customization and small batches that this type of production approach implies.



The total demand is distributed in three regions with the three products. When the chain is managed in a traditional way, where each manufacturer produces a specific product, the results showed that lead times are concentrated in the first company from the first region since product 1 corresponds to 60% of the demand, which is the region that requires the most significant quantity.



As for the chain where only one manufacturer is in charge of producing and distributing the total demand with additive manufacturing techniques, which is located in the region with the highest demand, the response time is reduced, increasing the company’s available capacity in six of the nine cases analyzed.



Finally, for a decentralized chain, focal manufacturers are without any exchange between regions. The latter generates a better, more accurate response in each one, and the bottleneck continues to be in the first region. The latter also reduces response times and balances the operations between them.



Finally, it should be noted that the optimal scenario for including the AM in the SSC depends on the volume of demand and the cost-effectiveness assessment it can offer to the actor that assumes it.
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Figure 1. Regions proposed for model and scenario simulation. Source: own elaboration. 
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Figure 2. Categories of specific medical devices. Source: Interfaz Research Group and Grice, 2020. 
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Figure 3. Flow and level diagram. Supply chain model, based on orders (MTO). Reprinted with permission from Nuñez-Rodriguez, et al. [1]; published by Processes, 2021. 
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Figure 4. Structural performance policies of the model. Reprinted with permission from Nuñez-Rodriguez, et al. [1]; published by Processes, 2021. 
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Figure 5. Scenario 1 representation—traditional supply chain. Source: own elaboration. 
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Figure 6. Demand priority policy—scenario 1: own elaboration. Evolution software. 






Figure 6. Demand priority policy—scenario 1: own elaboration. Evolution software.



[image: Processes 10 02489 g006]







[image: Processes 10 02489 g007 550] 





Figure 7. SC traceability—scenario 1: own elaboration. Evolution software. 
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Figure 8. Operation in region 1—scenario 1: own elaboration. Evolution software. 
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Figure 9. Scenario 2 representation—a centralized additive supply chain. Source: own elaboration. 






Figure 9. Scenario 2 representation—a centralized additive supply chain. Source: own elaboration.



[image: Processes 10 02489 g009]







[image: Processes 10 02489 g010 550] 





Figure 10. Total demand—scenario 2. Source: own elaboration by Evolution software. 
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Figure 11. Management policies to serve the regions—scenario 2. Source: own elaboration. Evolution software. 
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Figure 12. Decentralized additive supply chain. Source: own elaboration. 
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Figure 13. Demand managed by the logistics operator. Source: own elaboration. Evolution software. 
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Figure 14. Structure of scenario 3 by region. Source: own elaboration. Evolution software. 
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Figure 15. The structural operating policy of focal manufacturer 1. Source: own elaboration. Evolution software. 






Figure 15. The structural operating policy of focal manufacturer 1. Source: own elaboration. Evolution software.



[image: Processes 10 02489 g015]







[image: Processes 10 02489 g016 550] 





Figure 16. Behavioral contrast of production orders in the established scenarios. Source: own elaboration. Simulation results obtained from Evolution software. 
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Figure 17. Available capacity comparison from the established scenarios. Source: own elaboration. Simulation results obtained from Evolution software. 
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Figure 18. Behavioral contrast on pending delivery orders from the established scenarios. Source: own elaboration. Simulation results obtained from Evolution software. 
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Figure 19. Behavioral contrast on finished product inventory from the established scenarios. Source: own elaboration. Simulation results obtained from Evolution software. 
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Figure 20. Behavioral contrast of raw material inventory from the established scenarios. Source: own elaboration. Simulation results obtained from Evolution software. 
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Table 1. Projected annual and monthly demand for medical devices.
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Aggregate Demand

	
Region 1

	
Region 2

	

	
Region 3

	
Annual

Total




	

	
Annual

	
Monthly

	
Annual

	
Monthly

	
Annual

	
Monthly

	






	
Total Product 1: Biomodel

	
534

	
45

	
267

	
22

	
89

	
7

	
890




	
Total Product 2: Cutting Guide

	
224

	
19

	
112

	
9

	
37

	
3

	
373




	
Total Product 3: Implant

	
101

	
8

	
51

	
4

	
17

	
1

	
169




	
Total

	
859

	

	
430

	

	
143

	

	








Source: own elaboration based on data provided by Interfaz Research Group.
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Table 2. Additive manufacturing process in the health sector.
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	Application Cases





	INPUTS
	Materials: (Sidambe, 2014), (Bose et al., 2018).

Titanium: (Abe et al., 2003), (Leuders et al., 2013), (Yves-Christian, H., Jan, W., Wilhelm, M., Konrad, W., & Reinhart, 2010), (Hrabe & Quinn, 2013a), (Hrabe & Quinn, 2013b), (Sahoo, 2014), (El-Hajje et al., 2014), (Beaucamp et al., 2015), (Elahinia et al., 2016), (Dadbakhsh et al., 2016), (Wang et al., 2016), (Zhai et al., 2016), (Sahoo & Chou, 2016), (Hinderdael et al., 2017), (MacBarb et al., 2017), (Fatemi et al., 2017).

Polymers: (Cruz & Coole, 2006a), (Lopes, G., Miranda, R. M., Quintino, L., Rodrigues, 2007), (Tröger et al., 2008), (Höfer & Hinrichs, 2009), (Suwanprateeb et al., 2014), (Husár et al., 2014), (Short et al., 2014), (W. Z. Wu et al., 2014), (Vaezi & Yang, 2015), (Leonards et al., 2015), (Poh et al., 2016), (Jungst et al., 2016), (Stieghorst et al., 2016), (Pan et al., 2017), (Walker et al., 2017), (Pekkanen et al., 2017), (Shin et al., 2017), (Liravi & Toyserkani, 2018), (Kuo et al., 2018).

Ceramics: (Cruz & Coole, 2006), (Yves-Christian et al., 2010), (Goffard & Sforza, 2013), (Lusquiños et al., 2014), (Gmeiner & Deisinger, 2015), (Falvo D’Urso Labate et al., 2017), (Nabiyouni et al., 2018), (Choi et al., 2018).

Metals: (Srivatsan & Sudarshan, 2015), (Hong et al., 2016).

Nanomaterials: (Dobrzański, 2007), (Sugioka & Cheng, 2014), (Kong et al., 2016), (Ramasamy & Varadan, 2016), (Koumoulos et al., 2017), (BRUBAKER et al., 2017), (Ji et al., 2017), (Misra et al., 2017a).



	TRANSFORMATION
	Stereolithography: (Melchels et al., 2010), (Cooke et al., 2003), (Gauvin et al., 2012), (Melchels et al., 2009), (Dhariwala et al., 2004), (Bill et al., 1995), (D’Urso et al., 2000), (Lee et al., 2007).

Fused deposition modeling (FDM): (Zein et al., 2002), (Schantz et al., 2005), (McCullough & Yadavalli, 2013), (Mohamed et al., 2015), (Espalin et al., 2010), (Gronet et al., 2003), (Xu et al., 2014).

Selective laser sintering (SLS): (Rogers et al., 2007), (Clinkenbeard et al., 2002), (Berry et al., 1997), (Schmidt et al., 2007), (Rimell & Marquis, 2000), (Shishkovsky et al., 2008), (Williams et al., 2005), (Edith Wiria, Sudarmadji, et al., 2010), (Edith Wiria, Fai Leong, et al., 2010), (Kruth et al., 2003), (Duan & Wang, 2011).

Selective laser melting (SLM): (Vandenbroucke & Kruth, 2007), (Strano et al., 2013), (Attar et al., 2014), (Chlebus et al., 2011), (Mullen et al., 2009), (Zhang et al., 2011), (Wei et al., 2015), (Yang et al., 2012).

Electron beam melting: (Facchini et al., 2009), (Cronskär et al., 2013), (Ramakrishnaiah et al., 2017), (Koptioug et al., 2012), (Murr et al., 2011), (Li et al., 2009), (Murr et al., 2012), (Koike et al., 2011).



	OUTPUTS
	Aneurysm: (Opolski et al., 2014), (Ho et al., 2017), (Ryan et al., 2016).

Cancer: (Petcu, 2017), (Witowski, Pędziwiatr, et al., 2017), (Gallivanone et al., 2016).

Cardiovascular: (Nocerino et al., 2016), (Kuk et al., 2017), (Misra et al., 2017b), (Lueders et al., 2014), (Arcaute & Wicker, 2008), (Smith et al., 2017), (Cheng & Chen, 2006).

Skull: (Berretta et al., 2018), (Jardini et al., 2014), (Peel et al., 2017), (Winder et al., 1999), (Msallem et al., 2017).

Surgical guides: (Popescu et al., 2015), (Bibb et al., 2009), (Dahake et al., 2017), (Dahake et al., 2016).

Maxillofacial: (Thomas et al., 2014), (Daniel & Eggbeer, 2016), (Singare et al., 2006), (Sljivic et al., 2016), (W. Wu et al., 2010), (Al-Ahmari et al., 2015), (Winder & Bibb, 2005), (Brito et al., 2016).

Dentistry: (Gebhardt et al., 2010), (Budzik et al., 2016), (Jiménez et al., 2015), (Nayar et al., 2015), (Liu et al., 2006), (Faure et al., 2012).

Orthopedic: (Sankar et al., 2017), (Jackson et al., 2017), (Wong, 2016), (Sindhu & Soundarapandian, 2017), (Popovich et al., 2016), (M Zanetti et al., 2017), (Popescu et al., 2017), (Chougule et al., 2014), (Nakano & Ishimoto, 2015), (Li et al., 2017), (Blaya et al., 2017), (de Beer & van der Merwe, 2013), (Huang et al., 2015), (Ahn et al., 2006), (Tie et al., 2006), (Ogden et al., 2014).

Prosthesis: (Lathers & La Belle, 2016), (Rahmati et al., 2012), (Radosh et al., 2017), (Hagedorn-Hansen et al., 2016), (Zuniga et al., 2015), (Schrank et al., 2013), (Vitali et al., 2017).

Vascular: (O’Hara et al., 2016), (Ionita et al., 2014), (Spallek & Krause, 2016).

Others: Liver surgery (Witowski, Coles-Black, et al., 2017), (Soon et al., 2016). Plastic surgery: (Bauermeister et al., 2016).







Source: Own elaboration based on systematic literature review. References are available in Appendix A.
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Table 3. Vector organization of orders by manufacturers.
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V1

	
V2

	
V3

	
V4

	
V5

	
V6

	
V7

	
V8

	
V9






	
FM 1

	
FM 2

	
FM 3




	
P1R1

	
P1R2

	
P1R3

	
P2R1

	
P2R2

	
P2R3

	
P3R1

	
P3R2

	
P3R3








Source: own elaboration.
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Table 4. Scenario 1 conditions.
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FM 1

	
FM 2

	
FM 3






	
Supplier

	
Material consumption

	
Grams

	
Grams

	
Grams




	
Product 1

	
81

	

	




	
Product 2

	

	
14

	




	
Product 3

	

	

	
21




	
Lead-time supplier–supplier

	
120

	
120

	
120




	
Focal Manufacturing

	
Production conditions

	
Units

	
Units

	
Units




	
Number of machines

	
4

	
4

	
4




	
Load per machine

	
0.25%

	
0.25%

	
0.25%




	
Processing time

	

	

	




	
Product 1

	
12

	

	




	
Product 2

	

	
4

	




	
Product 3

	

	

	
5




	
Distribution

	
Distribution time

	
Region 1

	
Region 2

	
Region 3




	
Region 1—central

	
24

	
48

	
48




	
Region 2—north

	
48

	
24

	
72




	
Region 3—south

	
48

	
72

	
24








Source: own elaboration.













[image: Table] 





Table 5. Priority from scenario 1.
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	Region Priority
	FM 1
	FM 2
	FM 3





	Product 1—biomodel
	High
	Medium
	Medium



	Product 2—cutting guide
	Medium
	High
	Low



	Product 3—implant
	Low
	Low
	High







Source: own elaboration.
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Table 6. Monthly orders record for the traditional scenario.
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FM1/Product1

	
FM 2/Product 2

	
FM 3/Product 3




	
Hour

	
R1

	
R2

	
R3

	
R1

	
R2

	
R3

	
R1

	
R2

	
R3






	
7

	
12

	
5

	
2

	
5

	
2

	
1

	
2

	
1

	
1




	
175

	
11

	
6

	
1

	
5

	
2

	
1

	
2

	
1

	




	
343

	
11

	
5

	
2

	
5

	
2

	
1

	
2

	
1

	




	
511

	
11

	
6

	
2

	
4

	
3

	

	
2

	
1

	




	

	
45

	
22

	
7

	
19

	
9

	
3

	
8

	
4

	
1








Source: own elaboration.
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Table 7. Scenario 2 conditions.
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	FM 1





	Material consumption
	Grams



	Product 1
	81



	Product 2
	14



	Product 3
	21



	Production conditions
	Units



	Number of machines/printers
	3



	Total load per machine
	1



	Chain times
	Hours



	Procurement times
	



	Raw material
	120



	Printing times
	



	Product 1
	12



	Product 2
	4



	Product 3
	5



	Distribution lead time
	



	Region 1
	24



	Region 2
	48



	Region 3
	72







Source: own elaboration.
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Table 8. Scenario 2 conditions.






Table 8. Scenario 2 conditions.











	
	Region 1
	Region 2
	Region 3





	Product 1—biomodel
	High
	Medium
	Low



	Product 2—cutting guide
	High
	Medium
	Low



	Product 3—implant
	High
	Medium
	Low







Source: own elaboration.
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Table 9. Monthly order entry of the SC scenario with centralized AM.
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Region 1

	
Region 2

	
Region 3




	
Product

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3




	
Priority

	
High

	
High

	
High

	
Medium

	
Medium

	
Medium

	
Low

	
Low

	
Low




	
Hour

	
Number of Products






	
7

	
12

	
6

	
2

	
6

	
3

	
1

	
2

	
1

	
1




	
175

	
11

	
5

	
2

	
6

	
3

	
1

	
2

	
1

	
0




	
343

	
11

	
4

	
2

	
5

	
2

	
1

	
2

	
1

	
0




	
511

	
11

	
4

	
2

	
5

	
1

	
1

	
1

	
0

	
0




	

	
45

	
19

	
8

	
22

	
9

	
4

	
7

	
3

	
1








Source: own elaboration.
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Table 10. Monthly order entry of the SC scenario with centralized AM.
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	FM 1
	FM 2
	FM 3





	Material consumption
	Grams
	Grams
	Grams



	Product 1
	81
	81
	81



	Product 2
	14
	14
	14



	Product 3
	21
	21
	21



	Production conditions
	Units
	Units
	Units



	Number of machines/printers
	1
	1
	1



	Total load per machine
	1
	1
	1



	Chain times
	Hours
	Hours
	Hours



	Procurement times
	
	
	



	Raw material
	120
	120
	120



	Printing times
	
	
	



	Product 1
	12
	12
	12



	Product 2
	4
	4
	4



	Product 3
	5
	5
	5



	Distribution lead time
	
	
	



	Region 1
	24
	
	



	Region 2
	
	24
	



	Region 3
	
	
	24







Source: own elaboration.
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Table 11. Monthly order record for scenario 3.
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Region 1

	
Region 2

	
Region 3




	
Product

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3

	
P1

	
P2

	
P3




	
Priority

	
High

	
Medium

	
Low

	
High

	
Medium

	
Low

	
High

	
Medium

	
Low




	
Week

	
Day

	
Hour

	
Number of Products






	
1

	
1

	
7

	
12

	
6

	
2

	
6

	
3

	
1

	
2

	
1

	
1




	
2

	
8

	
175

	
11

	
5

	
2

	
6

	
3

	
1

	
2

	
1

	
0




	
3

	
15

	
343

	
11

	
4

	
2

	
5

	
2

	
1

	
2

	
1

	
0




	
4

	
22

	
511

	
11

	
4

	
2

	
5

	
1

	
1

	
1

	
0

	
0




	

	

	

	
45

	
19

	
8

	
22

	
9

	
4

	
7

	
3

	
1








Source: own elaboration.
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Table 12. Lead time and scenario variation.
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Region

	
Region 1

	
Region 2

	
Region 3




	
Product

	
P1R1

	
P2R1

	
P3R1

	
P1R2

	
P2R2

	
P3R2

	
P1R3

	
P2R3

	
P3R3






	
Total Units

	
45

	
19

	
8

	
22

	
9

	
4

	
7

	
3

	
1




	
Lead-time FM1 (hours)

	
748

	
716

	
693

	
1048

	
672

	
723

	
1163

	
577

	
159




	
Lead-time FM2 (hours)

	
671

	
588

	
674

	
724

	
736

	
742

	
803

	
802

	
804




	
Lead-time FM3 (hours)

	
763

	
833

	
881

	
728

	
559

	
733

	
670

	
520

	
189




	
Variation FM2—FM1 (%)

	
−11.48

	
−21.77

	
−2.82

	
−44.75

	
8.7

	
2.56

	
−44.83

	
28.05

	
80.22




	
Variation FM3—FM1 (%)

	
−2.01

	
−16.34

	
−27.13

	
30.53

	
16.82

	
−1.38

	
42.39

	
9.88

	
−18.87




	
Variation FM2—FM3 (%)

	
12.06

	
29.41

	
23.5

	
0.55

	
−31.66

	
−1.23

	
−19.85

	
−54.23

	
−325.4








Source: own elaboration.
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