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Abstract

:

The structure of car seats is becoming increasingly complex, with mixing of wire conformation and plastic injection. The plastic over-molding process implies some labor, which can be reduced if novel solutions are applied in this manufacturing area. The handling of the wires used in car seats is the main problem identified in the process, wasting time both in the feeding and in the extraction of the molds used in the wire over-molding process. However, these machines are usually extremely compact and the free space around them is too short. In classic molding injection machines, there are just two half-molds, the female, and the male. In the over-molding process of wires used in car seats, three half-molds are used in order to increase the cycle time. Thus, to solve this problem, the classic robotic solutions are not appliable due to lack of space and elevated cost. This work describes the development of an automated solution able to handle the wires in both the feeding and the extracting phases of the production cycle, avoiding the traditional labor costs associated with this type of machine. Departing from an industrial need, the developed novel solution is described in detail and can be successfully adapted to other situations of low added-value products where it is needed to increase the productivity and competitiveness of the product. The system developed uses mechanical and pneumatic solutions which, combined, can be used to solve the identified problem, occupying a restricted space and requiring a small budget. This solution can be translated into guidelines that will allow the analysis of situations where the same system can be applied.
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1. Introduction


The automotive industry is a precursor to numerous technologies, since one of its main pillars is innovation. In fact, the market is constantly demanding more differentiated products at an increasingly competitive price [1]. Thus, the automotive industry needs to overcome the challenges induced by its customers and maintain competitiveness, which normally requires high levels of automation [2]. In addition, due to the growing trend towards product customization, the quantities to be produced in each batch decrease, posing new challenges in production management [3,4] and in the design of new equipment. Thus, the equipment must be increasingly flexible, contributing in this way to the minimization of setup times, which can have a significant impact on the dimensioning of the batches to be produced, affecting the competitiveness of the product [5]. Science and engineering are particularly prominent in this context.



Automation can be, essentially, of three types: fixed automation, flexible automation, and programmable automation [6]. Fixed automation is mainly used for mass production of the same product. Flexible automation is used for families of similar products, where a relatively short setup allows a switch from one product to another within the same family. Programmable automation is the most advanced and also the most flexible, but also the most expensive to implement, and the one that best integrates the principles of smart manufacturing [7,8,9]. In the last few decades, research has been focused mainly on flexible and programmable automation, but there have also been studies in fixed automation [2,6,7,8,9].



Particularly interesting are the automation solutions that solve the problems implying low costs. This is the main objective of autonomation or Jidoka, a concept which is one of the Toyota Production System (TPS) pillars. This important concept, as well as JIT production, allowed lean operations, i.e., operations doing more with less—less stock, less human effort [10], less of everything [11,12]. These operations are behind the TPS success and have been extensively applied in companies around the world under the occidental name of lean thinking [13]. This management philosophy reduces cost and increases productivity by eliminating waste [14,15,16] and having a great impact on the financial performance of manufacturing companies [17,18]. Among the seven most-known wastes, are the ones related to irregularity and the overburdening of people and machines and these needing to be eliminated [19]. One of the methodologies that focuses on improving productivity, by reducing wastes and optimizing processes is the lean-six sigma method [20].



In this context, the presented work aims to automate the feeding of bent wires to a plastic injection machine to reduce human intervention in the process, as well as extracting the over-injected product. Operators need to perform the same working cycle several times a day, being subject to fatigue and, as a result, make mistakes in feeding the wires to the system, causing quality problems. The challenge of this work was to design an automated system to overcome this problem, and increase the productivity and competitiveness of this process, also respecting restrictions in terms of space and budget. This work proposes a set of novel devices for automating systems that can be connected to existing over-injection molding machines (or similar), improving the handling of the products, cutting the associated human labor, and using low resources, providing a low-cost solution able to be installed as an upgrade of already-existent machines.



This paper is divided into six main sections beyond the current one. Section 2 provides a wide theoretical background, Section 3 describes the methodology used, Section 4 depicts the results, Section 5 discusses the results achieved, and Section 6 highlights the main outcomes and transferrable knowledge.




2. Background


Costa et al. [2] developed a new equipment concept for the assembly of shafts for driving car windshield wipers that, through various mechanical devices and some flexible automation, allowed quality and reproducibility problems detected in previously designed equipment to be solved, guaranteeing parts that were completely acceptable. In addition, the equipment presents high flexibility, being able to distinguish between different parts of the same family in the parts’ supply process. The return on investment is just two years and guarantees a cycle time equal to or less than that achieved with the previous equipment. The labor associated with the equipment is now restricted to feeding the equipment and removing assemblies. Using an indexed table and several flexible automated systems, Nunes et al. [7] also designed a system capable of eliminating the problems of incorrect assembly existing in the manual assembly of small systems used in automobile windshield wipers, due to the fatigue of workers in repetitive operations of low cycle time. The system also presented high flexibility, allowing the assembly of more than twenty sets of the same family of products. Moreira et al. [8] developed a flexible system for the assembly of several types of Bowden cables of the same family, allowing the manufacturing cycle time to be shortened, but mainly eliminating the intermediate stocks existing between the different operations. Costa et al. [9], based on a product identical to that used in the work of Nunes et al. [7], developed competently automated and programmable equipment, which allowed the feeding of components, their assembly in jigs suitable for each product of the same family, and the assembly and control through a very innovative concept, practically without any human intervention. Santos et al. [21] used state-of-the-art automated systems to upgrade equipment to produce vehicle tire components, greatly increasing the accuracy of the equipment, improving the final product quality, but essentially drastically reducing downtime due to breakdown of the equipment (−62%). Santos et al. [22] developed an automatic system for the transport of conduits (sub-product) inside production equipment, significantly improving the process and eliminating the problems of lack of reliability in previously used solutions. The new automatic system developed has saved 97% of the time previously required for the setup, while contributing in a very positive way to the drastic reduction in equipment breakdowns. With a view to solving sheet metal plate deformation problems in the final part of the cutting process of thin metal sheets in guillotines, Araújo et al. [23] developed a completely automated system, capable of being assembled on new guillotines or others already in operation (upgrade) which, through an innovative system of support of the plate during the cutting process, prevents the plate from tending to bend under its own weight at the end of the cut.



The number of plastic and composite parts present in cars has increased considerably in recent decades, and the production optimization of these components has been the main target of many researchers. Automation and automatic systems play an important role in polymeric part production, increasing the productivity and cost-effectiveness of the production process [24]. Currently, addictive manufacturing of polymers is moving more and more towards manufacturing applications, allowing more competitive parts and a more flexible process [25]. However, even traditional polymer parts for the automotive industry have been the target of some studies trying to improve their mechanical properties [26] by redesigning the manufacturing process itself, as presented by Beran et al. [27]. In the current work, the part remains the same, but the process is improved through automated systems.



The evolution of automatic production or assembly systems includes robotics, through what is called programmable automation, playing a very important role in the recent automotive manufacturing industry [28,29], as the implementation of robotics and automation allows for an increase in productivity and process efficiency, with many of the manual processes being replaced by alternatives that involve automation [30]. Barbosa et al. [31] developed a new completely automated concept of feeding parts and tool in the milling process, which allows the exchange of products and tools in a perfectly automated way, and according to instructions received from a central computerized system, thus allowing total flexibility of the manufacturing process. Regarding the use of robots in the production of automotive parts, Yin et al. [32] proposed a flexible punching system based on industrial robots to produce automotive panels, combining a special punching plier and industrial robots. The proposed system is modular and more flexible and efficient, effectively reducing the production cost of automotive panels. Another recent study on the use of robotic systems in the manufacturing industry [33], focused on the improvement of robotic systems for the production and assembly of automotive parts. In this study, the authors present an algorithm capable of determining the best layout and assembly order for robotic production systems being implemented and validated for large-scale industrial scenarios. There have also been some recent studies conducted on the use of human–robot collaborative assembly lines/cells for automotive parts. These collaboration workstations can bring many advantages, benefiting from the capabilities and skills of both the industrial robots and human workers. Thus, efforts are being made in the improvement of worker safety of these stations [34] and the development of robotic systems, specifically developed for the facilitation of human interaction with these industrial robots [35].



Car seats are made of a series of components. New trends point to the mating wires with injected plastic tapes, with a view to reducing the weight of this product, saving energy (a natural resource) and reducing pollution [36,37,38,39]. Thus, nowadays, the manufacturing sequence of some car seat components goes through the cutting and bending of the wires, then these go to the plastic injection machine, where the wires are aggregated through injected plastic tapes. Cushions and suspension mats are structures made of metallic wire and plastic connections, which are connected to the structures of the car seats and support the foams that provide the comfort of these seats. Magalhães et al. [40] developed an automatic system that allows the collection, orientation identification, positioning, control, and sorting of bent wires used in cushions and suspension mats. This system has significantly improved the interconnection between the cutting and bending operations of these wires, as well as their feeding to plastic over-injection machines. Silva et al. [41] developed an automatic system for the last stages of suspension mat production and control. Through automation and robotics, these components started to be automatically controlled after the last manufacturing phase, and to be packaged according to customer instructions, also automatically, thus allowing greater process reliability and shorter cycle time. In the car seat component manufacturing process described above, the part of the process that still needs to be automated and where a strong human component is still used is the feeding of bent wires to the plastic over-injection machine [42], as well as the extraction of the over-injected suspension mat components (bent wires already coated with polymer). That is the main subject of this work—designing a novel automated system comprising a set of devices able to occupy an area as small as possible, requiring a reduced budget, and able to automatically provide the right number of wires to a gripper in the right position, and be able to extract the over-injected wires after the over-injection process, placing the wires into the corresponding conveyor.




3. Materials and Methods


The research carried out through this work was based on an industrial need, which was taken as a starting point for the development of a novel solution that could be transferable to other similar situations. At the same time, it was necessary to increase productivity, reduce labor, and find low-cost solutions that are flexible enough to be adopted for a given family of products usually manufactured with the same equipment. Regarding the space available around each side of the equipment, the use of robotics was discarded.



Thus, the strategy of this work was to create a set of devices which would consist of a storage system placed next to the injection machine that would provide six wires already bent in the correct position for the gripper to catch, and a rotating device where this gripper would be connected, thus completing the tasks of positioning and collecting these wires and placing them into the mold and, after the injection process has been occurred, collecting the wires already over-injected and placing them into the conveyor belt. The automatic system to be connected to the over-injection machine needed to occupy a small area and use essentially conventional automation based on pneumatics. The novelty of this work was to provide a flexible set of devices to operate in plastic injection over-molding machines, that were different from the conventional robotics associated with injection machines, that were low-cost, and that would be able to be installed as an update for already-existing machines, increasing the productivity and competitiveness of products with very low added-value and occupying just part of the restrict space between injection machines. This solution is completely different to a robotic solution, as it uses a novel wire-feeding system for the bent wires and a rotary pneumatic arm for extracting the over-molded wires, using the same gripper. The set of devices developed can also be adjusted to other needs, following the same principles.



With a view to developing a solution that would achieve the intended purposes, that is, finding a solution capable of fixing the wires and, after injection, removing the complete product from the mold, for a wide family of similar, but different products, the action–research methodology was used [43]. This methodology allows changes to be made (actions), and from the solutions, one finds lessons learned that can be transferable to other situations in which these solutions may also be applied, that is, transferable knowledge (research). This methodology has several approaches. For this work, a cycle with only five steps presented initially by Susman & Evered [43] was selected, as illustrated in Figure 1. Thus, the cycle begins with an observation phase of the problem to be solved and of the existing conditions, followed by an action-planning phase, which, in this case, translates into a solution to be implemented. The third phase is essentially the implementation of the solution, while the fourth phase is essentially based on the evaluation of the solution. The fifth and final phase concerns the monitoring of the implemented concept, as well as the taking of lessons learned, which can be transferable in the form of knowledge to solve similar problems.



In the specific context of this work, the different phases previously described and depicted in Figure 1 can be translated into concrete actions, as described in Table 1.



The diagnostic phase has already been lightly mentioned previously in this work, but it will also be dissected in this section. The phases of action planning, implementation, and evaluation will be described in detail in the Results section, while the last phase will be described in the Discussion and Conclusions.



Starting by the diagnosis, the problem posed as the basis of this work had a strong industrial engineering component, which required a strong collaboration with mechanical engineering. The main problems were the need to increase the productivity of plastic over-injection machines and the competitiveness of the products to be incorporated in car seats, giving rise to a product usually called as cushion or suspension mat, depending on whether it is placed on the seat base or on the seat back, respectively (Figure 2).



Plastic over-injection machines work with one mold and a half-mold, i.e., the parting plane is horizontal, the mold opens under a vertical axis, the upper part is single (male), while the lower part (female) is twinned. These twinned lower parts of the mold are assembled in a sliding worktable. Thus, while the machine is over-injecting in one of the lower half-molds, the other lower half-mold is being fed with wires or is being unloaded. This can be seen in Figure 3.



This project was intended to make the wire loading and unloading processes automated, however this would require action on both sides of the machine. Due to space restrictions, it is not possible to load and unload the wires from both sides of each machine with a robotic system because the amplitude of movements is too large and the space available is not enough. Moreover, to load the mold with wires it is necessary to have a proper device, which is charged with a batch of bent wires and a drawer which provides the right number of wires in the right position. Furthermore, a rotary manipulator is used to promote the movements in the X, Y, and Z axes. However, again due to lack of space, just one rotary manipulator is not enough to cover all the working area. Thus, the devices need to be replicated on both sides of the machine, where the lower molds stop after the over-injection process.



Given the requirements of this project, which aimed to provide almost 100% automation of the operations around plastic over-injection machines, the operator only needs to feed the already-bent wires into the wire-feeding device, and control whether the entire sequence of operations is duly performed by two injection machines and the new devices placed around them, for process automation. Because the operator tasks now consist of feeding the wires to the device and controlling the functioning machines, one operator is enough to control two machines. For the extraction of the already over-injected parts, it was necessary to design an automatic system that allowed the parts to be extracted and which was connected to the rotary manipulator—a special gripper. Extraction is the simplest task, since all the wires are properly positioned in the lower half-mold and the gripper will have the reference of the place where it should be found, so it is only necessary to pick-up the wires already over-injected and drop them in the proper place, the conveyor belt, which is common to both sides of the injection machine. It is also required that this extraction be directed to a conveyor belt that moves the parts dropped by the gripper to a container. Thus, in a first approach, it was necessary to create a system with movement in the X, Y, and Z axes, capable of lowering in Z and grabbing the wires inside the mold, lifting to the horizontal movement position, and moving in Y to dump the part on the conveyor belt that will move the over-injected wires to the container. This was the concept that needed to be designed and tested. The next task of the rotary manipulator is moving to the drawer, where the fresh wires are ready to be picked up and moved to the cavities of the mold for the next production cycle.



Figure 2, shows different configurations of cushions and suspension mats, as well as their position in the car seat. The diversity of models presented in Figure 2 (right) is only indicative, since each car model has at least one model of cushion and suspension mat, but the increasing customization of vehicles has meant that each car model may need different configurations. This need has direct implications on the requirements established for the concept to be developed, because the gripper for different wires can be different, depending on the similarities (or not) between the wires’ models.



Still in the diagnostic phase, observations were made about the wire-feeding operation into the mold. Given the diversity of existing models and the complexity of the shape of some models (3D-shaped wires), 2D bent wires were selected. This was also the best option because the way the 3D bent wires arrive at the over-injection machine is not properly prepared, so it requires extra effort to condition the position of the wires so that the robot can pick them up and place them in the proper area of the mold. Moreover, extra space needs to be created around the machines to allow for robotic solutions, which is out of the scope of this work. Thus, the feeding operation of 2D bent wires needs to be automated without the use of robotics. The previous manual operation of feeding the wire molds can be seen in Figure 4, showing a simple wire model (2D wire). This is one of the tasks that needs to be replaced by automatic systems.



Thus, this work comprised the automation of two tasks: the feeding operation of 2D bent wires and corresponding extraction operation, and the extraction of the over-molded wires after the over-injection process.




4. Results


After the diagnosis stage was finished, it became necessary to act, through the idealization of solutions that could solve the feeding and extraction problems. The positioning of the wires was very close into the mold. This is a common situation when the assembly is manual. To save space a machine with a smaller table is required or over-injecting more parts per cycle is allowed. Bearing in mind that this situation cannot be solved by making a new mold, and because the same situation is common to other molds, a solution was conceived in which the feeding was carried out in two stages. Since the capacity of the mold was six-wire, to be over-injected at a time, the feed could be carried out twice, three wires at a time. The number of wires to be over-injected is not directly related to the wires used in each car seat, but to the space available on the surface mold. The wires were treated in this work as single parts. The idea is expressed in Figure 5.



Considering that the wires are supplied by a system external to the injection machine, it was necessary to create a system that could store the wires already properly ordered, so that they could be supplied to the mold by a gripper. For this, a supply tower was created, which was to be fed manually, through previously formed wires that were transported from the wire bending equipment to the storage tower. This storage tower should have three stacks, that is, the same number of stacks as the number of wires that are fed to the system each time. As previously mentioned, three wires are provided at a time, in two stages, making up the total of six wires required for each supply. The stacks are far enough apart that, in the second phase, wires are deposited at the intervals left vacant in the first phase, as shown in Figure 5. Underneath the wire storage tower, a drawer with horizontal movement is required, which can make three stops: (a) in the first stop, it receives the first group of three wires, (b) in the second stop, it receives the second group three wires, and (c) at the last stop, it is in the place necessary for a gripper to come and pick up the six wires (Figure 6).



Between the wire storage tower and the drawer, there is an electromechanical system that only allows one wire from each stack to pass in each complete cycle of movement of the drawer, and only when it is in its rearmost position, that is, completely below of the storage tower. Details of this electromechanical system can be seen in Figure 7.



As the storage and feeding system described above will function as an external system to the injection machine, it will be positioned laterally, implying that the gripper that will descend to the drawer and collect the six wires must also be equipped with a rotation movement. Thus, a rotary manipulator needs to be added to the set of devices considered in this project, allowing for the performance of the needed movements in the restricted space available. Due do this space restriction, the rotary manipulator seems to be the best option, because it can be connected to the machine and acts as needed along the lower half-mold, the wires feeding system, and the conveyor belt. In addition, it is intended that each gripper can feed the mold with wires, making its tamping inside the mold, for correct fixing of them inside the mold (they work as inserts), but also being able to extract them after over-injection of plastic at its ends. Therefore, a rotary manipulator was designed, which, through rotation, can switch between three different positions: (a) collect the wires in the drawer, (b) feed the wires and wedge them inside the lower half-mold, and (c) extract the over-injected wires and deposit them on a conveyor belt placed on the same or opposite side of the machine, as can be seen in Figure 8.



Moreover, the strategy to be provided for the wire pick-up in the drawer must be fully consistent with the strategy of extracting the wires already over-injected from inside the mold. The relative position of the wires among them needs to remain the same as before, i.e., the gripper responsible for picking up the wires from the drawer is the same as the one responsible for the extraction of the wires already over-injected with plastic. Thus, two parallel gripper systems were created, each one acting in different sides of the machine, because each lower half-mold needs to be loaded and unloaded in opposite sides of the machine. Thus, each rotary manipulator can be connected to each side where the lower half-molds are made accessible to carry out the wire loading and unloading operations. Figure 9 shows only a part of the system (responsible for handling three wires), as well as the places in the mold where two of these grippers will act (yellow marks), to collect all the wires at once.



Figure 10 shows, on the right, the gripper already complete, as it should be mounted on the rotary manipulator shown in Figure 8. It should be noted that all these grippers take their own shape depending on the geometry of the wires, their relative distance, and the place where it becomes more advantageous to manipulate them. Thus, each wire geometry will involve its own gripper, which is subject to a setup process whenever the machine changes the product to be manufactured, thus, the connecting system should be standardized to make this task easier and less time-consuming.



In Figure 10, on the right, the locations of the mold where the wires must fit, so that they are properly positioned inside the mold can be seen, ensuring a virtually constant thickness of plastic all around the tips of these wires. When placing the wires into the mold, the grippers must be programed to open, and leave drop the wires in the right position. After that, they must close, and a light downward vertical pressure must be applied to the wires in the right place, ensuring that the wires fit perfectly into the proper locations, not posing a threat to the closing of the mold or quality problems in the over-injection operation. When the previous injection cycle is finished, the injection machine opens the mold and the double lower part of the mold moves, exposing the part already over-injected to one of the grippers on one side of the machine. Meanwhile, the half part of the mold where the wires are already fed slides under the upper part of the mold, allowing it to close and to start a new injection cycle.



It should be clear that each injection machine needs two grippers, as shown in Figure 11 (represented in black color). This need arises from the lack of space for a wider structure, as well as the need for joint actions over time, because when a gripper finishes extracting the newly over-injected part, the gripper will have to immediately look for the drawer to supply wires for the next cycle, while the other gripper must be empty, ready to grab the next over-injected part. The position of the two grippers around each machine can be seen in Figure 11, where the left-hand gripper is waiting for the end of the injection cycle and for the lower part of the mold to slide to its resting position, to collect the over-injected part, while the right-hand gripper is depositing the previously over-injected part on the conveyor belt. Then the wire supply drawer opens and the gripper collects the six wires already in position to supply the half-mold, which is empty, that is, from where the over-injected part came out. In the meantime, a new injection cycle is underway, and the other gripper will be able to pick up the part finished to be over-injected.



Thus, the cycle performed by each gripper can be described as follows:




	(a)

	
The gripper waits for the end of the over-injection cycle and movement of the lower part of the mold. When the over-injection cycle ends, the half-mold slides and exposes the over-injected part to the gripper.




	(b)

	
The gripper moves downwards and grabs the part from inside the half-mold, extracting it. It goes up and rotates onto the conveyor belt, where it descends vertically and drops the part.




	(c)

	
In the meantime, the wire-feeding system performs the first two actions, allowing the correct positioning of the six wires in the drawer. After that, the drawer moves to its final position, completely open, to facilitate the collection of the wires by the gripper.




	(d)

	
The gripper takes the six wires already properly positioned, moves vertically and rotates until it is over the half-mold that is empty and in the necessary position to be supplied with wires.




	(e)

	
The gripper descends vertically until almost touching the mold, and drops the wires in their respective positions.




	(f)

	
The jaws that hold the wires close, and the gripper makes a slight downward movement, so that the ends of the jaws press the wires into the chamfers created for the purpose.




	(g)

	
The gripper rises vertically and will wait for the half-mold to move into the injection machine. The over-injection process takes place and slides again to the position where the part is collected by the gripper and the subsequent feeding of new wires is made, starting a new cycle.









Figure 12 shows a 3D perspective of the system previously shown in 2D in Figure 11. As can be seen, the occupied space by these new systems (power towers and grippers) is quite reduced, being compatible with companies where the cost of occupied space is high and where the machines need to be very close to each other.



It should also be noted that all the main devices necessary for this system, namely the treadmill and the main arms of the gripper, were recovered from systems previously put out of service in the company, thus contributing to the system reuse policy, with clear benefits for the environment and the sustainability of the process [39,44].



The implementation of the system was performed as planned, as can be seen in Figure 13. The complete product is not shown due to confidentiality reasons.



The implementation of the system allowed the measurement of cycle time. It was possible to observe that each cycle could be reduced by 20 s, improving the global cycle time. This cycle time contrasts with the 25 s spent by the same operation performed manually, thus saving 5 s (−20%). In order to ensure that the data were viable, these values were calculated based on 500 observations, exhibiting a standard deviation of less than 1 s. Additionally, no problems were detected regarding the material transportation from machine to machine, thus ensuring the reproducibility of the obtained data. The time saved is compatible with the over-injection cycle, regarding the solidification of the polymer material.



After analyzing the functioning of the system, carried out previously, it is necessary to analyze the economic aspect. By the analysis of Table 2, it is possible to compare the manual process with the optimized process.



Improving the process provided a reduction of 5 s in the cycle time of the injection process. With this improvement, the company increased the productivity by almost 20%, and reduced the use of three co-workers (one co-worker per shift). The implementation of this set of devices was only possible with the reuse of some available components in the company that had no utility until the start of this project, plus some new components—a total investment of EUR 16.200. The reused components were valued at half their original value, considering new components with similar characteristics. Considering the savings in terms of cycle time and work labor (almost EUR 14.400 per year for each co-worker), the payback time is less than 5 months.




5. Discussion


This work intended to prove that complex problems can be solved with the help of automation, with low costs and without the need for robotics, presenting a short period of return on investment while not implying drastic changes in the company’s layout. Indeed, similar developments have been made by other authors, namely, Costa et al. [2], who designed a novel machine based on conventional automation, eliminating persistent quality problems, or Nunes et al. [7] who designed a novel assembly system based on conventional automation and able to eliminate human labor assembly operations, increasing productivity as well. Moreover, Costa et al. [9] developed novel equipment to assemble complex automotive parts based only on conventional automation and artificial vision for quality control and achieving significant improvements in production rate and repeatability, or even the upgrade carried out by Santos et al. [21] who improved equipment for the production of components for tire manufacturing based solely on conventional automation, significantly reducing the downtime of this type of equipment and increasing the OEE (overall equipment efficiency). These works, as well as others presented in the Introduction and Background of this article [6,22,23,43], refer to the outline of production systems that ensure increased production efficiency, as well as drastically superior reliability, requiring relatively low investment. In fact, the investment required for this project is quite low, thanks to the reuse of some discarded material from previous projects, which results in a very low period of investment return, making it extremely appealing. Silva et al. [41] point to a payback period of 21.5 months for upgrading equipment also dedicated to the automotive industry. However, when it comes to redesigning equipment with more proof-of-concept changes, the payback periods become much longer, even considering deep reductions in cycle times and elimination of jobs, as mentioned by Costa et al. [2], in which the amortization period indicated is 24 months. In turn, Magalhães et al. [40] point to a short period (8.2 months) for the return on investment related to wire separation equipment, directly linked to the present work.



As the main outcomes and transferable knowledge, the following achievements should be considered:




	(a)

	
A new system of storage and organized dispensing of wires has been created that works as an insert in a final product consisting of shaped metallic wires over-injected with polymeric material. The system of storage, separation, and organization of the wires to supply the gripper is completely new and innovative. It can be used for the manufacturing of many other products, especially applications where bent wires are used.




	(b)

	
The use of the same gripper for feeding wires, adjusting/tamping them in the mold, and subsequently extracting the over-injected part, is equally innovative and can be replicated in many other situations found in the production of several components.




	(c)

	
Adoption of extremely compact and low-cost solutions can also be an encouraging factor for the application of similar systems in other projects in the automotive industry, or even in household products.




	(d)

	
There are, however, some limitations to the developed system, particularly the wire-feeding operations that are placed onto the machine. These operations are still performed manually, thus, the material flow is not yet fully automated, leading to the need to automate the previous workstation.




	(e)

	
Visual control is still performed by workers, as such, artificial visual inspection could be implemented, in order to automate the control of the finished product.










6. Conclusions


This work was induced by a concrete need of a company linked to the production of components for seats for the automotive industry. It was necessary to create and implement a new concept for wire-feeding and extraction of the over-injected product from polymer injection machines. In view of the existing layout and the cost of the occupied space, space and budget restrictions were imposed. Innovative solutions were developed for the automatic supply of previously formed wires. The gripper responsible for feeding was the same one that extracts the part after over-injection of polymer on the wires. This project was designed with a view to reusing discarded components from previous projects, avoiding the excessive consumption of new materials, thus contributing to the environment and sustainability. The return on investment can be realized in less than 5 months, productivity gains are around 20%, and three job positions are discarded (one for each shift of the company). The workers in these positions can receive training and gain higher skills that can benefit the company in other processes. This work followed the action–Research methodology, producing knowledge that can be proficiently used by other industries linked to the same sector, or even different sectors, allowing the range of low-cost solutions for the automation of industrial processes to be expanded.







Author Contributions


F.J.G.S.—conceptualization, work orientation, investigation, supervision, and writing—review; M.R.S.—main research and data collection, writing—methodology; L.P.F.—investigation and formal analysis; A.C.A.—formal analysis, visualization, and writing—editing; M.B.—formal analysis, and writing—editing; R.D.S.G.C.—formal analysis, visualization, and writing—reviewing; V.F.C.S.—investigation, formal analysis, and writing—reviewing and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Mário Cardoso from FicoCables, Lda. for his strong support. The ALGORITMI author would like to acknowledge FCT—Fundação para a Ciência e Tecnologia within the R & D Units Project Scope: UIDB/00319/2020.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Martins, N.; Silva, F.J.G.; Campilho, R.D.S.G.; Ferreira, L.P. A novel concept of Bowden cables flexible and full-automated manufacturing process improving quality and productivity. Procedia Manuf. 2020, 51, 438–445. [Google Scholar] [CrossRef]

	



Costa, M.J.R.; Gouveia, R.M.; Silva, F.J.G.; Campilho, R.D.S.G. How to solve qua-lity problems by advanced fully-automated manufacturing systems. Int. J. Adv. Manuf. Tech. 2018, 94, 3041–3063. [Google Scholar] [CrossRef]

	



Rosa, C.; Silva, F.J.G.; Ferreira, L.P.; Pereira, T.; Gouveia, R. Establishing Standard Methodologies to Improve the Production Rate of Assembly Lines Used for Low Added-Value Products. Procedia Manuf. 2018, 17, 555–562. [Google Scholar] [CrossRef]

	



Martins, M.; Godina, R.; Pimentel, C.; Silva, F.J.G.; Matias, J.C.O. A Practical Study of the Application of SMED to Electron-beam Machining. In Automotive Industry. Procedia Manuf. 2018, 17, 647–654. [Google Scholar] [CrossRef]

	



Rosa, C.; Silva, F.J.G.; Ferreira, L.P.; Campilho, R. SMED methodology: The reduction of setup times for Steel Wire-Rope assembly lines in the automotive industry. Procedia Manuf. 2017, 13, 1034–1042. [Google Scholar] [CrossRef]

	



Araújo, W.; Silva, F.J.G.; Campilho, R. Manufacturing cushions and suspension mats for vehicle seats: A novel cell concept. Int. J. Adv. Manuf. Tech. 2017, 90, 1539–1545. [Google Scholar] [CrossRef]

	



Nunes, P.M.S.; Silva, F.J.G. Increasing flexibility and productivity in small assembly operations: A case study. In Advances in Sustainable and Competitive Manufacturing Systems; Lecture Notes in Mechanical Engineering; Springer: Berlin/Heidelberg, Germany, 2013; pp. 329–340. [Google Scholar] [CrossRef]

	



Moreira, B.M.D.N.; Gouveia, R.M.; Silva, F.J.G.; Campilho, R.D.S.G. A Novel Concept of Production and Assembly Processes Integration. Procedia Manuf. 2017, 11, 1385–1395. [Google Scholar] [CrossRef]

	



Costa, R.J.S.; Silva, F.J.G.; Campilho, R.D.S.G. A novel concept of agile assembly machine for sets applied in the automotive industry. Int. J. Adv. Manuf. Technol. 2017, 91, 4043–4054. [Google Scholar] [CrossRef]

	



Jabbour, C.J.C.; Jabbour, A.B.L.S.; Govindan, K.; Teixeira, A.A.; Freitas, W.R.S. Environmental management and operational performance in automotive companies in Brazil: The role of human resource management and lean manufacturing. J. Clean. Prod. 2013, 47, 129–140. [Google Scholar] [CrossRef]

	



Correia, D.; Silva, F.J.G.; Gouveia, R.M.; Pereira, T.; Ferreira, L.P. Improving manual assembly lines devoted to complex electronic devides by applying Lean tools. Procedia Manuf. 2018, 17, 663–671. [Google Scholar] [CrossRef]

	



Kreimeier, D.; Morlock, F.; Prinz, C.; Krückhans, B.; Bakir, D.C.; Meier, H. Holistic Learning Factories—A Concept to Train Lean Management, Resource Efficiency as Well as Management and Organization Improvement Skills. Procedia CIRP 2014, 17, 184–188. [Google Scholar] [CrossRef]

	



Amaro, A.P.; Alves, A.C.; Sousa, R.M. Lean Thinking: A Transversal and Global Management Philosophy to Achieve Sustainability Benefits. In Lean Engineering for Global Development; Alves, A.C., Kahlen, F.-J., Flumerfelt, S., Siriban-Manalang, A.B., Eds.; Springer International Publishing: Geneve, Switzerland, 2019; pp. 1–31. [Google Scholar] [CrossRef]

	



Neves, P.; Silva, F.J.G.; Ferreira, L.P.; Pereira, T.; Gouveia, A.; Pimentel, C. Implementing Lean Tools in the Manufacturing Process of Trimmings Products. Procedia Manuf. 2018, 17, 696–704. [Google Scholar] [CrossRef]

	



Moreira, A.; Silva, F.J.G.; Correia, A.I.; Pereira, T.; Ferreira, L.P.; Almeida, F. Cost reduction and quality improvements in the printing industry. Procedia Manuf. 2018, 17, 623–630. [Google Scholar] [CrossRef]

	



Azadeh, A.; Yazdanparast, R.; Zadeh, S.A.; Zadeh, A.E. Performance optimization of integrated resilience engineering and lean production principles. Expert Syst. Appl. 2017, 84, 155–170. [Google Scholar] [CrossRef]

	



Swarnakar, V.; Singh, A.R.; Tiwari, A.K. Effect of lean six sigma on firm performance: A case of Indian automotive component manufacturing organization. Mater. Today Proc. 2020, in press. [Google Scholar] [CrossRef]

	



De Marco, A.; Mangano, G.; De Magistris, P. Evaluation of Project Management Practices in the Automotive Original Equipment Manufacturers. Procedia Comput. Sci. 2021, 181, 310–324. [Google Scholar] [CrossRef]

	



Liker, J.K. The Toyota Way: 14 Management Principles from the World’s Greatest Manufacturer; McGraw-Hill Education: New York, NY, USA, 2014; ISBN 9780071392310. [Google Scholar]

	



Gleeson, F.; Coughlan, P.; Goodman, L.; Newell, A.; Hargaden, V. Improving manufacturing productivity by combining cognitive engineering and lean-six sigma methods. Procedia CIRP 2019, 81, 641–646. [Google Scholar] [CrossRef]

	



Santos, R.F.L.; Silva, F.J.G.; Gouveia, R.M.; Campilho, R.D.S.G.; Pereira, M.T.; Ferreira, L.P. The improvement of an APEX machine involved in the tire manufacturing process. Procedia Manuf. 2018, 17, 571–578. [Google Scholar] [CrossRef]

	



Santos, P.R.; Silva, F.J.G.; Campilho, R.D.S.G.; Pinto, G.F.L.; Baptista, A. A novel concept of a conduit transport system. Procedia Manuf. 2019, 38, 848–857. [Google Scholar] [CrossRef]

	



Araújo, L.M.B.; Silva, F.J.G.; Campilho, R.D.S.G.; Matos, J.A. A novel dynamic holding system for thin metal plate shearing machines. Robot. Comput. Integr. Manuf. 2017, 44, 242–252. [Google Scholar] [CrossRef]

	



Safraz, M.S.; Hong, H.; Kim, S.S. Recent developments in the manufacturing technologies of composite components and their cost-effectiveness in the automotive industry: A review study. Compos. Struct. 2021, 266, 113864. [Google Scholar] [CrossRef]

	



Wiese, M.; Thiede, S.; Herrmann, C. Rapid manufacturing of automotive polymer series parts: A systematic review of processes, materials and challenges. Addit. Manuf. 2020, 36, 101582. [Google Scholar] [CrossRef]

	



Okafor, C.E.; Onovo, A.C.; Imoisili, P.E.; Kulkarni, K.M.; Ihueze, C.C. Optimal route to robust hybridization of banana-coir fibre particulate in polymer matrix for automotive applications. Materialia 2021, 16, 101098. [Google Scholar] [CrossRef]

	



Beran, T.; Hubel, J.; Martens, R.; Reuter, S.; Gartner, J.; Kohler, J.; Koch, T. Study of a polymer ejector design and manufacturing approach for a mobile air conditioning. Int. J. Refrig. 2021, 126, 35–44. [Google Scholar] [CrossRef]

	



Shinde, G.V.; Jadhav, V.S. Ergonomic analysis of an assembly workstation to identify time consuming and fatigue causing factors using application of motion study. Int. J. Eng. Technol. 2012, 4, 220–227. [Google Scholar]

	



Thun, J.-H.; Lehr, C.B.; Bierwirth, M. Feel free to feel comfortable—An empirical analysis of ergonomics in the German automotive industry. Int. J. Prod. Econ. 2011, 133, 551–561. [Google Scholar] [CrossRef]

	



Nguyen, H.G.; Kuhn, M.; Franke, J. Manufacturing automation for automotive wiring harnesses. Procedia CIRP 2021, 91, 379–384. [Google Scholar] [CrossRef]

	



Barbosa, M.; Silva, F.J.G.; Pimentel, C.; Gouveia, R.M. A novel concept of CNC machining center automatic feeder. Procedia Manuf. 2018, 17, 952–959. [Google Scholar] [CrossRef]

	



Yin, G.; Zhu, Z.; Gong, H.; Lu, Z.; Yong, H.; Liu, L.; He, W. Flexible punching system using industrial robots for automotive panels. Robot. Comput. Integr. Manuf. 2018, 52, 92–99. [Google Scholar] [CrossRef]

	



Hagemann, S.; Stark, R. An optimal algorithm for the robotic assembly system design problem: An industrial case study. CIRP J. Manuf. Sci. Technol. 2020, 31, 500–513. [Google Scholar] [CrossRef]

	



Michalos, G.; Kousi, N.; Karagiannis, P.; Gkournelos, C.; Dimoulas, K.; Koukas, S.; Mparis, K.; Papavasileiou, A.; Makris, S. Seamless human robot collaborative assembly—An automotive case study. Mechatronics 2018, 55, 194–211. [Google Scholar] [CrossRef]

	



Andronas, D.; Argyrou, A.; Fourtakas, K.; Paraskevopoulos, P.; Makris, S. Design of Human Robot Collaboration workstations—Two automotive case studies. Procedia Manuf. 2020, 52, 283–288. [Google Scholar] [CrossRef]

	



Silva, F.J.G.; Gouveia, R.M. Cleaner Production—Toward a Better Future; Springer Nature: Cham, Switzertland, 2020; ISBN 978-3-030-23164-4. [Google Scholar] [CrossRef]

	



Ghosh, M.; Ghosh, A.; Roy, A. Renewable and Sustainable Materials in Automotive Industry. Encycl. Renew. Sustain. Mater. 2020, 3, 162–179. [Google Scholar] [CrossRef]

	



Fadzil, M.; Abdullah, A.B.; Samad, Z.; Yusof, F.; Manurung, Y.H.P. Chapter 17—Application of lightweight materials toward design for sustainability in automotive component development. Des. Sustain. 2021, 435–463. [Google Scholar] [CrossRef]

	



Rosa, C.; Silva, F.G.S.; Ferreira, L.P. Improving the quality and productivity of steel wire-rope assembly lines for the automotive industry. Procedia Manuf. 2017, 11, 1035–1042. [Google Scholar] [CrossRef]

	



Magalhães, A.J.A.; Silva, F.J.G.; Campilho, R.D.S.G. A novel concept of bent wires sorting operation between workstations in the production of automotive parts. J. Braz. Soc. Mech. Sci. Eng. 2019, 41, 25. [Google Scholar] [CrossRef]

	



Silva, F.J.G.; Swertvaegher, G.; Campilho, R.D.S.G.; Ferreira, L.P.; Sá, J.C. Robotized solution for handling complex automotive parts in inspection and packing. Procedia Manuf. 2020, 51, 156–163. [Google Scholar] [CrossRef]

	



Trommnau, J.; Kuhnle, J.; Siegert, J.; Inderka, R.; Bauernhansl, T. Overview of the State of the Art in the Production Process of Automotive Wire Harnesses, Current Research and Future Trends. Procedia CIRP 2019, 81, 387–392. [Google Scholar] [CrossRef]

	



Susman, G.I.; Evered, R.D. An Assessment of the Scientific Merits of Action Research. Adm. Sci. Q. 1978, 23, 582–603. [Google Scholar] [CrossRef]

	



Dias, M.; Araújo, I.; Alves, A.C.; Lopes, I.; Teixeira, S. Reusing Equipment in Cells Reconfiguration for a Lean and Sustainable Production. Procedia Manuf. 2019, 39, 1038–1047. [Google Scholar] [CrossRef]








[image: Machines 09 00141 g001 550] 





Figure 1. Different steps of the action–research cycle used in this work. 
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Figure 2. Cushions and suspension mats in an automotive seat. 
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Figure 3. Vertical injection machine with sliding worktable for a mold and a half-mold. 
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Figure 4. Operator inserting 2D bent wires into of the two lower half-mold. The over-molding is made on both tips of the bent wires (cavities). 
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Figure 5. Drawer system with the positioning jig for the wires. 
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Figure 6. The wire storage tower (right) and movable drawer (left). 
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Figure 7. Guide columns and supply system of the wires to the jig in the drawer, respectively. 
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Figure 8. Rotary manipulator and conveyor. 
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Figure 9. Extraction strategy of the injected components. 
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Figure 10. Gripper with two bars and the mold guides with chamfer, respectively. 
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Figure 11. Top view of the final layout of the injection machine already provided with the feeding and extracting system, as well as the conveyor belt. 
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Figure 12. 3D view of the injection machine, provided with two feeding towers, two grippers, and one common conveyor belt. 
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Figure 13. Image of the gripper in action, after implementation. 
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Table 1. Specific content of each step of the action–research methodology in this work.
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	Step
	Content





	Diagnosis
	Analysis of the problem and corresponding constraints. Requirements statement.



	Action Planning
	Design of one or more solutions to solve the problem, considering the requirements.



	Implementation
	Manufacture of the new gripper as stipulated.



	Evaluation
	Analysis of the gripper in action, as well as economic factors, taking notes for future improvements.
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Table 2. Automatic process vs. manual process.
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	Automatic Process
	Manual Process





	20 s of cycle time
	25 s of cycle time



	180 injections per hour
	150 injections per hour



	1080 injected components per hour
	900 injected components per hour
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