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Abstract

:

The paper presents a comparison of two methods of manufacturing utility objects made of plastics, applied to the emerging immediate need in the field of quick provision of personal protective equipment for medical services. The traditional processing method, which is injection molding (IM), and a modern rapid prototyping method, which is fused filament fabrication (FFF) 3D printing, were compared in terms of unit costs and production possibilities at various timeframes. The paper presents the effects of launching two production processes of protective helmets (face shields) using the example of real cases implemented ad hoc during the epidemic development. The implementation of the protective helmet production project based on polyamide-6 processing showed the real possibilities of quickly launching the rapid production of protective equipment with the aid of mold injection technology.
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1. Introduction


The COVID-19 epidemic has caused a sharp increase in the demand for individual personal protective equipment, such as masks and protective helmets, on an unprecedented scale. Supply options have been significantly limited by the travel restrictions introduced to combat the pandemic. In addition, the production capacity in most countries for these protective measures was not adapted to the existing demand, which resulted in the need for non-standard solutions and small-batch processes requiring minimal set-up preparations. Currently, the development of new technologies driven by the 4th generation industrial revolution results in the development and application of new solutions increasingly based on additive technologies [1], both in the media area and in the academic world. Among the key technologies are additive techniques, popularly called 3D printing, which have been developing dynamically for over a decade, when the patent protections developed by the creators of the technology expired [2]. Initially, this technology did not arouse much interest—in the Gartner report from 2012 it was included in the area of the so-called ‘Trough of Disillusionment’ [3]. However, its development was so rapid that already in 2013 this statement changed and in 2015 Gartner published a separate report dedicated to 3D printing technology [4]. According to Gartner’s estimates, by 2021 as many as 20% of key global companies would create departments specializing in the application and use of 3D printing. We are already witnessing the intensive creation of start-ups related to this particular branch of the industry, improvement of 3D printers (ever better parameters and printing possibilities), and the emergence of new printing techniques and improvement of existing techniques. Currently, additive technologies can be divided into: photochemical (digital light processing (DLP) [5], stereolithography (SLA) [6,7,8]), laser-mediated selective laser sintering (SLS) [9], thermal fused deposition modeling/fused filament fabrication (FDM/FFF) [10,11] or laminated object manufacturing (LOM) [12].



Nowadays, there are still serious concerns about 3D printing techniques regarding the quality of produced objects, the significantly high process failure rate, or significantly higher unit production time and cost when compared to mature production processes, such as injection molding. Nevertheless, there are products in which the functionality itself becomes more important and constitutes the essence of the product, which means the visual quality ceases to be of decisive importance. In such cases, starting production can be much faster and cheaper. Examples of such products are the components of protective face shields. Such products, especially in the event of an exceptional situation in a global pandemic, are faced with two requirements: they are needed in high volumes and in a short delivery time, and their main function is protection against deadly microorganisms.



With the abovementioned elements in mind, the authors attempted to compare two extremely differently characterized techniques—injection molding and FFF 3D printing. Calculations were made to provide a simulation for a comparison of these two methods under different conditions (time of process run (see Figure 1), single- and multiple-socket forms for IM, single appliance vs. printer farm for FFF). The purpose of this comparison is to show the possibility of quick production of finished products by an industrial method without the need to use rapid prototyping techniques. It is a special case of the injection molding process, in which the visual quality is a negligible aspect in a situation determined by the function of the product. In other words, when it becomes more important to provide protection against the pathogenic effects of the surrounding environment, the visual quality of the products ceases to matter at a critical level, especially in a global pandemic situation. The problem analysis allowed for a rational response towards the pandemic crisis and a quick launch of production of protective helmets for Polish medical services, schools, and universities within the infrastructure of Centre for Advanced Technologies (AMU).




2. State of the Art


2.1. Literature Review of FFF 3D Printing


Along with the rapid development of machines dedicated to any process from the vast group of 3D printing techniques, it becomes necessary to design new materials that will allow the improvement of key parameters such as: layer-to-layer adhesion, print integrity and sealing, or other performance parameters of the material. The traditional industry is still approaching this subject with distance and caution, using incremental technologies mainly in the area of design or rapid prototyping, mainly due to the precise mapping of the model geometry and the possibility of obtaining complex shapes, while the production process of high-quality and accuracy products is still based on subtractive technologies, such as CNC machining [13].



3D printing has many features that constitute an advantage and improvement over traditionally used techniques, primarily:




	
No need to design and make a tool, e.g., an injection mold—it allows you to save time and avoid high costs of expensive tools—especially important in small-lot production or in the case of a model consisting of several different elements, where traditional techniques would require the use of more than one mold or a complex supply chain [14].



	
Personalized products are an example—production of models for a specific application, tailored to the user’s preferences, along with quick model optimization—especially in the sports industry or in industrial use in maintenance. 3D printing gives the possibility of producing spare parts for machines directly in the plant, which significantly contributes to reduction of production losses related to equipment stoppage, waiting for transport, etc. [15,16].



	
The possibility of constructing complex, non-standard models with varying shapes and arrangement of planes/curves, as well as selected internal geometry (the object may have a full or openwork filling of a different arrangement), impossible or difficult to obtain with traditional techniques, as well as the possibility of changing the model or improving it at any time of production [14].



	
Launching the production cycle immediately after the design stage, usually from a few hours to two days [17].








The versatility and availability of the method makes it applicable in large production plants, micro-enterprises or by an individual customer [18], and equipment is relatively cheap when compared to standard industrial processing equipment, e.g., injection molding machines [17].



Despite the many advantages of FFF technology, it has many pitfalls, either remaining to be solved or constituting dead-ends associated with the technology concept itself. The biggest shortcomings of the FFF and relating techniques include:




	
Increased energy consumption per product unit mass—3D printing technologies require significant amounts of energy to apply a thin layer of material each time [19].



	
Increased waste production related to factors resulting from the technology itself (unsuccessful prints, supports printing, post-processing); currently there is a significant problem of plastic waste production and the recycling thereof, which also applies to materials used for 3D printing. The popular PLA, which despite being considered ‘bio-friendly’, is not effectively recycled or composted as of today [20,21].



	
Very long production cycle compared to the injection molding process, longer by at least two orders of magnitude [22] (Atzeni shows an even greater difference, but in comparison between HPDC and SLS techniques for aluminium processing [23]).



	
Increased processing time per production unit increases the likelihood of a process fatal error [24].



	
Lower mechanical strength, especially in the Z axis, resulting from, among others, poor layer-to-layer (interlayer) adhesion, the presence of air gap between the layers, and inter-layer distortion—many high-strength materials still do not meet this criterion [25]; fibre‑reinforced compositions were proposed as a solution for some of these issues; however, this method is still not perfect and causes problems related to the formation of voids between the layers, poor adhesion of fibres and matrix, and greater wear on the nozzle [26].



	
The number of currently available materials for FFF printing is still limited, and each individual polymer has its own specificity of work, which can be problematic to control. Most of the thermoplastics on the market are dedicated to traditional processing techniques, such as injection/extrusion/blow molding, and the modification of plastics for FFF is still a niche topic explored mainly in the scientific community.



	
For materials with high processing shrinkage, there is a need to heat the table or the entire printer chamber, which significantly increases the energy consumption per production unit [19].



	
Noticeably lower visual quality of products, with the exception of systems with a very small nozzle diameter and parameters optimized for a specific printing material and product, which increases both the preparation time for printing and the printing process itself. Alternatively, the product requires additional post-processing [27].








One of the weaknesses of printing with the FFF technique is, above all, the lack or insufficient amount and availability of construction materials that would allow the elimination of poor characteristics of the finished models. In addition, the choice of materials in the context of the types of polymer matrices and their grades is limited. Improvement of the materials for printing is expected mainly in the processing and utility areas, e.g., increased interlayer adhesion by better melting behaviour of the material (temperature–rheology optimization), thus also increasing the mechanical strength, improving flexibility while maintaining other parameters, increasing the integrity of the layers (reducing air pockets), and water resistance. Finally, an improvement of aesthetic values is sought, which will contribute to saving time and reducing costs related to post-processing (ultimately it should be eliminated, so the detail obtained by 3D printing would be used “as received”).



Despite the many advantages and the increasing popularity of additive techniques, they are still far from being perfect. In many respects they cannot replace traditional techniques, and it is even advisable to use well-known processing methods such as injection, calendering, extrusion, etc. Therefore, instead of considering additive technologies as a substitute for mature processing techniques, it is advisable to continue looking for new areas where the unique possibilities of 3D printing can be used to extend the use of traditional production processes. 3D printing can also be used in combination with traditional techniques, where the product is manufactured using a hybrid technique (overprinting, overmolding). In this approach, for example, the greater part of the detail, of a relatively large mass fraction (difficult to produce with the printing technique due to the weight or size and time of printer operation) and simple shapes, are injection-molded, while the part with smaller dimensions and geometry that makes it difficult to implement the injection process is made with a 3D printing technique, after which the parts are combined into a finished detail [28].



In addition, it should be noted that 3D printing becomes an unprofitable technique in a situation where there is a need to make large batches of products, even if their design is highly complicated and thus expensive or time consuming in comparison with tools/molds preparation. In such situations, it is more advantageous to use other options, e.g., injection molding. Despite expensive tools and machines, it becomes more profitable in large-scale and mass production due to short production cycles—counted in seconds or minutes.



3D printing is dedicated to the fabrication of individual products or small series of products, due to the long printing cycles counted in several hours. For this reason, 3D printing is an ineffective process, unsuitable for larger volumes of production. The “break-even point” parameter is calculated, i.e., the number of items at which it is economically viable to transfer production to a process with higher production efficiency, but with higher production implementation costs. In the case of 3D printing, the estimates give values up to 400 pieces, depending on the type of product and the parameters adopted for calculations [22]. With this in mind, it is believed that the future of 3D printing is assigned to single and non-standard applications, where it becomes unprofitable to produce an expensive injection mold for the production of individual, non-standard products. In such situations, the choice of 3D printing over different tool-dependent techniques becomes justified, as the cost of waiting several hours for the production of an unusual detail is lower than the production of an expensive mold.



Obtaining an element by injection molding requires designing an appropriate form, which is associated with 3D modelling processes; however, it is only the beginning of preparations for starting the process. Computer simulations with the use of specialized software are necessary to obtain the geometry of the mold that generates low polymer flow resistance, which facilitates the injection of the detail without defects, and also reduces mold wear, e.g., by cavitation or the abrasive effect of fillers in the polymer (especially important for aluminium molds) [29,30].




2.2. Additive Techniques Compared to the Injection Molding Method


The material for injection forming is usually one of the popular thermoplastics; additionally it can be reinforced with structural glass, carbon, Kevlar, aramid or natural fibres, as well as various mineral fillers. The injection process is a method used mainly in large-scale production (professional products, mass production). In the case of injection molding, it is not possible to freely improve the design after the mold production stage. The geometry of the product is also limited—with more complex shapes, the product must be divided into parts injected as independent details—3D printing in this area offers much more freedom due to the lack of a need for a form, from which it is necessary to remove a once produced detail. One of the greatest advantages of the process is its speed—the cycle time is usually from under half a minute up to several minutes, compared to printing, where the fabrication of a product unit usually takes from less than an hour up to several hours or days.



Injection molding itself, especially in recent years, has become considered as an engineering art [31,32].



In practical terms, the injection molding process has two main goals. The first is to obtain finished and quality products in the shortest time possible, in a fast reproducible and large-scale process. The second goal is the conscious control of the phenomena occurring in the liquid polymer melt [31,32,33].



The heart of the process is the tool—the injection mold. As of today, the design of injection molds and launching injection production is carried out with the inseparable aid of simulation techniques. MoldFlow or Moldex3D can be mentioned as the more well-known programs for this purpose [30,34,35,36].



Despite the use of modern computer simulations, starting a production of a new product, even nowadays, sometimes requires many hours of technological trials and subsequent tool corrections. However, the long period of starting production is not only due to technological problems related to the design of the tool (location of the injection point, the geometry of the gate and inlet channels, etc.), but the visual quality optimization of the final product which plays a large part here [31,37,38,39]. Most often, companies set very high quality criteria for products, which significantly extends the launch of production [29,31,39,40,41,42,43,44,45,46,47,48].





3. Materials and Methods


3.1. Materials and Methods for 3D Printing vs. Injection Molding Experiments


Two methods were used to produce protective face shields. The first one was FFF 3D printing, and the second one was the injection molding method. For FFF, an open-source PRUSA 3D model of the protective helmet was used. For injection molding, both the new helmet model and the required injection mold have been designed with SolidWorks software (for the technical drawing and 3D model Figures, see Supplementary Materials).



For the first processing method, FFF, the objects were printed with Dreamer printers with 230 × 150 × 140 mm printing space and double extruder printheads, using standard 1.75 mm filament. The face shields were printed using PET-G (Verbatim) filament. The optimization comprised testing different layer heights, number of shells, extruder temperature, and bed temperature. Table 1 contains all parameters for optimized 3D printing process applied for this particular process.



The second process, that is injection molding, was carried out on an ENGEL e-victory 80/170 injection molding machine with a 25 mm screw, equipped with an aluminium single socket mold. The thermoplastic material used was a recyclate (regranulate) of PA6-GF15 (under the trade name Tarnamid T-27 GF15, Grupa Azoty S.A.), reinforced with 15% w/w glass fibre, generously provided by STER INSTITUTE company (Poland). The process optimization required testing various temperature zone setting changes, heating and cooling the movable plate to different temperatures, adjusting intrusion time and the injection and holding pressure profiles. In addition, small adjustments of the mold gates and vents were required, which were done on the completed mold mounted on the injection molding machine during technological tests. The optimized parameters for injection molding were as follows: temperature profile of plastification unit, from feed to die: 250 °C, 255 °C, 255 °C, 270 °C, mold temperature: 60 °C stationary plate, 20 °C movable plate, max. injection time: 2.7 s, intrusion time 4.3 s, cooling time: 30 s, injection pressure: 1300 bar, holding pressure profile: 575 bar/0.5s, 675 bar/1s.



Mechanical tests of the materials were done in accordance to the norm EN ISO 527-2:1996. Dumbbell samples were prepared by either 3D printing or injection molding. The speed of traverse was set to 50 mm/min. A universal testing machine Instron 5969 was used. The Charpy impact test (with no notch) was performed on a Instron Ceast 9050 impact-machine according to ISO 179−1. For all the series, 10 measurements were performed.



The data are collected in the table of see Section 5.




3.2. Simulation Model


The calculation model was designed to simulate the most important production parameters, such as: unit production cost, total production volume vs. time, and unit production cost vs. total production volume. In order to achieve this, data on a variety of production parameters (e.g., tool cost, material cost, and unit production time, etc.) are collected in Table 2. Different scenarios were assigned for simulations, i.e., operating on a single FFF 3D printer, an FFF 3D printer farm, a single socket IM machine, or a multiple socket IM machine. These scenarios were chosen to discuss some production aspects, such as the total production output, production costs, or costs per production unit, when different production set-ups are applied, and how the changes of set-up affect these parameters (e.g., switching from a single FFF printer to a printer farm). Data such as the number of product units per 24 h, percentage of defective product units, and effective product unit output per 24 h were taken from our production tests made with a small 3D printing farm (10 pcs) for FFF, and an Engel injection molding machine for injection molding. Data on tools and designing were supplied by the industrial partner specialized in injection molding, STER INSTITUTE (Poland). Basics of the tool design and cost prediction may be found in the literature [49]. Equations (1)–(9) were assigned to run calculations.



For effective output per 24 h:


oe = o * (1 − d/100%)



(1)




where d—% defective product units



For cost per unit


cu = cm * mu/1000



(2)




where cm—Material cost [USD/kg]; mu—Product unit mass [g]



For no. of product units per 24 h


ud = 24 * o/mu



(3)




where o—Output [g/h]



For energy consumption per unit


eu = ed/ud



(4)




where ed—Energy consumption per 24 h [kWh]; ud—No. product units per 24 h



For energy consumption per 24 h


ed = 24 * p * wf



(5)




where p—Machine power* [kW]; wf—Work fraction



For fixed costs


cf = ct + cd



(6)




where ct—Tool cost [USD]; cd—Design cost [USD]



For machinery costs per day of production


cmd = cma * 2/365



(7)




where cma—Machinery costs [USD]



For machinery cost per unit a day


Cmu = cmd/oe



(8)







For total cost per unit


Cto = cu + ce + cmu



(9)







On the basis of these simple equations, the final model Equations (10)–(12) were assigned as follows:



For unit production costs vs. production run (see Figure 2)


Cud = (cf/xd + ud * cto)/ud



(10)




where xd—days of production



For the cumulative production volume vs. time (see Figure 3)


Vc = (xd − n) * oe



(11)




where n = 1 for 3D printing and 3D Farm printing; n = for Injection molding and Multiple socket injection molding



For the unit production cost vs. total production volume (see Figure 4)


Cuv = (cf + cto * xu)/xu



(12)




where xu—units of production





4. Process Set-Up and Simulation Purpose


The main advantage of the FFF technology is the ease and speed of prototyping, which does not require the production of specialized tools in the form of molds. Most analyses state that the production process begins 1–2 days after “making a decision” (Figure 1B). However, the time of designing and optimizing the model is often omitted in the analyses and the time equal to 0 is assumed for this part of the process preparation chain, which is incorrect from the technological point of view and is purely a marketing approach. In our case, the production started within two days, which were needed to optimize the printing process towards process stability and product quality. In the case of the traditional technique, which is thermoplastic injection, the time from “making a decision” to starting production takes more than one week (under the most optimal conditions). In our case (real conditions during pandemic outbreak), the process was launched within 10 days before reaching full output (Figure 1A). This is due to the fact that from the moment of making the decision up to launching the production, it is necessary to carry out preparations such as:




	(1)

	
Designing combined with computer simulation of the injection process—this stage may take up to several days depending on the complexity of the product. Despite the fact that it requires time, it is a much cheaper operation than direct injection tests after designing the tool and subsequent reworking of a wrongly designed tool. In the case of making a tool without simulations, this stage often ends with the production of a new tool, the actual geometry of which has been determined in technological trials.




	(2)

	
Technological tests after making a tool, the critical elements of which have been verified in a computer simulation—this stage may be very short, in the order of hours or, in an unfavorable situation, up to several days. The optimization time was also included (possible tool or process correction).




	(3)

	
Production start-up—from an hour to several hours, assuming that in all previous stages the most satisfactory results were achieved. In relation to the injected product, injection tools are elements of large mass, have a precise structure and require specialist knowledge in the area of designing and operating the apparatus. In the absence of the latter, the period from the decision to the launch of production may be, in extremely unfavorable cases, up to 40–60 days for complex details to be produced.









The factors characterized above show the first feature that justifies the increasingly more and more popular use of incremental techniques—the speed of the process and little preparation needed. In addition, the investment outlays in the first phase of designing and starting the process are incomparably greater in the case of injection molding technology. For large-size objects with complex geometry, often requiring several separate processes, and thus also processing machines, the cost of tools can reach hundreds of thousands of dollars. Therefore, especially for small lot production, injection molding is much less cost effective compared to additive techniques.



As a part of activities supporting medical services during the COVID-19 epidemic in Poland, our team launched the process of manufacturing protective helmets. In the first phase of the epidemic, the production of the shields by 3D printing using FFF printers was very popular. The designs were available in an open-source format available online. Often, printer manufacturers shared their projects, such as the Czech company PRUSA. On the basis of this project, elements of protective gear were manufactured and sent to hospitals by individuals or research units. It was a measurable example of how the high flexibility and speed of FFF technology can contribute to mitigating the shortages of protective measures in the country. Our team, performing tests of manufacturing elements using the FFF technique, analyzed the functionality, durability, and performance properties of such objects made of plastics such as PET-G or PLA. With such a high demand for personal protective equipment, the printing time of one unit was too long and the results were unsatisfactory. It was therefore decided to launch an alternative project of manufacturing these by an injection molding method. The reasons for this decision were the following factors: (a) material cost analysis, (b) unsatisfactory process time of FFF, (c) unsatisfactory print quality, (d) unsatisfactory functional features and ergonomics of open-source projects.



For the purposes of the simulation, data on operational, cost and performance parameters of selected processing methods were collected. The analysis included both the work of one tool (printer, single-socket mold, etc.), as well as the tool sets, such as the printer farm or a multi-socket mold (Table 2). These scenarios were selected to compare the aspects of different production approaches side by side and stress their limitations or shortcomings. Due to the significant technological differences between the FFF and IM techniques, it was not possible to use the same materials. Plastics dedicated to injection molding and FFF differ in terms of parameters and availability—it is not possible to obtain the same material for both techniques. As a result, material type and cost are different for the simulations provided for these two techniques and favour of injection molding. Per unit of mass, plastics intended for 3D printing are also much more expensive, which significantly increases the unit price of the product in case of FFF 3D printing. It is necessary to note that the project was carried out at the peak of the first wave of the COVID-19 pandemic outbreak in Poland and Europe, when the supplies of specialized materials were suspended, and the work was carried out using on-site available materials for the processing techniques discussed. The simulation presented in the manuscript shows the minimum time in which the discussed processing techniques can be implemented, which has been proven in real operating conditions.




5. Discussion


A product design must always be compatible with the technique applied for the manufacturing process. To enable 3D printing of the protective helmet in household conditions, there was a requirement for the open-source design that could accommodate the most popular 3D printer bed sizes (it could not exceed the printing dimension limitations of common 3D printers for amateur use). For this reason, the protective helmet body of the open-source design was small and barely comfortable, and it was also not very stable on the user’s head (see Supplementary Materials, Figure S1). In addition, 3D printed pieces usually required some post-processing, namely sanding, as rough surfaces were often generated during printing, which was another issue of the user comfort and it extended the time of production. Furthermore, due to the abovementioned dimensional limitations, the FFF design of the helmet body required a lot of elastic rubber band to accommodate the user head, which quickly resulted in a national shortage of this material, as it was needed to secure most of the simple design protective helmets or face shields. Our design of the protective helmet body dedicated for injection molding addressed this issue: the support band of the helmet was elongated so that it would match the head circumference better and therefore minimize the amount of required rubber band, and it was easily adjustable with simple tools, by cutting off the excess of the plastic band (see Supplementary Materials, Figure S7). In addition, from a technical point of view, when it comes to 3D printing by FFF technique and designing the object models dedicated for FFF printing, sagging is often an issue for objects with overhanging details. To avoid this, a 3D model may be provided with additional supports or redesigned so that the overhangs are eliminated by additional geometric shapes, or smoothed/reduced. This can be seen on the example of mounting pins of the protective helmet body, when comparing the FFF-printed object and the injection-molded one (see Supplementary Materials, Figures S1–S3).



In terms of unit costs, the multi-cavity injection molding technology does not have any competition (Figure 2). Calculations have shown that only for large farms of 3D printers, the unit cost can be competitive compared to a single-cavity injection mold over a period of a couple of days. Large printer farms are characterized by flat cost characteristics from the first days of starting production, which shows that only for large printer units they can be a tool for mass production. The analysis of the cumulative value of production (Figure 3) showed a relatively high competitiveness of a large printer farm in relation to a single-cavity injection molding process. The performance curves for these two manufacturing tools intersect around 10–15 days after the decision to start a given production. Comparative data on the efficiency values for a given technology allow for a precise assessment of the appropriate selection of technology for the purpose of its application. The calculations (Figure 4) show that the techniques usually used for rapid prototyping work well for short-term production. Perhaps that is why in the first phase of the pandemic, in the absence of forecasts about its possible development, much attention was paid to simple and accessible techniques such as FFF printing. This made it possible to meet many basic needs. In the later period, a gradual switch of production plants from the current production over to the missing elements needed to save human life and health was observed. This has often happened without meeting all material performance and certification standards that existed before the pandemic. Increasing the production capacity resulted in a decline in the interest in products manufactured with additive techniques due to their poor quality (Figure 5). In addition, injection molding provided products of much higher mechanical performance when compared to FFF process, as we verified the processes experimentally (Table 3). It can be seen that the large difference is based on the type of material used, but this fact also emphasizes the benefits of injection molding as a high performance process, as it can utilize materials with which FFF process would be impossible to carry out by the means of currently available 3D printers.



While in the first weeks of the pandemic, economic factors were not of primary importance, along with its development a need arose to rationalize resources for the production and optimize the use of raw materials. In order to more precisely approximate the economic profitability threshold, i.e., in the conditions of a normally functioning economy, the basic factor determining the use of a given processing technique, the change in the cost of manufacturing a product unit was compared in respect to its growing production. For the compared manufacturing techniques, the differences are significant and noticeable, especially for the first few thousand units of the product produced (Figure 4). Rapid prototyping techniques show their advantage for series up to several thousand elements, while the advantages of classic techniques are revealed in larger numbers. Taking into account the choice of manufacturing technology in emergency situations, the quality of the final detail is also of secondary importance. However, one should be aware of the advantages and disadvantages of the method used. Figure 5A–H shows the details of the products observed microscopically.



The defects of the printed objects, in particular the areas of material discontinuities (Figure 5F,H), make their usefulness in medical applications far below satisfactory. Dirt and bacteria can collect in the cavities, and the porosity makes the object a breeding ground for microorganisms. Furthermore, as these objects are elastic and meant to deform in order to accommodate the user’s head, the material discontinuities may cause cracks and splitting while using the object or during helmet assembly. Such behaviour was observed during the tests of the 3D-printed protective helmet body pieces (Figure S1, Supplementary Materials). In addition, the reduced mechanical parameters of the test specimens were measured when compared to the technical reference (Table 3). The described examples of the use of elements made of plastics in crisis conditions did not require the use of plastics with approval for medical applications. The pandemic crisis has shown that it is essential to have manufacturing tools to respond when the supply chain is interrupted or disrupted. In such a situation, the availability of systems such as 3D printer farms can prevent a shortage of basic personal protective equipment. In such situations, product certification and appropriate permits become a secondary consideration, and the priority is to save human lives and ensure the collective safety of the population.




6. Conclusions


The conducted project and analyses supported by the performed simulation allowed us to collect and quantify the most important aspects which are the limitations of the FFF technique. In order for the 3D printing technology to compete more effectively with traditional methods such as thermoplastics mold injection, two basic limiting conditions must be met simultaneously or independently—increasing the speed of the process 6–10 times and reducing defect formation in the interlayer areas, which cause poor object quality, reproducibility issues, and mechanical failures. Nevertheless, large groups of FFF printers (printer farms) can successfully compete with injection machines for low-volume solutions, if a satisfactory quality of printed objects is provided. Most importantly, it should be pointed out that the FFF technique is a viable method of response to a sudden crisis situation, as was the case with the COVID-19 pandemic, as it allowed for providing the basic needs for personal protection in the first weeks of the pandemic. Individual users contributed their products to public entities, such as hospitals, which gave the time needed to launch production lines of high-quality products with the application of mature processing methods.
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Figure 1. Comparison of the time needed to start the production process for injection molding technology (A) and rapid prototyping—3D printing, e.g., FFF (B). 
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Figure 2. Comparison of unit production costs depending on the considered production period in days for various production techniques. 
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Figure 3. Comparison of the cumulative production volume of an item as a function of time for various manufacturing techniques. 
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Figure 4. Cost comparison of manufacturing an element depending on the production volume for various manufacturing techniques. 
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Figure 5. Comparison of manufacturing precision for traditional injection molding technology (A,C,E,G) and the incremental FFF technique (B,D,F,H). 
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Table 1. Process parameters for sample printing.
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	Layer height
	0.25 mm



	Top layer height
	0.25 mm



	Shells
	2



	Top and bottom layers number
	3



	Bottom layers number
	3



	Infill density
	5%



	Infill pattern
	Triangular



	Printing speed
	60 mm/s



	Idle speed
	80 mm/s



	Extruder temp.
	240 °C



	Bed temp.
	80 °C
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Table 2. A set of parameters for the purposes of the research simulation, based on the literature data and own experimental data.
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	Variable
	Variable Symbol
	3D Printer
	Single Socket Injection Molding
	3D Farm

200 pcs
	Multiple Socket Injection Molding





	Tool cost *
	ct
	0
	12,000 1
	0
	15,000 1



	Design cost *
	cd
	250 1
	450 1
	250 1
	1000 1



	Material type
	-
	PET
	PA REC
	PET
	PA REC



	Material cost [USD/kg]
	cm
	16
	3
	16
	3



	Output [g/h]
	o
	15 2
	5800 2
	3000 2
	23,200 2



	No. product units per 24 h
	ud
	6 2
	2142 2
	1108 2
	8566 2



	% defective product units
	d
	7% 2
	1% 2
	7% 2
	1% 2



	Effective product unit output per 24 h
	oe
	5 2
	2120 2
	1030 2
	8480 2



	Product unit mass [g]
	mu
	65 2
	65 2
	65 2
	65 2



	Cost per a unit *
	cu
	1.04
	0.195
	1.04
	0.195



	Machine power * [kW]
	p
	0.3
	19
	60
	28



	Energy consumption per 24 h [kWh]
	ed
	2.16
	182.4
	576
	268.8



	Energy consumption per unit [kWh]
	eu
	0.39
	0.09
	0.52
	0.03



	Cost of energy per unit *
	ce
	0.0390
	0.0085
	0.0520
	0.0031



	Total cost per unit *
	cto
	2.1428
	0.3974
	2.1558
	0.2563



	Fixed costs *
	cf
	250
	12,450
	250
	16,000



	Machinery costs *
	cma
	1000
	75,000
	200,000
	90,000



	Machinery costs per day of production *
	cmd
	5.5
	411.0
	1095.9
	493.2



	Machinery cost per pcs/day *
	cmu
	1.064
	0.194
	1.064
	0.058



	Work fraction
	wf
	0.3
	0.4
	0.4
	0.4







* expense [USD]; 1 Values obtained from STER INSTITUTE calculations; 2 Values obtained from experiments (10 pcs 3D printer farm or an injection molding machine).
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Table 3. Data for mechanical properties comparison of the objects prepared by FFF and injection molding.
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	Technique
	FFF Theoretical 1
	FFF Experimental 2
	Injection Molding Theoretical 3
	Injection Molding 4





	Material
	PET-G
	PET-G
	PA6-GF15
	PA6-GF15



	Tensile modulus [MPa]
	2020
	1720 ± 84
	5700
	5070 ± 208



	Tensile strength [MPa]
	50
	44 ± 6
	130
	112 ± 19



	Charpy impact strength
	8.1
	4.3 ± 0.8
	50
	41 ± 4



	Flexural modulus [MPa]
	2050
	1850 ± 95
	5000
	4260 ± 178



	Flexural strength [MPa]
	69
	62 ± 8
	180
	152 ± 21



	Elongation at break [%]
	23
	5.2 ± 1.1
	1
	1 ± 0.3







1 manufacturer data for PET-G Verbatim filament; 2 data obtained experimentally for PET-G Verbatim filament; 3 manufacturer data for Tarnamid T-27 GF15; 4 data obtained experimentally for Tarnamid T-27 GF15 recycled material.
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