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Abstract

:

The amount of wasted polylactic acid (PLA) is increasing because 3D printing services are an increasingly popular offering in many fields. The PLA is widely employed in the fused deposition modeling (FDM) since it is an environmentally friendly polymer. However, failed prototypes or physical models can generate substantial waste. In this study, the feasibility of recycling PLA waste plastic and re-extruded it into new PLA filaments was investigated. An automatic PLA filament extruder was first developed for fabricating new PLA filaments. This paper also discusses the process, challenges, and benefits of recycling PLA waste plastic in an effort to fabricate new PLA filaments more sustainable. It was found that it was possible to fabricate PLA filament using recycled PLA waste plastic. The production cost is only 60% of the commercially available PLA filament. The tensile strength of the developed PLA filament is approximately 1.1 times that of the commercially available PLA filament. The design of experiments approach was employed to investigate the optimal process parameters for fabricating PLA filaments. The most important control factor affecting the diameter of PLA filament is the barrel temperature, followed by recycled material addition ratio, extrusion speed, and cooling distance. The optimal process parameters for fabricating PLA filament with a diameter of 1.7 mm include the barrel temperature of 184 °C, extrusion speed of 490 mm/min, cooling distance of 57.5 mm, and recycled material addition ratio of 40%.
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1. Introduction


Fused deposition modeling (FDM) [1,2,3,4] is a process of fabricating physical models using materials such as polylactic acid (PLA) [5,6,7,8,9,10], polyamide (PA), polycarbonate (PC), acrylonitrile butadiene styrene (ABS), investment casting wax, and medical grade ABS. The fabricated physical models were widely used for engineering applications, such as automotive, aerospace, and medical devices. In recent years, some topics about FDM technology were studied intensively by many researchers all over the world. Mohamed et al. [11] reviewed the research carried out so far in determining and optimizing the process parameters of the FDM process and described the trends in future FDM research. Several statistical designs of experiments were used for the determination of optimum process parameters. Lee et al. [12] developed a hybrid additive manufacturing (AM) system integrating low-cost fused deposition modeling machine and five-axis machining. It was found that the embedded material can reduce the warpage caused by the shrinkage during the FDM process. Drummer et al. [13] investigated the shrinkage of the PLA and tricalcium phosphate (TCP) built with FDM machine. The components of PLA/TCP with sufficient mechanical properties have potential application as scaffolds. Perez et al. [14] employed preheated platforms and temperature-controlled build envelopes to decrease part warpage during the FDM process. It was found that the acrylonitrile butadiene styrene reinforced with 5 wt.% TiO2 exhibited the highest ultimate tensile strength. Bernal et al. [15] proposed a methodology using the impulse excitation technique to obtain an effective isotropic Young’s modulus of FDM printed thermoplastic materials to be used in topology optimization design. It was found that the greatest variation of Young’s modulus between directions is less than 2.6%. In addition, the greatest relative error of the measured frequencies with respect to the desired frequencies in the topology optimization problem is less than 2.9%. Lin et al. [16] proposed a simple yet versatile algorithm to produce isotropic products via optimizing the printing path. The workpiece was first separated into distinct areas in terms of the printing sequence, which increases the efficiency of the fabrication process. The results of this study provide a significant role in printing molds that require isotropic properties.



Zekavat et al. [17] investigated the effects of fabrication temperature on mechanical properties of FDM parts using X-ray computed tomography. The specimens fabricated at lower temperatures have relatively lower tensile strength despite their considerably higher strain at break. It was found that the X-ray computed tomography provides great potential as a non-destructive tool for investigation and development of FDM process. Baca et al. [18] focused on the filament extrusion method using two modes. It was found that the multi-nozzle demonstrated a better performance in the build time. Conversely, the single nozzle displayed greater consistency in generating better quality materials. Paggi et al. [19] evaluated corn starch/cellulose acetate (SCA) specimens 3D-printed by the FDM method. It was found that high values of the flexural modulus for the specimens printed at 240 °C and 80% flow rate, and the fatigue tests demonstrated that the 230–90 SCA specimens were resistant to successive cyclic loads. Camposeco-Negrete [20] presented an experimental study centered to optimize five responses associated with FDM. It was found that the proposed method allowed for simultaneous optimization of all the observed variables for the 3D printing process. Liu et al. [21] developed a novel rectangular-circular grid filling pattern of FDM in cellular lattice structures. It was found that the filling mode and corresponding parameter settings can reduce material consumption and improve mechanical performance.



The design of experiment (DOE) is a structured method for conducting experiments. Zaman et al. [22] optimized FDM process parameters using design of experiment (DOE). It was found that the optimal combination include a layer thickness of 0.2 mm, number of layers on the outside of the part as 4, infill pattern of diamond, and an infill percentage of 70% as per the analysis of variance (ANOVA) and S/N ratio. Adnan et al. [23] used the DOE to investigate the springback behavior of AA6061 strip with non-uniform thickness. It was found that the thickness is the most significant parameter to formability. Zhou et al. [24] carried out the DOEs method to investigate the effects of a special nozzle structure on its outlet velocity uniformity. It was found that the thickness, length, inlet velocity, width, and water-cement ratio are the influential factors on the outlet velocity uniformity. In addition, a higher water-cement ratio and a lower inlet velocity should be chosen as long as it meets the requirements of plastering quality and efficiency. Azadeh et al. [25] carried out the DOEs method to select the optimum maintenance policy. It was found that the best scenario is associated with first-in, first-out policy for all six machines, which was consequently determined as the optimal maintenance policy. Effertz et al. [26] carried out the DOEs method to optimize the process parameters for friction spot welded aluminum alloy. It was found that the plunge depth is the leading parameter for obtaining the best lap shear force. Feng et al. [27] designed an automated two-staged multi-objective optimization tool for plastic injection molding and applied to industrial product using the DOEs method. It was found that the number of process parameters was compressed from 8 to 5 considering factors’ contribution percentage for reduction in time and computation cost. Cherief et al. [28] used the DOEs method to determine the effect of each factor on the ultimate compression stress, deformation, and absorption energy. It was found that the magnitude of compressive stress varied into a range of 25.32 to 36.38 MPa. In addition, the thickness has a significant effect on compression properties and failure behavior. Oemar and Chang [29] used the DOEs method to gain 9 combinations of experimental design from three processing parameters, namely chemical reagent concentration, activation temperature, and activation time. It was found that the optimal product yield and amorphous percentage are obtained when chemical reagent concentration, activation temperature, and activation time are chosen as 25 wt.%-600 °C-.0 h and 25 wt.%-600 °C-1 h, respectively. Abdulkadir et al. [30] discussed the process parameter selection through variation and application of acoustic emission monitoring technique for obtaining optimal surface roughness in ultra-high precision turning of optical silicon using the DOEs method. It was found that 100% similarity between the experimental and acoustic emission prediction and the superiority of cutting speed over both nose radius and rake angle.



The recycling of polymer waste is a way to reduce environmental impacts [31,32,33]. To meet this goal, recycling waste PLA was used to fabricate new PLA filament for fabricating physical models. In addition, the mechanical properties of the physical parts must be sufficient since the mechanical properties of the physical parts depend on the quality of the filament materials greatly. To develop PLA filaments with high tensile strength, an automatic PLA filament extruder was designed and implemented in this study. In general, many researchers used trial-and-error method to investigate process parameters for fabricating PLA filaments. However, the trial-and-error approach will increase production cost and time. The Taguchi coupled with ANOVA is an efficient method in reduction of production cost and time. There is very limited research in the area of recycling PLA polymer to extrude into new filaments. In this study, the DOEs technique is used to investigate the effects of critical process parameters for fabricating PLA filaments with the desired diameter of 1.7 mm. In addition, the confirmation tests were carried out to verify the optimal process parameters obtained by DOEs technique.




2. Experiment


LA waste plastic is generated through a variety of ways, such and support materials, rafts removed from the physical models, or failed prints. PLA was used to be investigated based on its relative ease of recycling into filament compared to other polymer used for AM. The recycled PLA waste was first recycled for fabricating new PLA filament to fabricate 3D physical models using additive manufacturing technology. To meet sustainability efforts on laboratory to reduce PLA waste plastic, a process workflow process workflow for making recycled PLA pellets was developed in this study, as shown in Figure 1. The manufacturing processes include collecting PLA waste, grinding on a blender (J-150A, Tan Yae Inc., New Taipei City, Taiwan) and screening. Finally, the recycled PLA pallets with average particle size of about 3.5 mm to 4 mm can be obtained. According to the preliminary experiments, four significant factors affecting the PLA filament diameter, i.e. barrel temperature, extrusion speed, cooling distance, and recycled material addition ratio were selected as control factors in this study. Figure 2 shows the homemade PLA filament making system, which was composed of many 3D printed parts built with PLA materials. The relative components for the homemade PLA filament making system were designed using SolidWorks software.



PLA extracted from corn starch possess some distinct properties, such as low toxicity, repeatability, and high strength. The DOE is useful in process improvement and product development. The features of the DOE include lower development costs, faster time to market as well as lower operating costs. Thus, the Taguchi’s experimental method was used to optimize the process parameters for fabricating PLA filaments with the desired diameter and high tensile strength. To investigate the effects of process parameters on the PLA filament diameter, Taguchi’s L9 (34) orthogonal array [34,35,36,37] was employed to determine the signal-to-noise (S/N) ratio in this study. To determine the optimal process parameters for molding tensile test specimens with the desired diameter of 1.7 mm, nominal-the-best [38] was chosen since the FDM 3D printer can print physical models using the PLA filaments smoothly.




3. Results and Discussion


First of all, the one-factor-at-a-time was first used to determine third levels of the four control factors. Figure 3 shows the effects of the barrel temperatures on the PLA filament diameter. A digital caliper was used to measure the diameter of the fabricated filament in five places. The average PLA filament diameters are 1.47 mm, 1.55 mm, 1.60 mm, 1.66 mm, 1.65 mm, and 1.63 mm when the barrel temperatures are 176 °C, 178 °C, 180 °C, 182 °C, 184 °C, and 186 °C, respectively. The standard deviation (SD) of PLA filament diameters are 0.076 mm, 0.075 mm, 0.045 mm, 0.062 mm, 0.027 mm, and 0.067 mm when the barrel temperatures are 176 °C, 178 °C, 180 °C, 182 °C, 184 °C, and 186 °C, respectively. In this study, the desired value of the PLA filament diameter was set at 1.7 mm. In general, the flow rate of material through the nozzle becomes low a when the filament diameter is less than the desired value. In contrast, the filament is not delivered to the nozzle properly when the filament diameter is more than the desired value. The mechanical properties of the fabricated PLA filament were affected greatly by defects, such as voids or air gaps. It should be noted that air gaps or voids inside the PLA filament were found. The average PLA filament diameter is less than desired diameter because the barrel temperature is too low when the barrel temperatures are 176 °C to 180 °C. It should be noted that the roundness of the PLA filament was not acceptable when the barrel temperature is 186 °C because the barrel temperature is too high. The average PLA filament diameter is close to desired diameter when the barrel temperatures are 182 °C and 184 °C. According to the SD of PLA filament diameter, it was found that the PLA filament fabricated by the barrel temperature of 184 °C seems to be the optimal parameter. Thus, the barrel temperature of 184 °C was selected as level 2 of control factor 1. The barrel temperatures of 182 °C and 186 °C were selected as level 1 and level 3 of control factor 1, respectively.



Based on the above results, the barrel temperature was fixed at 184 °C. Six different extrusion speeds were carried out in the following experiment. Figure 4 shows the effects of the extrusion speeds on the PLA filament diameter. The average PLA filament diameters are 1.6 mm, 1.62 mm, 1.7 mm, 1.68 mm, 1.65 mm, and 1.63 mm when the extrusion speeds are 460 mm/min, 470 mm/min, 480 mm/min, 490 mm/min, 500 mm/min, and 510 mm/min, respectively. The SD of PLA filament diameters are 0.043 mm, 0.069 mm, 0.085 mm, 0.027 mm, 0.074 mm, and 0.100 mm when the extrusion speeds are 460 mm/min, 470 mm/min, 480 mm/min, 490 mm/min, 500 mm/min, and 510 mm/min, respectively. As can be seen, the average PLA filament diameter is close to the desired diameter when extrusion speeds are 480 mm/min and 490 mm/min. However, the SD of PLA filament diameter for the extrusion speed of 480 mm/min is larger than that for extrusion speed of 490 mm/min. According to the SD of PLA filament diameter, it was found that the PLA filament fabricated by the extrusion speed of 490 mm/min seems to be the optimal parameter. Thus, the extrusion speed of 490 mm/min was selected as level 2 of control factor 2. The barrel temperatures of 480 mm/min and 500 mm/min were selected as level 1 and level 3 of control factor 2, respectively.



Figure 5 shows the effects of the cooling distances on the PLA filament diameter. The average PLA filament diameters are 1.63 mm, 1.64 mm, 1.69 mm, 1.67 mm, 1.66 mm, and 1.64 mm when the cooling distances are 50 mm, 52.5 mm, 55 mm, 57.5 mm, 60 mm, and 62.5 mm, respectively. The SD of PLA filament diameters are 0.029 mm, 0.034 mm, 0.016 mm, 0.033mm, 0.055 mm, and 0.069 mm cooling distances are 50 mm, 52.5 mm, 55 mm, 57.5 mm, 60 mm, and 62.5 mm, respectively. As can be seen, the average PLA filament diameter is close to the desired diameter when the cooling distance is 55 mm. It was found that the PLA filament fabricated by the extrusion speed of cooling distance of 55 mm seems to be the optimal parameter. Thus, the cooling distance of 55 mm was selected as level 2 of control factor 3. The cooling distances of 52.5 mm and 57.5 mm were selected as level 1 and level 3 of control factor 3, respectively.



The circular economy (CE) is a systemic approach to economic development designed to benefit environment, businesses, and society. To meet the CE, the recycled polylactic acid (PLA) waste was recycled and used to make new PLA filament. Figure 6 shows the PLA filaments fabricated by recycled material addition ratio of 60%. As can be seen, the PLA filament with a uniform diameter can not be produced when the recycling material addition ratio is 60%. The main reason is that the particle size of recycled PLA material is smaller and larger than that of brand new PLA material. As a result, the melting speed of recycled PLA materials is inconsistent with that of brand new PLA materials. Figure 7 shows the PLA filaments fabricated by different recycled material addition ratios. The average PLA filament diameters are 1.68 mm, 1.66 mm, 1.67 mm, 1.69 mm, 1.66 mm, and 1.64 mm when the recycled material addition ratios are 0%, 10%, 20%, 30%, 40%, and 50%, respectively. The standard SD of PLA filament diameters are 0.019 mm, 0.043 mm, 0.057 mm, 0.019 mm, 0.029 mm, and 0.019 mm when the recycled material addition ratios are 0%, 10%, 20%, 30%, 40%, and 50%, respectively. As can be seen, the average PLA filament diameter is close to the desired diameter because the barrel temperature is too low when the recycled material addition ratio is 30%. Thus, the recycled material addition ratio of 30% was selected as level 2 of control factor 4. The recycled material addition ratios of 20% and 40% were selected as level 1 and level 3 of control factor 4, respectively. According to the preliminary experimental results described above, four process control factors and their levels were summarized in the Table 1.



In general, the Taguchi method [39] has three quality characteristics, i.e. the-bigger-the-better, the-nominal-the-best, and the-smaller-the-better. The orthogonal array (OA) [40] was used in this study because it is suitable for the four process control factors with three levels. To investigate the optimal process parameters for manufacturing PLA filaments with the desired value of diameter, three levels were employed in this study. The experimental results of the average diameter of PLA filament based on L9 OA were listed in the Table 2. Figure 8 shows the results of PLA filament fabricated by different process parameters. In this study, the-nominal-the-better was used because the desired value of filament diameter is 1.7 mm which is suitable for printing physical models. The corresponding S/N ratio can be calculated based on the-nominal-the-better quality characteristics, as shown in Table 3.



The S/N ratio effects of each process control factor are shown in the Figure 9. As can be seen, a set of optimal combination of process control factors and levels can be determined directly according to the higher S/N ratio. The optimal combination is A2, B2, C3, and D3. The optimal process parameters for manufacturing the with the desired diameter include the barrel temperature of 184 °C, extrusion speed of 490 mm/min, cooling distance of 57.5 mm, and recycled material addition ratio of 40%.



The ANOVA coupled with Taguchi method was performed in order to investigate the results of the Taguchi method. The percentage contribution of each control factor was employed to evaluate the corresponding effect on the quality characteristic. The results of ANOVA were listed in the Table 4. The percentage contribution of each control factor can be calculated. As can be seen, the percentage contributions of the four different control factors a, b, c, and d are 47.1%, 14.3%, 5.1%, and 33.5%, respectively. It is interesting to note that the barrel temperature is the most significant control factor affecting the diameter of PLA filament followed by recycling material addition ratio, extrusion speed, and cooling distance. This result was consistent with the observed results during the experiment since the fluidity of the molten material was affected by the barrel temperature significantly. Figure 10 shows the percentage contributions of the four different control factors.



The verification experiment is essential in engineering analysis to validate the diameter of the PLA filament fabricated by the optimal process parameters. Thus, the final step of the DOEs is to carry out a verification experiment for examining diameter of the PLA filaments fabricated by both the general process parameters and optimal process parameters. To verify the effectiveness of the optimal process parameters, three sets of general process parameters were employed to manufacture PLA filaments. Table 5 shows the results of verifying the optimal process parameters. Figure 11 shows the results of the verification experiments. The PLA filament diameters fabricated by the optimal process parameters (No. 1 of verification experiments) are 1.7 mm, 1.71 mm, and 1.69 mm, respectively. The average PLA filament diameter is approximately 1.7 mm. The PLA filament diameters fabricated by the first general process parameters (No. 2 of verification experiments) are 1.66 mm, 1.65 mm, and 1.66 mm, respectively. The average PLA filament diameter is approximately 1.66 mm. The PLA filament diameters fabricated by the second general process parameters (No. 3 of verification experiments) are 1.63 mm, 1.65 mm, and 1.66 mm, respectively. The average PLA filament diameter is approximately 1.65 mm. The PLA filament diameters fabricated by the third general process parameters (No. 4 of verification experiments) are 1.62 mm, 1.61 mm, and 1.65 mm, respectively. The average PLA filament diameter is approximately 1.63 mm. It should be noted that the results were in good agreement with results from ANOVA optimal level. This shows that the average diameter of the PLA filament fabricated by the optimal process parameters is obviously better than that of the PLA filament fabricated by the general process parameters.



To evaluate the performance of the PLA filament fabricated, a cylindrical part with a diameter and height of 10 mm and 10 mm was designed for printing using both commercially available PLA filament and PLA filament developed in this study. The process parameters for printing cylinder prototype include a printing temperature of 210 °C, hot bed temperature of 70 °C, printing speed of 20 mm/s, and filling density of 30%. To verify the effectiveness of the PLA filament fabricated in this study, thirty parts were printed and evaluated. Figure 12 shows the effectiveness evaluation process. This means recycling PLA waste plastic is a viable option since the cylindrical prototypes can be built layer by layer via the extruded PLA filaments. The diameter and height of the printed cylinder prototype built with commercially available PLA filament are 10.16 mm and 10.26 mm, respectively. The diameter and height of the printed cylinder prototype built with PLA filament developed in this study are 10.18 mm and 10.22 mm, respectively. This means that the diameter and height of the printed cylindrical prototype built with PLA filament developed in this study are very close to those built with commercially available PLA filament. The only difference is that the appearance of the cylindrical prototype built with the PLA filament developed in this study is lighter since the filament developed in this study contains 40% recycled PLA material.



Figure 13 shows the filament length and printing time as a function of different layer heights, fill densities, and printing speeds. The surface quality of the cylinder prototypes is affected by the layer height greatly. Generally, the printing time is shorter when the layer thickness is thicker. However, cylinder prototype has poor surface quality because of the staircase effect. In contrast, the printing time is longer when the layer thickness is thinner. To improve the surface quality of the prototype, several methods have been proposed including chemical finishing, analytical models, adaptive slicing, and hot cutter machining. Table 6 shows the process parameters for making physical prototype. Based on the results of a series of experiments, it can be used as the standard process parameters for rapid tooling application.



The fused filament fabrication (FFF) [41] is a form of polymer additive manufacturing (AM). Commercially available PLA filaments are widely used for FFF. To verify the difference in filament tensile force between the PLA filaments produced by this work and the commercially available PLA filament. Figure 14 shows the filamenr tensile force of the two kinds of PLA filaments. The average tensile force of the commercially available PLA filaments is about respectively 139.5 N. However, the average tensile force of the PLA filaments produced by this work is about respectively 154.6 N. These results indicate that the tensile force of the PLA filament produced by this work is about 1.1 times that of the commercially available PLA filament. This means that the developed PLA filaments can be used for direct soft tooling [42,43] application since the mold fabricated possesses high tensile strength [44,45], which can be used for small-volumn production. The commercially available PLA material is NTD 0.25/g. The cost of producing a five-meter-long filament using commercially available PLA material is about NTD 3.53 since it is necessary to use 14.1 g of commercially available PLA material. However, the cost of producing a five-meter-long filament using commercially available PLA material is about NTD 2.12 since it is necessary to use 8.46 g of commercially available PLA material and 5.64 g recycled PLA materials. This means that about 40% savings in production costs can be obtained for producing a five-meter-long filament using the PLA filament produced by this work. According to the above findings, the developed PLA filaments are very practical and provide the greatest application potential in the industry because the PLA filaments can be used to fabricate three-dimensional models with high tensile strength under the condition of low manufacturing cost. In this study, the PLA waste was used to fabricate new filament. A wide range of materials, including high-density polyethylene (HDPE) [46], PA, ABS, Nylon [47], polypropylene (PP) [48], and glass-filled nylon [49] can also be recycled to manufacturing new filament. Metallic powders, such as copper powder [50] or aluminum powder [51] can also be added in the manufacturing process to improve the physical properties of the fabricated filament. In addition, some reinforcing fillers, such as silicon carbide, aluminum oxide, molybdenum disulfide [52,53,54], zirconia [55,56,57], or silicon nitride [58,59,60] can also be mixed into the recycled PLA materials to develop filaments with high wear resistance [61] to enhance the life of direct soft tooling built with filaments [62,63,64].Therefore, the filament with both excellent mechanical and physical properties can be employed to fabricate rapid tooling [65] for thermoforming, blow molding [66], plastic injection molding [67,68], rotational molding, or transfer molding. These issues are currently being investigated and the results will be presented in a later study.




4. Conclusions


The amount of PLA waste plastic is increasing due to the annual growth rate of 3D polymer printing. To reduce the amount of PLA waste plastic for green manufacturing, the recycled PLA waste plastic was used to manufacture new PLA for printing physical models using AM technology. In this study, the Taguchi method was used to investigate the optimal levels of process conditions for fabricating PLA filaments with the desired value of diameter. The main conclusions from the experimental work in this study are as follows:




	
The developed PLA filaments are very practical and provide the greatest application potential in the AM industry since the PLA filaments can be employed to print physical models with high tensile strength economically.



	
The tensile strength of the developed PLA filament is approximately 1.1 times that of the commercially available PLA filament. The production cost is only 60% of the commercially available PLA filament.



	
The most important control factor affecting the diameter of the PLA filament is the barrel temperature, followed by the recycling material addition ratio, extrusion speed, and cooling distance.



	
The optimal process parameters for fabricating PLA filaments with a diameter of 1.7 mm include a barrel temperature of 184 °C, extrusion speed of 490 mm/min, cooling distance of 57.5 mm, and recycled material addition ratio of 40%.
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Figure 1. Process workflow for making recycled PLA pellets. 
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Figure 2. Homemade PLA filament making system. 
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Figure 3. Effects of the barrel temperatures on the PLA filament diameter. 
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Figure 4. Effects of the extrusion speeds on the PLA filament diameter. 
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Figure 5. Effects of the cooling distances on the PLA filament diameter. 
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Figure 6. PLA filaments fabricated by recycling material addition ratio of 60%. 
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Figure 7. Effects of the recycled material addition ratios on the PLA filament diameter. 
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Figure 8. Results of PLA filament fabricated by different process parameters. 
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Figure 9. S/N ratio effects of each process control factor. 
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Figure 10. Percentage contributions of the four different control factors 
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Figure 11. Results of the verification experiments. 






Figure 11. Results of the verification experiments.



[image: Polymers 13 01222 g011]







[image: Polymers 13 01222 g012 550] 





Figure 12. Effectiveness evaluation process (a) CAD model of the cylinder and slicing results, (b) printing situation of the cylindrical prototype, (c) a typical cylindrical prototype built with commercial PLA filaments, and (d) a typical cylindrical prototype built with commercially available PLA filament developed in this study. 
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Figure 13. Filament length and printing time as a function of different (a) layer heights, (b) fill densities, and (c) printing speeds. 
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Figure 14. Filament tensile force of the two kinds of PLA filaments. 
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Table 1. Process control factors and their levels.
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Control Factor

	
Level 1

	
Level 2

	
Level 3






	
A

	
Barrel temperature (°C)

	
182

	
184

	
186




	
B

	
Extrusion speed (mm/min)

	
480

	
490

	
500




	
C

	
Cooling distance (mm)

	
52.5

	
55

	
57.5




	
D

	
Recycled material addition ratio (%)

	
20

	
30

	
40
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Table 2. Experimental results of average diameter of PLA filament.
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Experiment

No.

	
Control Factor

	
Average Diameter (mm)

	
σ2

	
S/N (dB)




	
A

	
B

	
C

	
D

	
1

	
2

	
3






	
1

	
A1

	
B 1

	
C 1

	
D 1

	
1.66

	
1.65

	
1.65

	
0.0058

	
26.55




	
2

	
A1

	
B 2

	
C 2

	
D 2

	
1.7

	
1.69

	
1.71

	
0.0100

	
40.00




	
3

	
A1

	
B 3

	
C 3

	
D 3

	
1.7

	
1.69

	
1.69

	
0.0058

	
41.09




	
4

	
A2

	
B 1

	
C 2

	
D 3

	
1.7

	
1.7

	
1.69

	
0.0058

	
43.52




	
5

	
A2

	
B 2

	
C 3

	
D 1

	
1.69

	
1.69

	
1.7

	
0.0058

	
41.09




	
6

	
A 2

	
B 3

	
C 1

	
D 2

	
1.68

	
1.7

	
1.7

	
0.0115

	
37.50




	
7

	
A3

	
B 1

	
C 3

	
D 2

	
1.65

	
1.68

	
1.67

	
0.0153

	
28.71




	
8

	
A3

	
B 2

	
C 1

	
D 3

	
1.69

	
1.68

	
1.71

	
0.0153

	
35.56




	
9

	
A3

	
B 3

	
C 2

	
D 1

	
1.63

	
1.62

	
1.65

	
0.0153

	
23.30
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Table 3. Response table of S/N ratio based on the-larger-the-better quality characteristics.
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	Control Factor
	Level 1
	Level 2
	Level 3





	Barrel temperature (°C)
	35.8818
	40.7048
	29.1924



	Extrusion speed (mm/min)
	32.9301
	38.8848
	33.9641



	Cooling distance (mm)
	33.2060
	35.6071
	36.9658



	Recycled material addition ratio (%)
	30.3150
	35.4053
	40.0588
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Table 4. ANOVA table.
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Control Factor

	
Leve1

	
Level 2

	
Level 3

	
SS

	
DOF

	
V

	
ρ (%)






	
A

	
Barrel temperature (°C)

	
35.8818

	
40.7048

	
29.1924

	
200.545

	
2

	
100.272

	
47.1




	
B

	
Extrusion speed (mm/min)

	
32.9301

	
38.8848

	
33.9641

	
60.741

	
2

	
30.370

	
14.3




	
C

	
Cooling distance (mm)

	
33.2060

	
35.6071

	
36.9658

	
21.747

	
2

	
10.873

	
5.1




	
D

	
Recycled material addition ratio (%)

	
30.3150

	
35.4053

	
40.0588

	
142.507

	
2

	
71.253

	
33.5
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Table 5. Results of verifying the optimal process parameters.
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No. of Verification Experiments

	
Process Parameters

	
Diameter of PLA Filament (mm)




	
1

	
2

	
3

	
Average






	
1

	
Barrel temperature 184 °C

Extrusion speed 500 mm/min

Cooling distance 57.5 mm

Recycled material addition ratio 30%

	
1.7

	
1.69

	
1.69

	
1.69




	
2

	
Barrel temperature 186 °C

Extrusion speed 480 mm/min

Cooling distance 52.5 mm

Recycled material addition ratio 20%

	
1.66

	
1.65

	
1.66

	
1.66




	
3

	
Barrel temperature 184 °C

Extrusion speed 480 mm/min

Cooling distance 57.5 mm

Recycled material addition ratio 30%

	
1.63

	
1.65

	
1.66

	
1.65




	
4

	
Barrel temperature 182 °C

Extrusion speed 500 mm/min

Cooling distance 55 mm

Recycled material addition ratio 40%

	
1.62

	
1.61

	
1.65

	
1.63
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Table 6. Process parameters for making physical prototype.
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	Parameter
	Input Values





	Layer height (mm)
	0.18



	Shell thickness (mm)
	0.7



	Bottom/top thickness (mm)
	0.6



	Fill density (%)
	40–50



	Print speed (mm/s)
	30–40



	Printing temperature (°C)
	220



	Heated bed (°C)
	0–50



	Platform adhesion type
	Raft



	Filament diameter (mm)
	1.75



	Flow (%)
	100



	Retraction speed (mm/s)
	45



	Retraction distance (mm)
	3



	Initial layer thickness (mm)
	0.26



	Initial layer line width (%)
	100



	Dual extrusion overlap (mm)
	0.15



	Travel speed (mm/s)
	100



	Bottom layer speed (mm/s)
	20



	Minimal layer thickness (s)
	5



	Enable cooling fan
	on
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