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            Abstract
          
        

        
          The purpose of this study is to improve the dimensional accuracy according to the material and size of a given printing object in 3D printing processes using fused deposition modeling (FDM). When printing an object with the selected material, appropriate printing parameters are suggested according to the object size. We experimentally analyze how changes in the material and size of the printing object, and printing parameters such as the extrusion temperature and infill, affect the dimensional error. The experiment was conducted by measuring the dimensional errors in printing specimens of the same shape but various sizes using an FDM-type 3D printer under various printing conditions. Given the material and size of the printing object, it was found experimentally that the dimensional error has the characteristic of a straight line or a parabolic shape according to changes in the extrusion temperature and infill, which are printing parameters. Given the size of the object to be printed, the printing material is appropriately selected by considering the material properties of the required part and the dimensional accuracy of the material obtained through the experiments. It was concluded that printing with appropriate printing parameter values obtained through experiments according to the selected material and size of the printing object can improve the dimensional accuracy of the FDM-type 3D printing process.
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      1. Introduction
      Three-dimensional printing technology is a manufacturing technology for creating a 3D object by adding a continuous layer of materials using digital design data [1]. This manufacturing technology is officially called additive manufacturing or rapid prototyping technology. Such printing technology is generally classified into a material extrusion process, a vat photopolymerization process, and a powder bed fusion process [2]. A material extrusion process, such as fused deposition modeling (FDM), is a process of melting and extrusion. A vat photopolymerization process, such as stereolithography, digital light processing, or digital light synthesis, uses a resin that cures when exposed to ultraviolet rays. Powder-bed fusion processes, such as selective laser sintering, electron beam melting, and selective heat sintering, are processes of sintering, melting, and fusing powder particles while tracking the cross-section of an object generated using a laser or electron beam.

      Among these processes, the most commonly used is the FDM process [3]. The FDM process has the advantages of a low machine cost, various material processabilities, high component durability, and an adequate processing time [4]-[6]. However, this process generally has the weaknesses of undesirable dimensional accuracy and surface quality [7]. Therefore, the FDM process has some limitations in making parts that require precision machining.

      The following studies were conducted to solve these problems. Pérez et al. [8] found that the surface roughness worsens as the layer thickness and height increase, using data obtained by arithmetically averaging the surface roughness profile. Volpato et al. [9] derived a result in which the surface profile of the supporter directly affected the dimensional accuracy of the z-axis and improved the surface quality of the supporter by reducing the gap between layers and the dimensional accuracy of the z-axis. Emre et al. [10] created a linear regression model based on experimental data to determine the correlation between the deviation of the strip width and the parameter of interest. They found that a fast nozzle feed rate and high extrusion temperature can decrease the dimensional accuracy. Belleini et al. [11] improved the dimensional accuracy of printing objects by reducing the nozzle diameter. Moreover, Nancharaiah et al. [12] improved the surface quality and dimensional accuracy by applying a small layer thickness through an analysis of variance (ANOVA) analysis.

      In most previous studies, polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) were used as printing materials. There has yet to be a comparison of dimensional errors of printed objects when printing under various printing conditions for various printing materials. Therefore, in this study, we experimentally studied the effect of each parameter related to printing on the dimensional accuracy by considering the extrusion temperature and infill as printing parameters for various printing materials and object sizes that were not considered in previous studies.

      In addition to PLA and ABS, six materials were selected for printing materials with various properties in consideration of their elasticity, soluble properties, and metallic properties. Furthermore, to find appropriate printing parameter values for each material, the highest, medium, and lowest temperatures within the appropriate temperature range for each material provided by the filament manufacturer were selected as the printing parameter values for the extrusion temperature. Although it has been reported that an infill mainly affects the strength of the printed object [13], it was selected as a parameter to check whether it also affects the dimensional accuracy. The infill ratio was assumed to be at a minimum of 10% and a maximum of 50%. Experiments were conducted when the infill ratios were 10%, 30%, and 50%.

      For each material, to determine the dimensional error effect according to the size of the printing object, the dimensional error was measured at the three sizes in the horizontal axes (x-and y-axes) and the size in the vertical axis (z-axis). Because the dimensional error is more critical with a small object size, the specimen was modeled to have various dimensions within a relatively small range (1–100 mm).

      In this way, the dimensional errors are measured according to the various materials and sizes of the printing object and variations in the extrusion temperature and infill, which are printing parameters. Based on these experimental results, we propose appropriate printing parameter values that can improve the dimensional accuracy according to the material and size of the printing object during FDM-type 3D printing processes. Therefore, by applying the results of this study, it is expected that the dimensional accuracy of printed objects can be improved relatively simply in industrial fields that produce FDM-type 3D printed products.

    

    

  
    
      2.Experimental Environment and Procedure
      
        2.1 Specimen modeling
        The specimens applied in this experiment were modeled using SolidWorks by slightly deforming an ASTM D638 type V tensile test specimen. Because the tensile test specimen is a model with an essential dimensional accuracy, it was judged to be an appropriate specimen based on the purpose of the experiment. In general, the smaller the object is, the more critical the dimensional error. Therefore, among the specimens used in the tensile test, an ASTM D638 type V, which is relatively small in size, was selected. However, although the tensile test specimen was cylindrical, this study compared the dimensional errors between the x-and y-axes and the z-axis, and tensile test specimen with a cross-section having a z-axis height of 3 mm, as shown in Figure 1, was modeled. Table 1 lists the dimensions of the ASTM D638 tensile test specimen.

        
          
          

          Figure 1: 
				
          

          
            Tensile test specimen with ASTM D638 applied
          
          

          

        

        
          Table 1: 
				
          

          
            Test specimen dimensions
            (unit: mm)

          
          

        

        
          
            
              	Width1 (W1)
              	Width 2 (W2)
              	Length (L)
              	Height (H)
            

          
          
            	3.18
            	9.53
            	63.50
            	3.00
          

        

        

      

      
        2.2 Experimental equipment
        Figure 2 shows the FDM-type 3D printer, a GIANTBOT G5 Plus, used to print the modeled specimen, as shown in Figure 1. The printer pulls the filament-shaped material through a nozzle, heats it, extrudes it, and stacks it layer by layer on a build platform. A nozzle with a diameter of 0.4 mm moves in the x-and y-axes directions, and the build platform moves in the z-axis direction. The extrusion temperature of this 3D printer can increase to 300 °C, but for safety, is designed to stop printing through a maximum temperature error when it increases to approximately 250 °C. Therefore, if the range of the proper printing temperature for a specific material exceeds 250 °C, printing cannot be achieved within that range of extrusion temperature. The diameter of the filaments of all materials used in this experiment was 1.75 mm. Printing was achieved by applying a nozzle feed rate to all materials of 2520 mm/min.

        
          
          

          Figure 2: 
				
          

          
            GIANTBOT G5 Plus (360 mm × 380 mm × 380 mm)
          
          

          

        

      

      
        2.3 Selection of materials and printing parameters of printing objects
        The materials of the printing object used in this experiment were PLA and ABS, as mainly applied in previous studies, along with high-impact polystyrene (HIPS), polyvinyl alcohol (PVA), eSteel, and thermoplastic polyurethane (TPU). The materials were selected to consider the solubility, metallicity, elasticity, and toughness and analyze the effect of the properties of each material on the dimensional accuracy. HIPS and PVA are soluble materials that dissolve in limonene and water, respectively. In addition, eSteel is a metallic material, including stainless steel, and TPU is a material with a high elasticity.

        This experiment analyzed the effect of the extrusion temperature on the dimensional error. The highest, medium, and lowest temperatures within the appropriate temperature range for each material provided by the filament manufacturer were selected as the printing parameter values. In addition, the infill, which significantly affects the strength and weight reduction of printing objects, was added as a printing parameter. In this study, it was assumed that the infill ratio was between 10% and 50%. Experiments were conducted for relatively small, medium, and large cases by selecting three parameter values, i.e., 10%, 30%, and 50% of the infill for all materials to determine the effect of the infill on the dimensional accuracy. Figure 3 shows the specimen printed using an FDM-type 3D printer GIANTBOT G5 Plus under one of the above conditions.

        
          
          

          Figure 3: 
				
          

          
            Specimen printed using FDM-type 3D printer GI-ANTBOT G5 Plus
          
          

          

        

        During this experiment, four measuring sizes were selected for the specimen, as shown in Figure 1. The dimensional errors were measured at the four measurement locations under the nine-printing conditions according to three extrusion temperatures and three infill ratios for each of the six materials. The dimensional error was obtained from the average values measured at three arbitrary points for each measurement size. The variation of the dimensional error representing the roughness of the printing object surface is approximately 0.02 mm. The effect was insignificant when selecting the appropriate extrusion temperature and infill parameters to improve the dimensional accuracy according to the material and size of the printing object. By comparing and analyzing these dimensional errors, we propose an appropriate extrusion temperature and infill ratio to improve the dimensional accuracy of the printing object according to its material and size.

      

    

    

  
    
      3.Experimental Results and Discussion
      
        3.1 Experimental results
        For each of the materials considered for this experiment, the size of the test specimen shown in Figure 1 and Table 1 was appropriately divided into classes W1, W2, and L shown along the x-and y-axes, and H shown along the z-axis. Dimensional errors owing to changes in the extrusion temperature and infill ratio were measured. To compare and analyze these data, the experimental results are shown in Figures 4-15 and Tables 2-9.

        Figures 4 and 5 show the dimensional errors according to the extrusion temperature and infill, respectively, for the printing object size when using PLA. The bars shown in Figures 4 and 5 represent the absolute dimensional error, averaging the dimensional errors according to the change in infill at a given extrusion temperature and according to the change in the extrusion temperature of a given infill. The lines shown above the bars in Figures 4 and 5 show the width of the dimensional error variation owing to the allowed infill and extrusion temperature changes, respectively. Table 2 shows the dimensional errors considered for both the extrusion temperature and the infill parameters when using the PLA. The dimensional errors eW1, eW2, eL, and eH shown in Table 2 represent the dimensional errors measured for W1, W2, and L along the x-and y-axes and H along the z-axis.

        
          
          

          Figure 4: 
				
          

          
            Dimensional error according to extrusion temperature for the size of the printing object when using material PLA
          
          

          

        

        
          
          

          Figure 5: 
				
          

          
            Dimensional error according to infill for the size of the printing object when using material PLA
          
          

          

        

        
          Table 2: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH; unit: mm) accord-ing to the extrusion temperature and infill when using material PLA
          
          

        

        
          
            	T(oC)
            	195
            	210
            	220
          

          
            	infill(%)
          

          
            	10
            	0.00, 0.08, 0.13, 0.07
            	0.18, 0.11, 0.20, 0.02
            	0.13, 0.03, 0.05, 0.04
          

          
            	30
            	0.13, 0.09, 0.14, 0.06
            	0.16, 0.10, 0.14, 0.05
            	0.29, 0.13, 0.13, 0.04
          

          
            	50
            	0.17, 0.09, 0.30, 0.06
            	0.06, 0.06, 0.07, 0.11
            	0.17, 0.04, 0.13, 0.06
          

        

        

        As shown in Figures 4 and 5, when PLA is used, the error eH for H along the z-axis and error eW1 for W1 along the x-and y-axes are compared. It can be seen that eH is relatively small compared with eW1 within the considered range of the changes in the extrusion temperature and infill. Therefore, the dimensional accuracy of an object can be determined based on the dimensional errors in the x-and y-axes.

        The dimensional error characteristics of the PLA, shown in Figures 4 and 5 and Table 2, were comprehensively analyzed. It can be seen that as the extrusion temperature increases, the dimensional error increases at almost a constant rate and decreases for W1, W2, and L, respectively. In addition, it can be seen that as the amount of infill increases, for W1 or W2, the dimensional error forms an upwardly convex parabolic shape. The size of L also increases.

        For W1, the dimensional error is almost zero at an extrusion temperature of 195 °C and an infill of 10%. In W2, a dimensional error of 0.03 mm occurs at an extrusion temperature of 220 °C and an infill of 10%. For L, a dimensional error of 0.04 mm occurs at an extrusion temperature of 220 °C and an infill of 50%. The dimensional accuracy was extremely high under these conditions. However, for W1, a dimensional error of 0.29 mm occurs at an extrusion temperature of 220 °C and an infill of 30%, resulting in low dimensional accuracy.

        Figures 6 and 7 show dimensional errors according to changes in the extrusion temperature and infill for W1, W2, and L along the x-and y-axes, and for H along the z-axis, using the ABS material, respectively. Table 3 shows the dimensional errors considered for both the extrusion temperature and infill parameters when using the ABS material.

        
          
          

          Figure 6: 
				
          

          
            Dimensional error according to extrusion temperature for each size of the printing object when using ABS material
          
          

          

        

        
          
          

          Figure 7: 
				
          

          
            Dimensional error according to infill for each size of printing object when using ABS material
          
          

          

        

        
          Table 3: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH; unit: mm) accord-ing to extrusion temperature and infill when using ABS material
          
          

        

        
          
            	T(oC)
            	230
            	235
            	240
          

          
            	infill(%)
          

          
            	10
            	0.13, 0.08, 0.02, 0.13
            	0.17, 0.18, 0.10, 0.09
            	0.17, 0.12, 0.00, 0.05
          

          
            	30
            	0.26, 0.09, 0.04, 0.15
            	0.01, 0.04, 0.16, 0.03
            	0.07, 0.05, 0.15, 0.01
          

          
            	50
            	0.05, 0.06, 0.06, 0.02
            	0.03, 0.02, 0.18, 0.10
            	0.14, 0.11, 0.09, 0.00
          

        

        

        As shown in Figures 6 and 7, when the ABS material is used, eH and eW1 are compared. Error eH was found to be smaller than or equal to eW1 within the range where changes in the extrusion temperature and infill were considered. Therefore, the dimensional accuracy of an object can be determined by the dimensional errors in the x-and y-axes. Figures 6 and 7 and Table 3, which show the comprehensively analyzed dimensional error characteristics of ABS. As the extrusion temperature increases, the dimensional error becomes a downwardly convex parabolic shape for W1, is almost constant for W2, and becomes an upwardly convex parabolic shape for L. It can be seen that, as the amount of infill increases, the dimensional error decreases for W1, becomes a downwardly convex parabolic shape for W2, and becomes an upwardly convex parabolic shape for L.

        For W1, a dimensional error of 0.01 mm occurs at an extrusion temperature of 235 °C and an infill of 30%. A dimensional error of 0.02 mm occurs at an extrusion temperature of 235 °C and an infill of 50% for W2. There are almost no dimensional errors at an extrusion temperature of 240 °C and an infill of 10% for L. Therefore, the dimensional accuracy is extremely high in these cases. However, for W1, a dimensional error of 0.26 mm occurs at an extrusion temperature of 230 °C and an infill of 30%, resulting in a low dimensional accuracy.

        Figures 8 and 9 show the dimensional error owing to changes in the extrusion temperature and infill for W1, W2, and L along the x-and y-axes, and for H along the z-axis, when using the HIPS material, respectively. Table 4 shows the dimensional errors when considering both the extrusion temperature and infill parameters when applying the HIPS material.

        
          
          

          Figure 8: 
				
          

          
            Dimensional error according to extrusion temperature for the size of the printed object when using HIPS material
          
          

          

        

        
          
          

          Figure 9: 
				
          

          
            Dimensional error according to infill for the size of the printed object when using HIPS material
          
          

          

        

        
          Table 4: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH; unit: mm) accord-ing to extrusion temperature and infill when using HIPS material
          
          

        

        
          
            	T(oC)
            	220
            	230
            	240
          

          
            	infill(%)
          

          
            	10
            	0.23, 0.21, 0.09, 0.50
            	0.08, 0.09, 0.09, 0.00
            	0.21, 0.29, 0.06, 0.22
          

          
            	30
            	0.38, 0.36, 0.04, 0.65
            	0.30, 0.14, 0.17, 0.04
            	0.22, 0.14, 0.27, 0.09
          

          
            	50
            	0.48, 0.39, 0.02, 0.38
            	0.13, 0.15, 0.05, 0.05
            	0.14, 0.07, 0.01, 0.07
          

        

        

        Errors eH and error eW1 were compared when the HIPS material is used, the results of which are shown in Figures 8 and 9. It was found that eH is small compared with eW1 within the range of the appropriate extrusion temperature. Therefore, the dimensional accuracy of an object can be determined based on the dimensional errors along the x-and y-axes.

        The dimensional error characteristics of the HIPS material were comprehensively analyzed, as indicated in Figures 8 and 9 and Table 4. The dimensional error forms a downwardly convex parabolic shape for W1 and W2 as the extrusion temperature increases, and increases with L. In addition, as the amount of infill increases, it can be seen that the dimensional error has an upwardly convex parabolic shape regardless of the error and has an upwardly convex parabolic shape regardless of the object size.

        For W1, a dimensional error of 0.08 mm occurs at an extrusion temperature of 230 °C and an infill of 10%. For W1 and L, dimensional errors of 0.07 and 0.01 mm occur, respectively, at an extrusion temperature of 240 ℃ and an of infill 50%. Therefore, the dimensional accuracy is extremely high in these cases. However, for W1, a dimensional error of 0.48 mm occurs at an extrusion temperature of 220 °C and an infill of 50%, resulting in low dimensional accuracy.

        Figures 10 and 11 show the dimensional error owing to changes in the extrusion temperature and infill for W1, W2, and L along the x-and y-axes, and for H along the z-axis, when using PVA, respectively. Table 5 shows the dimensional errors when considering both the extrusion temperature and infill parameters when applying the PVA.

        
          
          

          Figure 10: 
				
          

          
            Dimensional error according to extrusion temperature for the size of the printed object when using PVA material
          
          

          

        

        
          
          

          Figure 11: 
				
          

          
            Dimensional error according to infill for the size of the printed object when using PVA material
          
          

          

        

        
          Table 5: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH; unit: mm) accord-ing to extrusion temperature and infill when using PVA material
          
          

        

        
          
            	T(oC)
            	180
            	195
            	210
          

          
            	infill(%)
          

          
            	10
            	0.14, 0.14, 1.49, 0.04
            	0.08, 0.16, 0.44, 0.13
            	0.19, 0.19, 1.49, 0.08
          

          
            	30
            	0.12, 0.16, 1.48, 0.04
            	0.09, 0.22, 0.36, 0.03
            	0.13, 0.18, 1.50, 0.06
          

          
            	50
            	0.17, 0.14, 1.56, 0.04
            	0.01, 0.36, 0.42, 0.26
            	0.17, 0.19, 1.47, 0.02
          

        

        

        As shown in Figures 10 and 11, eH and eW1 were compared when PVA is used. Error eH was found to be smaller than eW1 within the range in which changes in the extrusion temperature and infill were considered. In particular, for L, the medium extrusion temperature becomes the appropriate extrusion temperature. Therefore, for W1 or W2, the dimensional accuracy may be evaluated based on the dimensional errors along the x-and y-axes.

        Figures 10 and 11 and Table 5, which show the dimensional error characteristics of PVA, are comprehensively analyzed. As the extrusion temperature increases, the dimensional error forms a downwardly convex parabolic shape for W1 or L. It forms an upward convex parabolic shape for W2. As the amount of infill increases, the dimensional error becomes almost constant regardless of the size of the object. In particular, it can be seen that a substantial dimensional error occurs for L.

        For W1, the dimensional accuracy is good because of the dimensional error of 0.01 mm at the extrusion temperature of 195 °C and an infill of 50%. However, for W2 and L, dimensional errors of 0.36 and 1.56 mm occur at extrusion temperatures of 195℃ and 180℃, respectively, and an infill of 50%, resulting in an extremely low dimensional accuracy.

        Figures 12 and 13 show the dimensional error owing to the change in extrusion temperature and infill for W1, W2, and L along the x-and y-axes, and for H along the z-axis, when using eSteel material, respectively. Table 6 shows the dimensional errors considered for both the extrusion temperature and infill parameters when using eSteel material.

        
          
          

          Figure 12: 
				
          

          
            Dimensional error according to extrusion temperature for the size of the printed object when using eSteel material
          
          

          

        

        
          
          

          Figure 13: 
				
          

          
            Dimensional error according to infill for the size of the printed object when using eSteel material
          
          

          

        

        
          Table 6: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH; unit: mm) according to extrusion temperature and infill when using eSteel material
          
          

        

        
          
            	T(oC)
            	200
            	210
            	220
          

          
            	infill(%)
          

          
            	10
            	0.08, 0.09, 0.07, 0.06
            	0.05, 0.02, 0.02, 0.13
            	0.26, 0.09, 0.23, 0.02
          

          
            	30
            	0.09, 0.10, 0.01, 0.03
            	0.05, 0.06, 0.06, 0.05
            	0.26, 0.25, 0.13, 0.07
          

          
            	50
            	0.13, 0.10, 0.08, 0.00
            	0.25, 0.24, 0.07, 0.18
            	0.23, 0.30, 0.18, 0.04
          

        

        

        Figures 12 and 13 show that when eSteel is used, eH and eW1 are compared. Error eH was found to be smaller than or equal to eW1 within the range in which changes in the extrusion temperature and infill are considered. Therefore, the dimensional accuracy of an object can be determined based on the dimensional errors along the x-and y-axes.

        The dimensional error characteristics of the eSteel material were comprehensively analyzed, as shown in Figures 12 and 13 and Table 6. It can be seen that, as the extrusion temperature increases, the dimensional error increases for W1 and W2. For L, it forms a downwardly convex parabolic shape. In addition, as the infill increases, it can be seen that the dimensional error forms a downwardly convex parabolic shape for W1 and L and increases for W2.

        For W1 and W2, dimensional errors of 0.05 and 0.02 mm occur at an extrusion temperature of 210 ℃ and an infill of 10%, respectively. For L, a dimensional error of 0.01 mm occurs at an extrusion temperature of 200 °C and an infill of 30%. Therefore, the dimensional accuracy was excellent in these cases. However, for W2, a dimensional error of 0.3 mm occurs at an extrusion temperature of 220 °C and an infill of 50%, resulting in relatively low dimensional accuracy.

        Figures 14 and 15 show the dimensional error according to the change in extrusion temperature and infill for W1, W2, and L along the x-and y-axes, and for H along the z-axis, when the TPU material is used, respectively. Table 7 shows the dimensional errors considering both the extrusion temperature and infill parameters when using the TPU.

        
          
          

          Figure 14: 
				
          

          
            Dimensional error according to extrusion temperature for the size of the printed object when using TPU material
          
          

          

        

        
          
          

          Figure 15: 
				
          

          
            Dimensional error according to infill for the size of the printing object when using TPU material
          
          

          

        

        
          Table 7: 
				
          

          
            Dimensional errors (eW1, eW2, eL, eH, unit: mm) accord-ing to extrusion temperature and infill when using TPU material
          
          

        

        
          
            	T(oC)
            	200
            	210
            	220
          

          
            	infill(%)
          

          
            	10
            	0.08, 0.06, 0.16, 0.10
            	0.12, 0.13, 0.16, 0.02
            	0.05, 0.11, 0.13, 0.04
          

          
            	30
            	0.00, 0.11, 0.25, 0.04
            	0.01, 0.05, 0.08, 0.08
            	0.20, 0.04, 0.10, 0.02
          

          
            	50
            	0.02, 0.08, 0.21, 0.03
            	0.07, 0.13, 0.01, 0.24
            	0.09, 0.23, 0.07, 0.04
          

        

        

        As shown in Figures 14 and 15, when the TPU material is used, eH and eW1 are compared, except for at the high extrusion temperature. At medium extrusion temperatures, it can be seen that eH is approximately twice that of eW1. Within the medium extrusion temperature region where the dimensional accuracy is relatively high, it was found that it is unreasonable to consider only the dimensional error along the x-and y-axes when determining the dimensional accuracy according to the object size, as with the other materials.

        The dimensional error characteristics of the TPU material are analyzed comprehensively in Figures 14, 15, and 7. It can be seen that as the extrusion temperature increases, the dimensional error increases for W1 and W2. For L, it forms a downwardly convex parabolic shape. It can be seen that, as the infill increases, the dimensional error decreases for W1 and L, and forms a downward convex parabolic shape for W2.

        For W1, the dimensional error is almost zero at an extrusion temperature of 200 °C and an infill of 30%. For W2, a dimensional error of 0.05 mm occurs at an extrusion temperature of 210 °C and an infill of 30%. For L, a dimensional error of 0.01 mm occurs at an extrusion temperature of 210 °C and an infill of 50%. Therefore, the dimensional accuracy was outstanding under these conditions. However, for L, a dimensional error of 0.25 mm occurs at an extrusion temperature of 200 °C and an infill of 30%, resulting in a relatively low dimensional accuracy. The TCU material has excellent overall dimensional accuracy regardless of the size of the object.

      

      
        3.2 Discussion of experimental results
        Table 8 lists the appropriate extrusion temperature and infill according to the material and size of the printing object. The first and second data in Table 8 are the appropriate extrusion temperature and infill according to the object material and size, and the third is the dimensional error for the appropriate printing conditions.

        
          Table 8: 
				
          

          
            Appropriate extrusion temperature (°C), infill (%), and dimensional error (mm) according to the material and size of the printing object, respectively
          
          

        

        
          
            	Size Type
            	W1
            	W2
            	L
          

          
            	Material
          

          
            	PLA
            	195, 10, 0.00
            	220, 10, 0.03
            	220, 10, 0.05
          

          
            	ABS
            	235, 30, 0.03
            	235, 50, 0.02
            	240, 10, 0.00
          

          
            	HIPS
            	230, 10, 0.08
            	240, 50, 0.07
            	240, 50, 0.01
          

          
            	PVA
            	195, 50, 0.01
            	180, 10, 0.14
            	195, 30, 0.36
          

          
            	eSteel
            	210, 10, 0.05
            	210, 10, 0.02
            	200, 30, 0.01
          

          
            	TPU
            	200, 30, 0.00
            	220, 30, 0.04
            	210, 50, 0.01
          

        

        

        From the experimental results, when selecting the appropriate printing parameters, the dimensional error eH along the z-axis is generally approximately 50% less than or equal to the dimensional error eW1 along the x-and y-axes. Therefore, the size of the printing object is considered only in the x-and y-axes.

        The third type of data, the dimensional error, is used when manufacturing general objects consisting of two or more different sizes. If the dimensional error in a specific part of a printing object is critical, it should be printed with appropriate printing parameters selected based on the size of the part. Otherwise, we should print the object using the appropriate printing parameters selected under the printing condition in which the dimensional error in the third data is relatively large. Therefore, for a printing object of three different sizes, appropriate printing parameters are selected for the size of the printing object with the largest dimensional error. Thus, printing with these parameters can increase the dimensional accuracy of the printing object.

        We suppose that the printing material and infill ratios of 10%, 30%, and 50% were selected when considering the strength and weight reduction of the object. The appropriate extrusion temperature and dimensional error under these conditions are listed in Table 9. Table 9 shows two data: an appropriate extrusion temperature and a dimensional error. An appropriate extrusion temperature was selected to minimize the maximum dimensional errors measured for W1, W2, L, and H for three extrusion temperatures. The dimensional error is the value measured at an appropriate extrusion temperature. When the dimensional error forms a downward convex parabolic shape according to the extrusion temperature, we find a quadratic equation satisfying the three data points according to the extrusion temperature. We can then find an appropriate extrusion temperature and minimum dimensional error to improve the dimensional accuracy.

        
          Table 9: 
				
          

          
            Appropriate extrusion temperature (℃) and dimen-sional error (mm) according to the material and infill ratio of the printing object, respectively
          
          

        

        
          
            	Infill (%)
            	10
            	30
            	50
          

          
            	Material
          

          
            	PLA
            	195, 0.13
            	195, 0.14
            	211, 0.11
          

          
            	ABS
            	230, 0.13
            	240, 0.15
            	230, 0.06
          

          
            	HIPS
            	229, 0.09
            	240, 0.27
            	240, 0.14
          

          
            	PVA
            	195, 0.44
            	195, 0.36
            	195, 0.42
          

          
            	eSteel
            	200, 0.09
            	208, 0.05
            	200, 0.13
          

          
            	TPU
            	220, 0.13
            	211, 0.08
            	200, 0.21
          

        

        

        As shown in Table 9, considering only the dimensional accuracy, eSteel, TPU, and PLA were selected as printing materials under infill ratios of 10%, 30%, and 50%, respectively, for printing an object with various sizes of between 1 and 100 mm.

        In this paper, we proposed a method for finding a printing condition that can improve the dimensional accuracy of the printing object, given the material and size. This research procedure can be applied to improve the dimensional accuracy of the shape of the printing object, such as squares, rectangles, circles, and ellipses. In the future, if research such as this will be conducted, the dimensional accuracy can be improved in FDM-type 3D printing processes.

        In FDM-type 3D printing processes, the additive direction is also expected to affect the dimensional accuracy of the printed object. However, because the objective of this study is to select appropriate printing parameters according to the material and size of the printing object, lamination was applied automatically in the direction set by Simplify3D software during all experiments. Therefore, a study on the effect of the dimensional accuracy according to the additive direction is expected to be an excellent area of future research.

        In addition, studies evaluating the reliability of the selected printing parameters to improve the dimensional accuracy can be conducted in the future. The experimental data obtained under various conditions were statistically processed through an ANOVA analysis.

      

    

    

  
    
      4.Conclusion
      In FDM-type 3D printing processes, when the material and size of the printing object are given, printing parameters such as the extrusion temperature and infill can be appropriately selected to improve the dimensional accuracy of the printing object based on the experimental results. For this purpose, test specimens with different sizes were printed while varying the printing parameters of the extrusion temperature and infill. The dimensional error of the object was then measured and analyzed. Given the material and sizes of the printing object, it can be seen that the dimensional error has the characteristic of a straight line or a parabolic shape according to the changes in the extrusion temperature and infill, which are printing parameters. From the experimental results, the dimensional error in the z-axis is generally smaller than or equal to those in the x-and y-axes when selecting appropriate printing parameters. Therefore, it was found that, for the dimensional accuracy based on the size of the printing object, only the sizes along the x-and y-axes need to be considered. This can also improve the dimensional accuracy of FDM-type 3D printing processes through the selection of an appropriate printing material and appropriate printing parameters for simple-and general-sized printing objects.
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