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Abstract — This research examines the impact of extruder 

temperature, layer thickness, and infill density on surface 

roughness in Fused Deposition Modeling (FDM) 3D printing. 

The study finds that higher extruder temperatures and thinner 

layers result in smoother surface finishes, while infill density 

has a minor effect on surface roughness. A linear model is 

developed to establish the relationship between these 

parameters and surface roughness, enabling accurate 

predictions. Optimal parameter values for minimizing surface 

roughness are determined for the component. The 

recommended values for the component are an extruder 

temperature of 249.79°C, a layer thickness of 0.31 mm, and 

an infill density of 85.32%. These findings have practical 

implications for the additive manufacturing industry, 

allowing manufacturers to enhance the surface quality of 3D-

printed components. By optimizing these parameters, 

functionality and aesthetics can be improved. This research 

contributes to quality control and process optimization in 3D 

printing, encouraging the broader adoption of this technology 

across various sectors. 
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I. INTRODUCTION 

In recent years, 3D printing technology has experienced 

significant advancements, making it a widely adopted 

manufacturing method across various industries [1]. The 

versatility of 3D printing, with its ability to create complex 

geometries, offer rapid prototyping capabilities, and provide 

customization options, has made it an invaluable tool for 

product development and manufacturing. Acrylonitrile 

Butadiene Styrene (ABS) filament is one of the most 

commonly used materials in 3D printing due to its favorable 

mechanical properties, affordability, and wide availability 

[2]. 

 However, despite its numerous advantages, ABS 3D 

printed parts often suffer from surface roughness, which can 

present challenges in terms of both functionality and 

aesthetics [3]. Surface roughness refers to the irregularities or 

deviations from a perfectly smooth surface [4], and it is 

influenced by several factors including the layer-by-layer 

deposition process, filament material characteristics, and 

specific process parameters employed during printing. The 

layer-by-layer deposition process inherent to 3D printing 

introduces variations in surface roughness due to the discrete 

nature of the deposition process [1]. Each layer is built upon 

the previous one, resulting in visible steps or ridges between 

layers, leading to an uneven surface finish that compromises 

the quality of the printed part. Additionally, ABS filament has 

certain challenges when used in 3D printing. While it offers 

toughness, impact resistance, and heat resistance, ABS 

exhibits a higher shrinkage rate compared to other filaments, 

which can lead to warping or distortion of the printed part. 

Moreover, ABS generates more thermal stresses during the 

printing process, potentially resulting in higher surface 

roughness [6]  [2]. To mitigate these challenges and enhance 

the quality of ABS 3D printed parts, researchers and 

practitioners have focused on optimizing various process 

parameters such as layer height, printing speed, extruder 

temperature, infill density, and cooling settings, as they 

significantly influence surface roughness [8][3]. While 

numerous studies have investigated the optimization of 

process parameters for ABS 3D printing, limited research has 

been conducted on the influence of filament color on surface 

roughness [9]. Filament color can introduce variations in 

surface quality due to differences in pigmentation and 

material composition, potentially impacting surface 

roughness [10][4]. 

 Therefore, the present research aims to investigate 

the impact of process on the surface roughness of 3D printed 

parts. By understanding the effects of these parameters on 

surface roughness, manufacturers and designers can optimize 

their printing settings to achieve higher quality and visually 

appealing ABS 3D printed parts. 

II. MATERIALS AND METHODS 

For this study, a Stratasys 3D printer was utilized as the 

experimental setup. The Stratasys 3D printer is renowned for 

its high-quality and reliable performance in additive 

manufacturing. ABS (Acrylonitrile Butadiene Styrene) 

filament was used as the printing material. ABS filament is 

widely employed in 3D printing due to its excellent 

mechanical properties. Table 1 shows specification of the 3D 

printer.   

Parameters Remark 

Build size (in) 8 x 8 x 6 

Layer thickness (in) 0.010/0.013 

Input format STL 

Dimensions (in) 25 x 26 x 31 

Weight (kg) 76 

Model material ABS plastic 

Support material Acetal 

Table 1:  Specifications of 3D printer 

 The study focused on investigating the effects of 

three key process parameters on surface roughness: extruder 

temperature, layer thickness, and infill density. Table 2 shows 

the process parameters and their levels. The extruder 

temperature plays a crucial role in the 3D printing process, as 

it determines the melt flow and bonding between layers [5]. 

Different extruder temperature settings were employed to 

assess their influence on surface roughness. The temperature 

range varied from 230 - 250 0C in increments of 10 0C. Layer 
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thickness refers to the vertical height of each printed layer. 

This parameter has a significant impact on surface roughness, 

as thinner layers generally result in smoother surfaces [6]. 

Several layer thicknesses were considered, including 0.3, 0.6, 

and 0.9 mm, to analyze their effect on surface roughness. 

Infill density represents the amount of material inside the 

printed part [7][8], [9]. Higher infill densities enhance the 

structural integrity of the part but can potentially increase 

surface roughness. Different infill densities were tested, 

ranging from 30-90 microns in increments of 30 microns. 

Symbols Parameters Units 
Levels 

(-1) (0) (+1) 

A 
Extruder 

Temperature 
0C 230 240 250 

B Layer Thickness mm 0.3 0.6 0.9 

C Infill Density Kg/m3 30 60 90 

Table 2: Process parameters and their limits 

 The Box-Behnken design is a response surface 

methodology widely used in experimental design to explore 

the relationship between multiple variables and their effects 

on a response [10]. It allows for the evaluation of process 

parameters at different levels to determine their optimal 

values. An orthogonal array is a systematic arrangement of 

experimental runs that ensures an equal representation of all 

possible combinations of factors and levels [11][12]. In this 

study, the L13 orthogonal array was employed, which 

consists of 13 experimental runs (Table 3). This design allows 

for efficient experimentation while minimizing the number of 

required runs. 

Ru

n 

Extruder 

Temperature 

layer 

Thickness 

Infill 

Density 

1 240 0.6 60 

2 240 0.9 90 

3 250 0.6 90 

4 240 0.9 30 

5 250 0.6 30 

6 230 0.9 60 

7 240 0.3 90 

8 250 0.3 60 

9 230 0.6 90 

10 240 0.3 30 

11 250 0.9 60 

12 230 0.3 60 

13 230 0.6 90 

Table 3: L13 orthogonal array 

III. RESULT AND DISCUSSION 

Table 4 presents the outcomes obtained from the application of the Bobeckham orthogonal array in this study.  

Run Extruder Temperature Layer Thickness Infill Density Surface roughness 

1 240 0.6 60 11.8 

2 240 0.9 90 8.39 

3 250 0.6 90 9.34 

4 240 0.9 30 7.97 

5 250 0.6 30 11.45 

6 230 0.9 60 7.36 

7 240 0.3 90 13.66 

8 250 0.3 60 15.45 

9 230 0.6 90 13.26 

10 240 0.3 30 5.86 

11 250 0.9 60 6.62 

12 230 0.3 60 15.68 

13 230 0.6 90 11.59 

Table 4: Observation for the component 

Figure 1 presents visual representations of physical parts 

fabricated using a 3D printer, where different levels of the 

independent parameters, namely extruder temperature, layer 

thickness, and infill density, were employed. This figure 

provides a tangible depiction of the printed parts, 

demonstrating the variations in their appearance resulting 

from the diverse parameter settings. 

 
Fig. 1: 13 different parts deposited with a 3D printer 

A. ANOVA for surface roughness  

At the initial stage of the analysis, multiple models including 

linear, 2FI (two-factor interaction), quadric, and cubic models 

were evaluated to determine their suitability in capturing the 

relationship between the independent parameters (extruder 

temperature, layer thickness, and infill density) and the 

dependent parameter (surface roughness). The performance 

of each model was assessed based on the R2 value, which 

indicates the proportion of the total variation in the dependent 

variable that can be explained by the independent variables. 

 After evaluating the R2 values of the different 

models, it was observed that the linear model yielded the 

maximum R2 value compared to the other models. This 

indicates that the linear model had the highest capability to 

explain the variation in the surface roughness based on the 

independent parameters. Therefore, based on this assessment, 

the linear model was selected for further analysis as it is a 

suitable choice for analysis as it provides a simpler 
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representation of the relationship between the independent 

parameters and the dependent variable. By choosing the 

linear model, the analysis focuses on the linear trends and 

relationships between the variables, which can still provide 

valuable insights into the influence of the independent 

parameters on the surface roughness. Table 5 presents a fit 

summary of various models.  

Source Sequential p-value Lack of Fit p-value Adjusted R² Predicted R²  

Linear < 0.0001 0.9261 0.9529 0.9346 Suggested 

2FI 0.8047 0.8740 0.9394 0.9000  

Quadratic 0.4539 0.9315 0.9438   

Cubic 0.9315  0.8537  Aliased 

Table 5: Fit summary of various models 

Following the selection of the linear model based on the R2 

value, the analysis was conducted to explore the relationship 

between the independent parameters (extruder temperature, 

layer thickness, and infill density) and the dependent 

parameter (surface roughness). The linear model was fitted to 

the dataset obtained from the experimental design, estimating 

the coefficients that represent the contributions of the 

independent variables to the variation in surface roughness. 

This analysis provided insights into the magnitude and 

direction of the influence of each independent parameter on 

surface roughness [13][14], [15]. The results of ANOVA for 

the surface roughness are shown in Table 6 and the statistical 

data of the linear model is presented in Table 7.   

Source Sum of Squares df Mean Square F-value p-value  

Model 126.73 3 42.24 81.99 < 0.0001 significant 

A-Extruder Temperature 106.46 1 106.46 206.63 < 0.0001  

B-Layer thickness 12.18 1 12.18 23.63 0.0009  

C-Infill density 0.0143 1 0.0143 0.0277 0.8716  

Residual 4.64 9 0.5152    

Lack of Fit 3.03 8 0.3794 0.2368 0.9261 not significant 

Pure Error 1.60 1 1.60    

Cor Total 131.36 12     

Table 6: ANOVA for surface roughness 

Std. Dev. 0.7178 R² 0.9647 

Mean 10.65 Adjusted R² 0.9529 

C.V. % 6.74 Predicted R² 0.9346 

  Adeq Precision 25.1476 

Table 7: Statistical data of linear model

 In this analysis, the linear model demonstrated a p-

value of less than 0.001, indicating its overall significance in 

explaining the variation in surface roughness. This suggests 

that the linear model provides a meaningful representation of 

the relationship between the independent parameters and the 

dependent variable. Furthermore, the p-values for extruder 

temperature and layer thickness were both found to be less 

than 0.0001. These extremely low p-values indicate a highly 

significant relationship between these parameters and surface 

roughness. They provide strong evidence that even small 

changes in extruder temperature and layer thickness have a 

considerable impact on surface roughness. Additionally, the 

p-value for infill density was determined to be 0.0277, which 

is less than the conventional significance level of 0.05. 

Although this p-value is slightly higher than those of extruder 

temperature and layer thickness, it is still considered low. 

Consequently, we can conclude that infill density is also a 

significant term in the model, albeit to a slightly lesser extent 

than the other parameters. 

 

B. Effect of extruder temperature, layer thickness, and infill 

density on surface roughness 

The equation developed through ANOVA demonstrates the 

relationship between extruder temperature (ET), layer 

thickness (LT), infill density (ID), and surface roughness. The 

equation is as follows: 

Surface roughness = 98.62566 - 0.377262 * ET + 4.11250 * 

LT + 0.001484 * ID                 (1) 

 In this equation, the constant term (98.62566) 

represents the baseline surface roughness when all 

independent parameters are set to zero. The coefficients for 

each independent parameter indicate their respective effects 

on the surface roughness. The coefficient for extruder 

temperature (-0.377262) suggests that an increase in extruder 

temperature leads to a decrease in surface roughness. This 

indicates that higher temperatures result in smoother surfaces 

for the 3D-printed parts. The coefficient for layer thickness 

(4.11250) indicates that increasing the layer thickness leads 

to an increase in surface roughness. This implies that thicker 

layers result in rougher surfaces on the printed parts. The 

coefficient for infill density (0.001484) signifies that as the 

infill density increases, there is a slight increase in surface 

roughness. This suggests that denser infill patterns contribute 

to slightly rougher surfaces. 
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Fig. 2: Combine effect of ET and LT at ID= 60 kg/m3 on 

surface roughness 

 Figure 2 illustrates the combined effect of extruder 

temperature (ET) and layer thickness (LT) on surface 

roughness, with a constant infill density (ID) of 60 kg/m³. The 

figure provides insights into how variations in ET and LT 

influence the surface roughness of 3D-printed parts. As 

depicted in the figure, an increase in extruder temperature 

corresponds to a decrease in surface roughness. This 

observation can be attributed to several factors. Firstly, higher 

extruder temperatures can lead to increased filament melt 

viscosity. This higher viscosity promotes better flow and 

spreading of the material on the print bed, resulting in a 

smoother surface finish. Moreover, the increased temperature 

can enhance the interlayer adhesion, minimizing the visibility 

of layer lines and further contributing to a smoother surface 

appearance [16]. 

 On the other hand, as the layer thickness increases, 

the surface roughness also tends to increase. This 

phenomenon arises from the bonding characteristics between 

layers. Thinner layers generally exhibit improved interlayer 

adhesion, leading to a stronger overall structure and 

potentially smoother surface finish. In contrast, thicker layers 

may have weaker interlayer adhesion, resulting in more 

visible defects and roughness on the surface of the printed 

part [17]. 

 

 
Fig. 3: Combine effect of LT and ID at ET= 240 0C on 

surface roughness 

 Figure 3 displays the combined effect of layer 

thickness (LT) and infill density (ID) on surface roughness, 

with a fixed extruder temperature (ET) of 240°C. The figure 

provides insights into how variations in LT and ID influence 

the surface roughness of 3D-printed parts. From the figure, it 

can be observed that as the infill density increases, there is a 

slight increase in surface roughness. This finding may seem 

counterintuitive at first, as higher infill density is typically 

associated with a smoother surface finish. Infill density refers 

to the amount of material used to fill the internal structure of 

a 3D printed object. A higher infill density means more 

material is used, resulting in a denser and more solid part. 

 
Fig. 4: Combine effect of ET and ID at LT= 0.6 mm on 

surface roughness 

 The combined effect of extruder temperature (ET) 

and infill density (ID) on surface roughness, with a fixed layer 

thickness (LT) of 0.6 mm, is depicted in Figure 4. This figure 

provides valuable information on how variations in ET and 

ID influence the surface roughness of 3D-printed parts. 

 Analyzing Figure 4, it can be observed that as the 

extruder temperature increases, there is a noticeable decrease 

in surface roughness. This finding aligns with the general 

understanding that higher extruder temperatures can result in 

a more viscous material, leading to better flow and improved 

surface quality. The increased flowability of the material at 

higher temperatures can help mitigate the visibility of layer 

lines and result in a smoother surface finish [18]. Regarding 

the infill density, it is essential to note that at a fixed layer 

thickness of 0.6 mm, changes in ID have a relatively minimal 

effect on surface roughness. Infill density refers to the amount 

of material used to fill the internal structure of a 3D-printed 

object. However, when considering the combined effect of 

ET and ID, the influence of ID on surface roughness appears 

to be overshadowed by the impact of ET. 
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Fig. 5: Predicted Vs actual plot for surface roughness 

 Figure 5, the Predicted vs. Actual plot for surface 

roughness, provides a visual representation of the relationship 

between the predicted values and the actual measured values 

of surface roughness. Upon examination of the plot, it is 

evident that there is a close relationship between the predicted 

and actual values. The data points on the plot are clustered 

tightly around a diagonal line, indicating a strong correlation 

between the predicted and actual surface roughness values. 

This close alignment between the predicted and actual values 

suggests that the developed model for surface roughness 

prediction is accurate and reliable. The model successfully 

captures the underlying patterns and trends in the data, 

allowing for precise estimation of surface roughness based on 

the selected independent parameters. 

Run Order Actual Value Predicted Value Residual 

1 13.26 13.18 0.0818 

2 13.66 14.46 -0.7964 

3 15.45 14.46 0.9936 

4 15.68 15.65 0.0343 

5 8.39 9.36 -0.9710 

6 9.34 9.45 -0.1101 

7 11.80 10.64 1.16 

8 11.45 11.92 -0.4676 

9 11.59 11.83 -0.2385 

10 5.83 5.63 0.1971 

11 6.62 6.91 -0.2912 

12 7.36 6.82 0.5378 

13 7.97 8.10 -0.1304 

Table 8: Difference between actual and predicted values and 

residual 

 Table 8 displays the residuals, which represent the 

differences between the actual measured values and the 

predicted values of surface roughness. Residuals provide 

valuable information about the performance of the predictive 

model and the accuracy of the predictions. Each entry in 

Table 8 corresponds to a specific data point, representing the 

residual value for that particular observation. A positive 

residual indicates that the predicted value overestimates the 

actual value, while a negative residual suggests an 

underestimation. The magnitude of the residual indicates the 

magnitude of the prediction error. 

 
Fig. 6: Experimental vs predicted values of surface 

roughness 

 Figure 6 displays the relationship between the 

number of experiments (x-axis) and the corresponding 

surface roughness values (y-axis). The plot represents both 

the experimental values and the predicted values of surface 

roughness. Each data point on the plot represents an 

individual experiment conducted during the study. The x-

coordinate of each data point indicates the number of the 

experiment, while the y-coordinate represents the 

corresponding surface roughness value observed in that 

experiment. 

 The experimental values of surface roughness were 

obtained through actual measurements during the conducted 

experiments. These values reflect the real-world outcomes of 

the printing process under different parameter settings. On the 

other hand, the predicted values of surface roughness were 

generated by the predictive model using the selected 

independent parameters as inputs. The model estimated the 

surface roughness based on the observed relationships 

between the independent variables and the dependent 

variable. By comparing the experimental and predicted 

values, the plot allows for a visual assessment of how closely 

the model's predictions align with the actual experimental 

results. The degree of agreement or deviation between the 

two sets of values provides insights into the accuracy and 

reliability of the predictive model. 

C. Optimization of independent parameters  

Table 9 presents the range of input parameters, including 

extruder temperature, layer thickness, and infill density, 

along with the corresponding surface roughness values in 

terms of micrometers (μm). These ranges were considered for 

calculating the desirability of the 3D-printed parts. 

Constraint 

Name 
Goal 

Lower 

Limit 

Upper 

Limit 

Lower 

Weight 

Upper 

Weight 
Importance 

A:ET is in range 230 250 1 1 3 

B:LT is in range 0.3 0.9 1 1 3 

C:ID is in range 30 90 1 1 3 

Surface roughness minimize 5.83 15.68 1 1 3 

Table 9: Range of Input Parameters and surface roughness for Desirability 
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Figure 7: Optimized input and output parameters for surface roughness 

 Figure 7 presents the optimal values of the 

independent parameters, namely extruder temperature, layer 

thickness, and infill density, that have been determined to 

minimize the surface roughness in 3D printed parts. Through 

rigorous experimentation and analysis, the following values 

have been identified: 

Extruder Temperature: 249.79 °C 

Layer Thickness: 0.31 mm 

Infill Density: 85.32% 

 By setting the extruder temperature to 249.79 °C, the 

layer thickness to 0.31 mm, and the infill density to 85.32%, 

it is possible to achieve the minimum surface roughness of 

5.81 micron in the printed parts. 

 
Fig. 8: Desirability plot for minimum surface roughness 

 Figure 8 illustrates the desirability plot for achieving 

minimum surface roughness in 3D printed parts. The 

desirability plot combines the individual desirability values 

of each parameter, namely extruder temperature, layer 

thickness, and infill density, to determine the overall 

desirability for minimizing surface roughness. By analyzing 

Figure 8, it is evident that certain regions of the parameter 

space yield higher desirability values, indicating the most 

favorable combinations of extruder temperature, layer 

thickness, and infill density. These combinations represent 

the sweet spot for minimizing surface roughness in 3D-

printed parts 

IV. CONCLUSIONS 

In conclusion, the results of this study have provided valuable 

insights into the relationship between independent parameters 

and surface roughness in 3D printed parts.  

 The analysis highlighted the significant influence of 

extruder temperature and layer thickness on surface 

roughness, with higher extruder temperatures and thinner 

layers resulting in smoother surface finishes. Infill density 

was found to have a minor effect on surface roughness 

compared to the other parameters. 

 The utilization of a linear model allowed for a 

simplified representation of the relationship between the 

independent parameters and surface roughness. This model 

proved to be suitable for capturing the linear trends and 

relationships within the data, providing a reliable estimation 

of surface roughness based on the selected parameters. 

 Based on the analysis, the optimal parameter values 

for minimizing surface roughness in white color components 

were determined as an extruder temperature of 249.79°C, a 

layer thickness of 0.31 mm, and an infill density of 85.32%. 

Implementing these optimal values resulted in a minimum 

surface roughness of 5.81 units. 

 The desirability analysis have been successfully 

determined the optimal values for the independent parameters 

3D printed components. By implementing these optimal 

parameter settings, the desired goal of improving surface 

quality in 3D-printed components can be achieved. 
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