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Abstract: Three-dimensional (3D) printing, especially using fused deposition modeling (FDM), enables the creation of 

complex shapes while reducing material waste via a layer-by-layer deposition method. Determining the optimal printing 

parameters to improve the mechanical properties of printed components is a considerable problem. This study investigates 

the influence of printing factors, such as layer thickness, infill density, and printing speed, on the tensile and compressive 

properties of polylactic acid (PLA)-carbon fiber composites. A Taguchi orthogonal array design was utilized to examine 

nine experimental combinations of printing parameters and their impact on mechanical p. The results demonstrate that a 

layer thickness of 0.4 mm and an infill density of 80% yield a maximum tensile strength of 54.98 MPa. A layer thickness of 

0.3 mm, an infill density of 80%, and a printing speed of 60 mm/s yield a compressive strength of 63.19 MPa. This study 

offers a thorough examination of parameter interactions and their effects, corroborated by scanning electron microscopy, 

setting it apart from previous research. The results offer substantial insights for optimizing the FDM process related to 

PLA-carbon fiber composites. 

Keywords: Fused deposition modeling; three-dimensional printing; polyactide–carbon fiber; scanning electron microscopy; 

Taguchi method 

 

1. INTRODUCTION  
 

Fused Deposition Modeling (FDM), has attracted considerable interest for its capacity to produce intricate 

structures with minimal waste. Polylactic acid (PLA) has been a favored material in 3D printing owing to its 

biodegradability and diverse applications, including medical devices and packaging [1]. Nonetheless, the 

comparatively low mechanical strength of PLA restricts its employment in high-performance contexts, requiring 

investigations into reinforcement methods, especially the incorporation of carbon fibers, to improve its 

mechanical characteristics [2, 3]. Several printing parameters—including printing speed, infill density, and layer 

thickness—affect the mechanical characteristics of 3D-printed parts, including tensile and compressive 

strengths. 

The three factors have been extensively studied because of their direct influence on the internal structure and 

interlayer adhesion of printed components [4, 5, 6]. The Taguchi approach was used in studies to evaluate how 

these factors affected the compressive strength of PLA-based scaffolds [4]. Similarly, another study [7] showed 

how important these factors were for the mechanical characteristics of 3D-printed carbon fiber–PLA 

composites. Other studies have looked at how changing these factors may improve the mechanical 

characteristics of PLA composites [8, 9, 10]. Using the Taguchi approach, a study methodically evaluated how 

printing speed, infill density, and layer thickness affected the tensile strength of carbon fiber-reinforced PLA 
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composites [8]. The study revealed that layer thickness significantly influenced tensile strength, while infill 

density also played a crucial role, while printing speed had a lesser impact. Our study extends this research by 

applying identical parameters to PLA-carbon fiber composites utilizing the Taguchi method, incorporating nine 

experimental variations. Specifically looking at the relationship between tensile and compressive strengths in 

carbon fiber-reinforced PLA, we expand our study to cover both. Particularly stressing the interaction between 

tensile and compressive strengths, an area that has been under-researched in other studies, this approach offers 

deep insights into the combined influence of several factors. 

Apart from these main 3D printing parameters, extrusion temperature, nozzle size, and printing patterns are 

other elements that greatly affect the mechanical characteristics of produced components. 

For instance, extrusion temperature directly affects the bonding between printed layers, with optimal 

temperatures improving layer adhesion and mechanical strength [11]. Similarly, nozzle diameter impacts 

precision and material deposition, where smaller nozzles can produce finer details but larger nozzles enable 

faster printing, potentially sacrificing resolution [12]. Printing patterns affect internal structure and force 

distribution, as differing infill orientations yield different tensile and compressive strengths [13]. Despite the 

comprehensive research, the combined impact of printing speed, infill density, and layer thickness on the tensile 

and compressive strengths of PLA-carbon fiber composites remains inadequately investigated. While previous 

research has examined these characteristics either in isolation or within disparate contexts [14, 15], there is a 

gap in the literature regarding their systematic evaluation for composite materials. Additionally, although there 

are existing studies on the optimization of these parameters, many have not specifically addressed the interplay 

of these factors in PLA-carbon fiber composites, which are known to exhibit complex mechanical behaviors due 

to their anisotropic nature [16, 17, 18]. 

Using the Taguchi approach to systematically investigate the effects of printing speed, infill density, and layer 

thickness on the tensile and compressive strengths of PLA-carbon fiber composites, we seek to fill this gap in 

this work. A design of experiments approach was used to test nine different combinations of these variables in 

order to find the optimal values improving the tensile and compressive strength of the composite material. This 

study aims to help 3D printing procedures for PLA-carbon fiber composites by emphasizing these important 

elements, hence setting itself apart from earlier studies that have either investigated fewer variables or other 

materials [19]. 

 

2. MATERIALS AND METHODS 

 

2.1 . Material 

A polylactic acid filament with a carbon-fiber composite has been used in this study. The filament measures 

1.75 mm and is sourced from SUNLU (Sunlu, Zhuhai). The manufacturer's specifications indicate that the 

filament comprises 70%–80% polylactide resin, 10%–20% carbon fiber, and 10% additives. The manufacturer 

advises utilizing a hardened steel nozzle with a diameter of 0.6 mm or larger, given the abrasive characteristics 

of carbon fiber, to avoid clogging and minimize wear. Although smaller nozzles (e.g., 0.4 mm) are commonly 

used for pure PLA, the composite material requires a larger nozzle to accommodate fiber particles and avoid 

damage.  

Based on this recommendation, a 0.8-mm hardened steel nozzle was used in this study, offering several key 

advantages. The larger diameter reduces the risk of clogging, ensures smooth extrusion, and minimizes 

mechanical wear, making it more suitable for carbon-fiber composites large nozzle also helps to create thick 

extrusion layers, consequently improving layer adhesion, which is especially important for optimizing the 

mechanical properties of the composite. A different study [20] on carbon-fiber-reinforced PLA composites 

underlined the effect of nozzle diameter on mechanical parameters, including tensile strength and fatigue life. 

Their findings show that a large nozzle diameter enhances the strength and print consistency, particularly for 

abrasive materials like carbon-fiber composites. This supports the use of a 0.8-mm nozzle as it minimizes 

clogging and improves the extrusion quality, leading to better overall mechanical properties. Table 1 shows the 

filament specifications. 

 

2.2. Method 

Before the experiment, the printing parameters (speed, infill density, and layer thickness) were determined. The 

manufacturer recommended a bed temperature of 60°C to 80°C and a printing temperature of 200°C to 230°C. 

Based on our initial printing test using our 3D printer, a nozzle temperature of 200°C and a bed temperature of 

80°C were chosen because they produce consistent results and exhibit less failure. While the extrusion 

temperature was set to 200°C, variations in the extrusion temperature could considerably affect the material 

viscosity, as highlighted by [21], which could in turn influence the layer bonding and tensile strength of the 
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composite. While high extrusion temperatures might improve the interlayer adhesion, they could cause issues 

such as warping if not controlled properly. By orienting rasters in the direction of the applied force, the raster 

angle was set at 0°, hence producing ideal tensile results. Still, [22] found that usually increasing anisotropy 

with a raster angle of 0° made the material more prone to breaking under multidirectional pressures. Alternative 

raster angles, such as +45°/−45°, could improve isotropy and better distribute mechanical forces across multiple 

directions. Thus, raster angle selection should be based on the intended application of printed components to 

find a balance between strength and flexibility. The layer thickness used was 0.2, 0.3, or 0.4 mm, printing speed 

of 30, 60, or 90 mm/s was used, and the infill density was set to 20%, 50%, or 80%. The values of these 

parameters were determined based on the midpoint of each printing parameter, which is the default setting of the 

3D printer. The printer was an Artillery Sidewinder X1 3D printer (Shenzhen, China), and its control parameters 

are listed in Table 2. 

Table 1. Physical properties of the filament according to manufacturer. 

 

Properties 

 
Value 

Print temperature (C°) 200–230 

Bed temperature (C°) 60 

Density (g/cm) 90 

Heat distortion temperature 

(C°, 0.45 MPa) 

30 

Melt flow index (g/10 min) 60 

Tensile strength (MPa) 90 

Elongation at break (%) 30 

Flexural strength (MPa) 60 

Flexural modulus (MPa) 90 

Izod impact strength (kj/m) 4 

Table 2.Printing parameters recommended by the manufacturer. 

 

Properties 

 
Value 

Nozzle diameter (mm) 0.8 

Printing temperature (C°) 200 

Raster angle (°) 0.0 

Bed temperature (C°) 80 

Infill density (%) 20, 50, and 80 

Infill pattern Cubic 

Layer height (mm) 0.2, 0.3, and 0.4 

Wall count 2 

Top layer  4 

Bottom layer 4 

Nozzle diameter (mm) 0.8 

 

2.3 . Sample Preparation 

Mechanical tests were conducted on a universal testing machine. The tensile and compressive strength tests 

adhered to ASTM standards D638 Type-IV and D695, respectively. The ASTM D638 Type-IV standard 

mandates that tensile tests be conducted on dog-bone shaped specimens, which are optimal for evaluating very 

soft polymers and for comparing materials of varying stiffness. The specimens must possess a gage length of 25 

mm, a narrow parallel section width of 6 mm, shoulders measuring 19 mm in width, and an overall length of 

115 mm.. The thickness is material-dependent but typically falls within the 3–14 mm range. Specimens of 

thickness 3 mm were prepared for the present study. This specific geometry properly balances the gripping 
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strength against stress concentration along the gage length, allowing accurate tensile testing of soft materials. 

The developed design is illustrated in Figure 1.  

 
Fig 1. Isometric view of a specimen designed for tensile tests according to the ASTM D638 Type-IV standard using 

SolidWorks 2022 

 

Compressive tests were performed on cylindrical specimens. A specimen of the common dimensions (diameter 

= 12.7 mm; length = 25.4 mm) is compact and ideally suited for measuring various compressive properties such 

as ultimate strength and modulus. The design is shown in Figure 2. To establish an effective table for measuring 

the variations among the samples, this study implements the Taguchi technique using Minitab 21.0 (Minitab, 

USA) software. Table 2 shows the printing parameters selected for tensile and compressive tests of the PLA–

carbon fiber. The Minitab package allows use of the Taguchi method, which allows systematic optimization of 

product or process performance, reduces variability, and improves quality while also considering the cost 

factors.  

 
Fig 2. Isometric view of the cylindrical specimens designed for compressive tests according to the ASTM D695-15 

standard using SolidWorks 2022 

 

The efficient design of experiments, statistical analysis, and robustness focus of the Taguchi method improve 

the outcomes and increase the efficiency of engineering and manufacturing processes. In this study, nine runs of 

experiments (three levels each of the layer thickness, printing speed, and infill density) were designed for the 

tensile tests. Further, another nine runs of experiments were designed for the compressive tests. Each run of the 

experiment was repeated 5 times to ensure data consistency and reliability; hence, from 9 runs each of tensile 

and compressive strength experiments, 90 samples were produced and tested in total during this study. 
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3. RESULTS 

 

3.1. Experimental results of tensile strength 

A total of nine runs of the experiment were performed for the tensile strength test. Each run of the experiment 

was repeated 5 times to ensure data reliability and consistency. Forty-five samples of PLA–carbon fiber were 

3D-printed using the FDM process. The tensile strength data were analyzed using the Taguchi method, and 

tensile tests were conducted on a universal tensile machine (SHIMADZU AGS-5KNX, Kyoto, Japan) under 

controlled laboratory conditions. The testing speed was set to 10 mm/min as per the ASTM D638 Type-IV 

standards. The tests were performed at room temperature (23°C) and 50% relative humidity to ensure 

consistency across all trials. These environmental conditions were maintained to minimize any variation in the 

mechanical properties that could be attributed to external factors such as temperature or humidity. For tensile 

tests, strain was measured experimentally using an extensometer attached to the specimen during testing with a 

SHIMADZU AGS-5KNX machine. This ensured precise deformation tracking. The tensile strain data were 

recorded directly from the displacement of the extensometer, which enabled highly accurate strain 

measurement. A sample with higher tensile strength is resistant to breakage under tension, indicating superior 

strength and durability. Conversely, a sample with lower tensile strength is easily deformed. Table 3 displays 

the experimental results of the samples with different printing parameters. The tensile strength of each sample 

was measured 5 times (n = 5), and the results were averaged to obtain a precise final result. 

 

Table 3. Results of tensile test 

Run 
Layer Thickness 

(mm) 

Printing Speed 

(mm/s) 

Infill Density 

(%) 

Average Tensile 

Strength  

(MPa) 

1 0.2 30 20 41.65 

2 0.2 60 50 42.83 

3 0.2 90 80 48.84 

4 0.3 30 50 43.71 

5 0.3 60 80 46.18 

6 0.3 90 20 43.16 

7 0.4 30 80 54.98 

8 0.4 60 20 48.14 

9 0.4 90 50 51.22 

 

Table 3 indicates that a layer thickness of 0.4 mm, an infill density of 80%, and a printing speed of 30 mm/s 

(experimental run 7) maximized the tensile strength at 54.98 MPa. The second and third best designs were 

experimental runs 9 and 3, with average tensile strengths of 51.22 MPa and 48.84 MPa, respectively. By 

comparison, experimental run 1, defined by a layer thickness of 0.2 mm, an infill density of 20%, and a printing 

speed of 30 mm/s, produced the lowest tensile strength at 41.65 MPa. While Figure 3b shows those for Run 7, 

showing the lowest and highest tensile strength values, respectively, Figure 3a shows the tensile stress–strain 

curves for Run 1. Sample 1's condition following the tensile test is seen in Figure 4. 

The tensile stress-strain curves showing the mechanical characteristics of two samples—Run 1, showing the 

lowest tensile strength, and Run 7, showing the highest tensile strength—are shown in Figures 3a and 3b. As 

illustrated in Figure 3a, Run 1, printed at a lower infill density (20%), exhibited a strain-to-break of 26%, even 

though its tensile strength was relatively low at 41.65 MPa. The higher strain-to-failure suggests that, despite its 

lower tensile strength, Run 1 retained more flexibility and deformed significantly before failure. This behavior 

is likely due to the less rigid internal structure, which allowed for greater elongation under tensile load before 



 

113 
 

fracturing. By contrast, Figure 3b shows that Run 7, printed at 80% infill density, exhibited a much higher 

tensile strength of 54.98 MPa but had a lower strain of approximately 8%.  

 

Fig 3 . Tensile stress–strain curves of a) experimental run 1 and b) experimental run 7 

 

 
Fig 4 . Sample Run 1 after the tensile test (layer thickness = 0.2 mm, printing speed = 30 mm/s, infill density = 20%) 

 

The reduced strain-to-failure indicates that the brittleness of the material increased with the tensile strength. The 

denser internal structure, while improving strength, reduced the composite’s ability to deform under load, 

leading to fracture occurrence earlier than that observed in Run 1. These results were consistent with literature. 

Studies have shown that carbon-fiber-reinforced PLA composites exhibited increased strength with increasing 

infill densities but tended to break more suddenly under tensile stress [23]. Similarly, the addition of chopped 

carbon fibers improved tensile strength but might reduce ductility, resulting in lower strain-to-failure [24]. The 
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higher strain observed at break in Run 1 (26%) than in Run 7 (8%) could be attributed to internal voids in Run 

1, which allowed for more elongation before failure, while the denser structure in Run 7 limited deformation. 

Thus, an increased infill density reduces voids and enhances material rigidity, which can improve strength but 

reduce flexibility [25]. 

 

3.2. Experimental results of compressive strength 

This subsection applies the Taguchi method to the compressive strength data of 45  PLA–carbon-fiber samples 

3D-printed using the FDM processFollowing ASTM D695 standards, universal tensile machines( SHIMADZU 

AGS-5KNX and SHIMADZU UH-X/FX Series) were used to conduct compressive testing at a constant speed 

of 10 mm/min. To offer consistent testing conditions, the studies were carried out under same environmental 

conditions—room temperature of 23°C and 50% relative humidity. Additionally, SHIMADZU AGS-5KNX was 

used for analyzing specimens expected to withstand loads below 60 MPa, while UH-X/FX Series was employed 

for higher load-bearing specimens, which provides accurate results for samples requiring forces up to 100 MPa. 

Samples 1, 2, 6, and 8 were tested on the AGS-5KNX model, which cannot exert more than 60 MPa whereas 

samples 3, 4, 5, 7, and 9 were tested on the UH-X/FX Series, which exerts a maximum force of 100 MPa. For 

compression tests, strain was determined by the displacement of the compression plates on the SHIMADZU 

UH-X/FX Series machine. The machine calculated the strain based on changes in the specimen length during 

the application of compressive force. In compressive tests, samples with higher compressive strength, such as 

Run 5 (63.19 MPa), demonstrated superior load-bearing capacity with minimal deformation. This finding was 

consistent with [16], which reported that higher infill densities in PLA composites lead to a denser internal 

structure, improving the load distribution and compressive strength. The microstructural analysis shown in 

Figure 15 confirms this observation as samples with higher infill density showed fewer internal voids, leading to 

enhanced structural integrity. Table 4 presents the experimental outcomes of the samples produced under 

various printing conditions. The compressive strength of each sample was assessed five times. (n = 5) and the 

results were averaged to provide a precise final result. 

Table 4 . Results of  test 

Run 
Layer Thickness 

(mm) 

Printing Speed 

(mm/s) 

Infill Density  

(%) 

Average Strength 

(MPa) 

1 0.2 30 20 37.82 

2 0.2 60 50 35.35 

3 0.2 90 80 51.63 

4 0.3 30 50 49.11 

5 0.3 60 80 63.19 

6 0.3 90 20 38.80 

7 0.4 30 80 61.08 

8 0.4 60 20 36.57 

9 0.4 90 50 47.56 

 

In Table 4, Experimental Run 5, defined by a layer thickness of 0.3 mm, an infill density of 80%, and a printing 

speed of 60 mm/s, indicates the compressive strength reaching its peak at 63.19 MPa. With average compressive 

strengths of 61.08 MPa and 51.63 MPa, respectively, experimental Runs 7 and 3 were the second and third top 

performers. However, experimental Run 2, defined by a layer thickness of 0.2 mm, an infill density of 50%, and 

a printing speed of 60 mm/s, had the lowest compressive strength at 35.35 MPa. While Figure 6 shows the state 

of the sample from experimental Run 2 after compressive testing, Figure 5 shows the compressive stress-strain 

curves from the experiment for the least compressive value (Run 2). 
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Fig 5 . Compressive stress–strain curves of  experimental run 2 

 

 
Fig 6 . Sample 2 after the compressive test (layer thickness = 0.2 mm, printing speed = 30 mm/s, and infill density = 20%) 

 

4. RESULTS AND DISCUSSION 

 

4.1. Analysis of variance of tensile strength 

The means among the experimental groups were compared using the Analysis of Variance (ANOVA) 

technique. The ANOVA results are listed in Table 5. 

 

Table 5. Results of the ANOVA tests on tensile strength 

Source DFa Adj SSb Adj MSc F-Value 

Layer Thickness 2 99.464 49.7321 138.69 

Printing Speed 2 6.146 3.0731 8.57 

Infill Density 2 51.517 25.7587 71.84 

Error 2 0.717 0.3586  

Total 8 157.845   

aDegrees of freedom; b[Adjusted sum of squares]; c[Adjusted mean squares] 
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The ANOVA test at the 0.05 significance level indicated that layer thickness (p = 0.007) significantly affects the 

response variable (p < 0.05); thus, the observed variations in tensile strength due to differing layer thickness are 

unlikely to be attributed to chance and can be ascribed to layer thicknessThe adhesion between the materials 

increases with higher layer thickness. The infill density significantly affects the tensile strength of the printed 

samples (p = 0.014). The tensile strength is not substantially affected by printing speed (p = 0.104). Figure 7 

demonstrates that the average tensile strength remained stable as the layer thickness grew from 0.2 to 0.3 mm, 

but saw a significant increase with a further increase to 0.4 mm. 

 
Fig. 7. Main effect plots of the layer thickness 

 

4.1.1. S/N ratios and means 

Table 6 is a response table illustrating the means of the three variables. The layer thickness is the most 

significant factor (delta = 7.10), followed by infill density and printing speed. The effects of various parameters 

on tensile strength responses are illustrated as main effect plots in Figure 8. In a main effect plot, points 

approximating a horizontal line signify a comparatively low significance level of the variable on the analyzed 

effect, whereas points presenting the steepest slope signify the most substantial impact of the variable on the 

response. The slope is indicated as the mean inclination with respect to the x-axis. The data in Figure 8 suggest 

that layer thickness considerably influences the tensile strength. 

 

 
Fig. 8. Main effect plots of mean tensile strengths   
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Table 6. Response table of means of tensile strength 

Level Layer 

Thickness (mm) 

Printing 

Speed (mm/s) 

Infill 

Density (%) 

1 44.44 46.78 44.32 

2 44.35 45.72 45.92 

3 51.45 47.74 50.00 

Delta 7.10 2.02 5.68 

Rank 1 3 2 

 

Table 7 is the response table of the signal-to-noise ratios, which provides a reference for selecting the optimal 

value of each factor. The parameter that most significantly influences the tensile strength was determined from 

the delta values, which are ranked from highest to lowest. According to the S/N ratios presented in Table 7, 

layer thickness is the most influential parameter of surface roughness. The first-ranked parameter was layer 

thickness, with a delta value of 1.28, followed by infill density and finally by printing speed. 

 

Table 7. Response table of signal-to-noise ratios for tensile strength 

Level Layer 

Thickness (mm) 

Printing 

Speed (mm/s) 

Infill 

Density (%) 

1 32.93 33.34 32.91 

2 32.93 33.19 33.21 

3 34.21 33.56 33.96 

Delta 1.28 0.36 1.04 

Rank 1 3 2 

 

The tensile strength response was optimized using a "larger-is-better" objective function [8] to determine the 

values of the process parameters and enhance tensile strength. An improved signal-to-noise ratio correlates with 

superior mechanical properties [26]. The major effect plots in Figure 9 demonstrate that an increased S/N ratio 

correlates with greater tensile strength. Table 8 establishes the values and levels of the process parameters that 

maximize tensile strength, as deduced from the main effect plots of S/N ratios. 

. 

 
Fig 9 . Main effect plots of S/N ratios for tensile strength 
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Table 8. Optimum parameter settings for the tensile test 

Layer thickness 

(mm) 

Printing speed 

(mm/s) 

Infill density (%) Layer thickness 

(mm) 

0.4 90 80 0.4 

 

Supposedly, the tensile strength can be enhanced by increasing the layer thickness and infill density and 

lowering the printing speed [2]. Augmented infill densities typically raise the tensile strength by compacting the 

internal structure and adding reinforcement [3]. Elevated printing speeds can potentially bolster productivity but 

compromise the tensile strength. Contrary to these expectations, printing speed was positively correlated with 

tensile strength in the present study. The speed and quality must be delicately balanced to avert detrimental 

impacts on the material properties. Slower printing speeds often improve the precision of material deposition, 

the bonding properties, and fiber alignment to enhance the tensile strength. By systematically adjusting these 

parameters and assessing the resulting tensile strength, one can identify the ideal combination of layer thickness, 

infill density, and printing speed for PLA-carbon-fiber 3D printing, potentially producing high-quality, durable 

components with enhanced tensile strength that fulfill the requirements of their intended applications. 

 

4.1.2. Analysis of printing parameters 

Using the Taguchi statistical method, the process parameters were adjusted to maximize tensile strength by 

thoroughly examining the correlations and interactions among layer thickness, infill density, and printing speed. 

Layer thickness's effect on the tensile strength of PLA-carbon fiber mirrors the principles of traditional 3D 

printing methods. Thinner layers in PLA–carbon-fiber printing enhance tensile strength by increasing interlayer 

bonding [10]. The strong adhesion between the carbon-fiber-infused PLA layers leads to a homogeneous 

structure that potentially raises the tensile strength [1]. Conversely, thicker layers might introduce porosity and 

weak points that diminish the overall tensile strength. Moreover, as the carbon fibers are aligned, PLA–carbon-

fiber composites are inherently anisotropic, and their bonding behavior and layer orientation determine their 

mechanical properties [2]. The tensile strength increased as the layer thickness grew; specimens with 0.2 mm, 

0.3 mm, and 0.4 mm layers had tensile strengths of 48.84 MPa, 46.18 MPa, and 54.98 MPa, respectively, which 

goes against conventional understanding and previous research. The sample produced with 0.4mm thick layers 

exhibited a notably higher tensile strength than the samples produced with thinner layers. This unexpected result 

could be linked to the distinctive characteristics of the PLA–carbon-fiber composite material. Increasing the 

layer thickness likely promoted the alignment and distribution of carbon fiber inside the layers, hence raising 

load-bearing capacity and overall strength [18]. Increasing the layer thickness concurrently diminishes the 

quantity of interfaces, potentially reducing the number of weak points or discontinuities within the structure, 

hence enhancing tensile strength.. Figure 10 compares the microstructures of sample 5 (Figure 10a) and sample 

7 (Figure 10b) at layer thicknesses of 0.3 and 0.4 mm, respectively. Clearly, the carbon fibers more effectively 

improve the tensile strength in thicker layered samples than in thinner layered samples. Carbon fibers, known 

for their high strength and stiffness, provide reinforcement when embedded in a PLA matrix. The strong and 

rigid carbon fibers enhance the deformation resistance and overall strength of the material. 

 

 
Fig. 10. Comparison of microstructures of a) sample 7 with a layer thickness of 0.4 mm and b) sample 5 with a layer 

thickness of 0.3 mm (scale bar = 100 μm) in the tensile strength experiment. 
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Tensile strength is usually positively correlated with infill density. For instance, the data of Table 3 show a 

tensile strength increase of 41.65 to 54.98 MPa as the infill density rises from 20% to 80%. This enhancement 

can be attributed to the resilient, minimally porous structure with elevated infill density, capable of enduring 

high tensile stress [27]. The observed positive correlation between tensile strength and infill percentage can be 

ascribed to the increased density and diminished number of air voids, both of which mitigate the possibility for 

deformation.. The microstructures of the samples with infill densities of 20% and 80% show marked differences 

(Figure 11a); in particular, the number of voids or gaps within the printed component is increased at the 20% 

infill density. The voids appear between the printed layers and within the infill structure, potentially serving as 

stress concentrators and vulnerable points that tend to fail under an applied load. Moreover, decreased material 

filling could compromise interlayer adhesion, weakening interlayer bonding and consequently reducing the 

overall structural integrity of the printed component [16]. These circumstances have the potential to diminish the 

printed part's mechanical properties, which in turn lowers its overall performance when contrasted with 

components made with higher infill densities. 

.  
Fig 11. Microstructural comparison of samples with infill densities of a) 20% and b) 80% (scale bar = 100 μm) in tensile 

strength experiment. 

 

At an infill density of 80% (Figure 11b), the structure is densely compact with a high degree of carbon-fiber 

reinforcement and minimal spacing between adjacent lines. The amplified density enhances the resistance of 

this specimen to applied loads, so the strength is maximized at this infill rate. The high material volume per 

layer and improved interlayer bonding diminish the number of voids, creating a robust and continuous 

microstructure. Moreover, the tight gaps between neighboring layers minimize the airflow, reducing the heat 

convection and elevating the crystallinity of the structure [16]. In summary, the dense microstructure offers 

superior support and minimizes the risk of warping or distortion during the printing process. Hence, it was 

inferred that high infill density boosts the quantity of carbon-fiber reinforcement within the printed sample, 

thereby enhancing its load-bearing capability and resilience against tensile forces. 

As indicated in Table 5, printing speed exerted no consistent impact on tensile strength. The highest average 

tensile strength (54.98 MPa) was shown by sample 7, which had a layer thickness of 0.4 mm, an infill density of 

80%, and a printing speed of 30 mm/s. Samples 9 and 8 were next, printing at 90 mm/s and 60 mm/s, 

respectively, with average tensile strengths of 51.22 and 48.14 MPa. Clearly, the tensile strength was neither 

positively nor negatively related to printing speed. High printing speed might improve the interlayer bonding by 

increasing the melt fusion between adjacent layers. The fast deposition and melting of material promote strong 

bonding, forming a solid, cohesive microstructure. Furthermore, elevated printing speeds create dense material 

deposits, minimizing the presence of voids, hence enhancing structural integrity and augmenting the total tensile 

strength of the printed item. The tensile mechanical properties of continuous carbon-fiber-reinforced composites 

are considerably influenced by relative fiber content rather than by printing temperature and speed [4]. This is 

primarily because the fiber content affects the fiber-matrix bonding surfaces in the composites [17], as the 

continuous carbon fibers create a reinforcing phase that impacts the tensile mechanical properties of the 

composite. The findings indicate that the printing speed does not have a significant impact on the tensile 

strength of PLA–carbon fiber. 
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4.2. ANOVA for compressive strength 

The compressive strengths of the samples were analyzed through an ANOVA analysis at the 0.05 significance 

level, as described for the tensile strengths. The results are listed in Table 9. 

 

Table 9. Results of the ANOVA tests on compressive strength 

Source DFa Adj SSb Adj MSc F-Value 

Layer Thickness 2 126.99 63.50 3.70 

Printing Speed 2 30.57 15.28 0.89 

Infill Density 2 690.29 345.14 20.10 

Error 2 34.34 17.17  

Total 8 882.19   

aDegrees of freedom; b[Adjusted sum of squares]; c[Adjusted mean squares] 

 

As shown in Table 9, the infill density (p = 0.047) significantly affects the response variable (p-value < 0.05), 

indicating that the observed differences in compressive strength are truly attributable to the variations in infill 

density. This result indicates enhancement of the bonding between the materials. The compressive strength of 

the specimen (Figure 12) rose as the infill density went up from 20% to 80%. The ANOVA results showed no 

significant impact on the compressive strength of the printed samples from layer thickness (p = 0.213) or 

printing speed (p = 0.673). 

 
Fig. 12. Main effect plot of compressive strength against infill density 

 

Similar to the tensile test, a response table of signal-to-noise ratios (Table 10) was constructed as a reference for 

selecting the optimal level of each factor. The primary parameter influencing compressive strength was 

determined from the delta and rank values. The S/N ratios in Table 10 indicate that infill density had the most 

substantial impact on compressive strength. The infill density received a ranking of 1, with an associated delta 

value of 3.80. The characteristics ranked second and third were layer thickness and printing speed, respectively. 

Table 11 is a response table of the means for compressive strength. The infill density ranks highest (delta = 

20.90), succeeded by layer thickness and printing speed. Figure 13 presents the primary effect plots 

demonstrating the influence of process parameters on compressive strength. The plot indicates that infill density 

has a greater impact on compressive strength than layer thickness and printing speed. 
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Table 10 . Response table of signal-to-noise ratios for compressive strength 

Level 
Layer 

Thickness (mm) 

Printing 

Speed (mm/s) 

Infill 

Density (%) 

1 32.26 33.70 31.53 

2 33.87 32.75 32.78 

3 33.51 33.19 35.33 

Delta 1.61 0.95 3.80 

Rank 2 3 1 

 

Table 11. Response table of means for compressive strength 

Level 
Layer 

Thickness (mm) 

Printing 

Speed (mm/s) 

Infill 

Density (%) 

1 41.60 49.34 37.73 

2 50.37 45.04 44.01 

3 48.40 46.00 58.63 

Delta 8.77 4.30 20.90 

Rank 2 3 1 

 

 
Fig. 13. Main effect plots of means of compressive strength 

 

Likewise to the tensile strength response, the compressive strength response was optimized using a "larger-is-

better" objective function to ascertain the optimal levels of the process parameters. The primary effect graphs 

(Figure 14) illustrate that an elevated S/N ratio correlates with increased compressive strength. The ideal process 

parameter values and their corresponding levels derived from the linear graphs are presented in Table 12. 

 



 

122 
 

 
Fig 14 . Main effect plots of signal-to-noise ratios for compressive strengths 

 

Table 12. Optimum parameter settings for the compressive test 

Layer thickness 

(mm) 

Printing speed 

(mm/s) 
Infill density (%) 

0.3 30 80 

 

The compressive strength can be enhanced by increasing the layer thickness and infill density while reducing 

the printing speedHigher infill density produces a denser internal structure with improved reinforcing, which 

usually increases the compressive strength. On the other hand, increasing the printing speed could improve the 

output but would sacrifice compressive strength. Together with previous research [18], these findings confirm 

that infill density largely contributes to the compressive strength of the PLA–carbon-fiber-printed samples. 

Nevertheless, balancing the speed and quality is pivotal for preserving strong material properties. Slower 

printing speeds allow precise material deposition, strong bonding, and enhanced fiber alignment, leading to 

products with superior compressive strength. By methodically modifying these parameters and evaluating the 

resultant compressive strength, we can determine the ideal combination of layer thickness, infill density, and 

printing speed that improves the compressive strength of 3D-printed PLA–carbon fiber. 

 

4.2.1. Analysis of the printing parameters 

The correlations and interactions among layer thickness, infill density, and printing speed were statistically 

examined using the Taguchi method, akin to the tensile test. This analysis will identify the ideal levels of 

process parameters to maximize compressive strength. The investigation verifies that raising the infill density 

typically improves the compressive strength. Increasing the infill density from 20% to 80% enhanced the 

compressive strength from 37.82 to 63.19 MPa, dependent upon layer thickness and printing speed (Table 8). 

This phenomenon is due to the more durable, less porous structure created at higher infill densities, which can 

withstand substantial compressive load. [26]. The favorable correlation between compressive strength and infill 

percentage is attributable to the diminished amount of air voids and enhanced density, both of which mitigate 

potential deformation [10]. 

The microstructures of samples produced with infill densities of 20% and 80% exhibit significant changes 

(Figure 15a); an infill density of 20% yielded a component with many voids and gaps between the printed layers 

and within the infill structure, which can potentially concentrate stress and introduce susceptible points prone to 

failure under applied loads. These unfilled void spaces can also compromise the interlayer adhesion, weakening 

the interlayer bonds and consequently reducing the overall structural integrity and mechanical characteristics of 

the printed part. Therefore, reducing the infill density will lower the compressive strength performance from of 

parts manufactured with higher infill densities. When the infill density reached 80% (Figure 15b), the sample 

became more solid and was compacted with reinforced carbon fiber separated by minimal gaps. Owing to the 

heightened density, the sample showed high resistance to applied loads, and its compressive strength was 

maximized. The reasons for this behavior are discussed in subsection 3.1.2. Prior research has demonstrated the 
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correlation between infill density and compressive strength. As infill density increases, a larger volume of 

material fills the spaces within the structure, hence improving load distribution and enhancing the overall 

compressive strength of the printed component. Further research has demonstrated that reducing infill density 

leads to structures with many voids, weakening the integrity of the overall structure and reducing its 

compressive strength [5]. On the contrary, increased infill densities result in a strong internal structure that 

improves the compressive strength of PLA–carbon-fiber–printed objects. 

 
Fig 15 . Microstructural comparison of samples with a) 20% and b) 80% infill density (scale bar = 100 μm) in compressive 

strength experiment. 
 

In typical cases, reducing the layer thickness of the PLA–carbon-fiber prints also enhances the compressive 

strength because thin layering strengthens the bonding between layers [2] and hence enhances the uniformity of 

the structure. Conversely, thicker layering can increase the size of the gaps between layers, potentially 

introducing weak spots that reduce the overall compressive strength. Like the tensile strength, the compressive 

strength is further affected by the alignment of the carbon fibers in the PLA–carbon-fiber composites, which 

themselves influence the orientation and bonding of layers. The current experiment, contrary to known 

assumptions and prior investigations, demonstrated an increase in compressive strength at layer thicknesses of 

0.2 and 0.3 mm, followed by a decrease at a thickness of 0.4 mm. The observed compressive strengths were 

51.63, 63.19, and 61.08 MPa for layer thicknesses of 0.2, 0.3, and 0.4 mm, respectively. The variance in 

compressive strength between samples with layer thicknesses of 0.2 and 0.3 mm may be ascribed to the unique 

features of the PLA–carbon-fiber composite material. Increasing the layer thickness may aid in the alignment 

and distribution of carbon fibers within the layers, thereby enhancing load-bearing capabilities and improving 

overall strength [16]. Increasing the layer thickness further enhances compressive strength by minimizing the 

number of interfaces, which may lead to a reduction in weak spots or structural discontinuities. At a layer 

thickness of 0.4 mm, the compressive strength began to decline, indicating that this layer thickness is 

suboptimal for the printing of PLA–carbon fiber. 

 
Fig. 16. Microstructural comparison of samples fabricated at printing speeds of a) 30 and b) 90 mm/s (scale bar = 100 μm) 

in compressive strength experiment. 
 

Referring to Table 4, the compressive strength exhibits no consistent trend with respect to printing speed. 

Sample 5 had the highest compressive strength of 63.19 MPa, characterized by a layer thickness of 0.3 mm, an 

infill density of 80%, and a printing speed of 60 mm/s. The second- and third-highest performers were samples 
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7 (printing speed = 30 mm/s; average compressive strength = 61.08 MPa) and sample 3 (printing speed = 90 

mm/s; average compressive strength = 51.63 MPa), respectively. Figure 16 compares the microstructures of the 

samples fabricated at printing speeds of 30 and 90 mm/s. It appears that reducing the printing speed improves 

the interlayer bonding by promoting fusion of the adjacent layers during the melting process. Slower deposition 

and melting of the material fosters robust bonding, as evidenced in the microstructure of experiment Run 5 

(Figure 16a). A slower printing speed also ensures a gradual and compact material deposition that minimizes the 

internal void spaces, thus enhancing the structural integrity and showing an increase in the overall compressive 

strength of the printed items. In contrast to this finding, the tensile strength improved at higher printing speeds. 

Previous research has proven that the tensile and compressive strengths of 3D-printed objects do not 

significantly depend on printing speed. For instance, an ANOVA analysis confirmed that compressive strength 

is statistically unaffected by printing speed [3]. Relative fiber content greatly affects the tensile mechanical 

properties of continuous carbon-fiber-reinforced composites; printing temperature and speed have far less effect 

[8]. While the continuous carbon-fiber phase impacts the tensile mechanical characteristics, the latter two 

factors mostly affect the fiber-matrix bonding interface of a continuous carbon-fiber-reinforced 3D-printed 

composite. Printing speed has little effect on the compressive strength of PLA–carbon fibre. 
 

5. CONCLUSIONS 
 

The main aim of this work was to improve the tensile and compressive strengths of PLA–carbon fiber by 

optimizing the 3D printing parameters through FDM and the Taguchi method. The principal parameters of 3D 

printing are layer thickness, infill density, and print speed.. The tensile strength of the printed PLA–carbon-fiber 

significantly depended on both layer thickness and infill density, whereas the compressive strength depended 

almost entirely on infill density. The following conclusions confirm the fulfillment of the study objectives: 

Tensile strength was best at 0.4 mm layer thickness, 80% infill density, and 90 mm/s print speed. 

The compressive strength was best at 0.3 mm layer thickness, 80% infill density, and 30 mm/s print speed.  

Infill density increased the tensile and compressive strengths of 3D-printed PLA–carbon-fiber samples, but 

printing speed did not affect mechanical properties.  

Microstructural measurements showed that reducing infill density increases voids and air gaps, reducing printed 

sample tensile and compressive strengths. 

This investigation enriches our understanding of 3D printing with PLA–carbon fiber, a composite material with 

prospective applications across diverse fields requiring robustness and stiffness. Users and manufacturers in the 

3D printing realm can enhance the quality and efficacy of their products by judiciously selecting the appropriate 

printing parameters. This study also underscores the efficacy of the Taguchi technique in optimizing 3D printing 

procedures. 

The study on PLA-carbon fiber composites' tensile and compressive strengths has been optimized, but some 

limitations need to be addressed through future research. It should explore additional parameters like extrusion 

temperature, nozzle diameter, and raster orientation, and explore alternative materials like nylon-carbon fiber or 

PETG-carbon fiber. Long-term durability studies and optimization of functional properties like flexibility, 

impact resistance, and thermal stability are also needed. Integrating advanced simulation techniques like finite 

element analysis could provide predictive insights into 3D-printed composites' mechanical behavior. This could 

lead to improved performance and wider adoption of PLA-carbon fiber composites in high-performance 

industries. 
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