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Abstract 

The present work attempts to determine the optimal printing conditions for enhancing tensile 

performance and investigates the effects of fused deposition modeling (FDM) process parameters 

on the tensile performance of carbon-fiber-reinforced polylactic acid (PLA-CF) composites. The 

influence of FDM process parameters, including layer thickness, infill ratio, raster orientation, and 

printing temperature, was examined using a Taguchi L9 orthogonal array design. To maximize the 

effect of the process on the tensile characteristics of the 3D printing composite, such as tensile 

strength, modulus of elasticity, and tensile toughness, a combination of the Taguchi approach and 

Gray Relational Analysis (GRA) was used. A layer thickness of 0.20 mm, 100% infill, 0° raster 

orientation, and a printing temperature of 215 °C are the optimal parameters provided by both 

methods are the same. The optimal values for tensile strength, modulus of elasticity, and tensile 

toughness, respectively, were found to be 45.2 MPa, 606.943 MPa, and 175.037 MJ/m³, 

respectively. ANOVA revealed that infill ratio was the most influential parameter, contributing 

48.68% to the overall grey relational grade, followed by layer thickness (28.81%), raster 

orientation (12.02%), and printing temperature (10.50%). These findings highlight the potential of 

PLA-CF composites for advanced structural and functional component additive manufacturing 

technologies as well as high-strength engineering applications. 
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1.Introduction 

One of the most innovative manufacturing technologies in modern engineering is 3D printing, also 

known as additive manufacturing (AM), which enables the direct fabrication of complex structures 

from digital models through a layer-by-layer material deposition process [1]. In contrast to 

traditional subtractive manufacturing methods, additive manufacturing improves production 

flexibility and customization capabilities while drastically reducing material waste and tooling 

requirements [2]. The aerospace, automotive, biomedical, electronics, architecture, and defense 

industries have all seen an increase in the use of additive manufacturing technologies due to their 

rapid development [3]. Additive manufacturing's significance in industrial and research 

applications has increased due to its capacity to create lightweight and geometrically complex 

structures [4]. 

Fused deposition modeling (FDM) is one of the most popular additive manufacturing techniques 

due to its low cost, ease of use, and compatibility with thermoplastic materials [5]. FDM 

technology evolved initially for applications involving rapid prototyping, but it has since 

developed into a practical manufacturing method for functional engineering components [6]. A 

thermoplastic filament is heated above its melting point and extruded onto a build platform using 

a nozzle in accordance with a computer-aided design (CAD) model during the FDM process [7]. 

After extrusion, the deposited material solidifies, creating successive layers that determine the final 

component geometry [8]. Layer thickness, nozzle temperature, infill density, raster angle, raster 

width, print orientation, and printing speed are important FDM processing parameters that have a 

significant impact on the mechanical performance, surface quality, and dimensional accuracy of 

printed structures [9]. 

The mechanical behavior of printed thermoplastic components has been extensively studied 

because of the growing industrial adoption of FDM [10]. Printed parts frequently have anisotropic 

characteristics and process-induced flaws that lower structural performance, despite the benefits 

of FDM in terms of quick fabrication and design flexibility [11]. FDM-fabricated components 

continue to be severely limited by weak interlayer bonding, residual stresses, void formation, and 

poor surface finish [12]. The layer-by-layer deposition process, in which the bonding strength 

between neighboring layers is typically lower than the strength within deposited filaments, is the 

cause of the anisotropic nature of FDM products [13]. Therefore, building orientation and process 

parameters affect mechanical characteristics like tensile strength, flexural strength, and impact 

resistance [14].  

Polylactic acid reinforced with carbon fiber (PLA-CF) is one of the most popular composite 

thermoplastic materials in FDM applications due to its enhanced stiffness, low warping tendency, 



 

ease of processing, and biodegradability [15]. Carbon fiber reinforcements are added to the PLA 

matrix to create PLA-CF, which improves mechanical and thermal performance for engineering 

applications [16]. PLA-CF has become very appealing for rapid prototyping and structural 

manufacturing applications because of its superior printability, lightweight properties, and 

environmental friendliness [17]. While compared to neat PLA materials, PLA-CF composites 

show improved dimensional stability, increased stiffness, and decreased thermal shrinkage during 

printing [18]. Nevertheless, under conditions of high mechanical loading, PLA-CF materials may 

still display brittleness and interlayer adhesion limitations [19]. Therefore, scientists have 

investigated various optimization and reinforcement techniques to enhance the mechanical and 

thermal characteristics of PLA-CF composites made using FDM [20]. 

Carbon fiber reinforcement is one of the best methods to improve the performance of PLA-CF 

composites used in additive manufacturing [21]. Carbon fibers are desirable reinforcement 

materials for thermoplastic composites because of their high tensile strength, superior stiffness, 

low density, and superior thermal stability [22]. The overall structural rigidity of PLA-CF printed 

components is improved and stress transfer efficiency is increased by incorporating carbon fibers 

into PLA matrices [23]. Since carbon fibers are abrasive, they can change the behavior of melt 

flow and increase nozzle wear [24]. Additionally, in PLA-CF printed specimens, incorrect carbon 

fiber dispersion and orientation within the PLA matrix may produce stress concentration regions 

that cause premature mechanical failure [25]. Tensile strength and fatigue resistance of PLA-CF 

composites can also be decreased by voids and poor interfacial adhesion between the fibers and 

polymer matrix [26]. Thus, optimizing the performance of PLA-CF printed structures requires 

careful optimization of printing parameters [27]. 

Tensile testing is one of the most important mechanical assessments since tensile strength directly 

represents the load-carrying capacity and structural integrity of printed parts [28]. Process 

parameters, filament type, thermal history, and internal porosity distribution all influence the 

tensile behavior of FDM-produced specimens [29]. Changes in printing conditions can impact the 

initiation and propagation of cracks during mechanical loading by changing the interfacial 

diffusion between adjacent layers [30]. Thus, to produce mechanically dependable, printed 

components, FDM process parameter optimization is required [31]. Several investigations have 

shown that the tensile characteristics of PLA and carbon fiber reinforced composites are greatly 

impacted by FDM process parameters [32]. In printed specimens, layer thickness has a significant 

impact on interlayer bonding and porosity formation [33]. Smaller layer thickness values usually 

increase mechanical strength because they promote better fusion between adjacent layers [34]. 

Because higher infill percentages minimize internal voids and enhance load transfer throughout 

the structure, infill density is another significant factor influencing mechanical performance [35]. 



 

Additionally, polymer diffusion and molecular entanglement between deposited layers are 

impacted by nozzle temperature [36]. 

Among the most important variables influencing anisotropic behavior in FDM-produced parts are 

raster angle and build orientation [37]. Because stress transfer takes place along continuous 

filament paths, tensile specimens printed parallel to the loading direction typically show higher 

tensile strength [38]. Conversely, because of inadequate interlayer bonding strength, perpendicular 

build orientations frequently result in weaker components [39]. The distribution of stress 

concentration regions and crack propagation paths during tensile loading are determined by the 

filament arrangement and raster pattern [40]. For FDM-fabricated components to be more 

structurally reliable, build orientation optimization is therefore essential [41]. 

Grey Relational Analysis (GRA) and the Taguchi method are two optimization techniques that are 

frequently used to find the best set of FDM process parameters for enhancing manufacturing 

quality and mechanical performance. The Taguchi method is a statistical design of experiments 

technique that minimizes the number of experimental trials needed while systematically assessing 

the impact of several process parameters using orthogonal arrays [42]. This technique is highly 

effective for identifying critical factors affecting tensile strength, surface roughness, dimensional 

accuracy, and other performance characteristics of FDM-printed components [43]. However, 

because FDM processes frequently involve multiple performance responses at once, Grey 

Relational Analysis is frequently integrated with the Taguchi approach to perform multi-objective 

optimization [44]. The Taguchi method's signal-to-noise (S/N) ratio analysis aids in determining 

parameter settings that maximize process robustness and minimize variability [45]. 

The mechanical characteristics of PLA-CF samples made by FDM were examined in this study. 

The results have primarily been used to assess the tensile strength of PLA-CF material produced 

under various printing parameters. The test specimens were manufactured using three different 

parameters: layer thickness, infill ratio, raster orientation, and printing temperature. Additionally, 

the study yields results that help users choose the best printing and testing parameters for 

components that are 3D printed. Taguchi-Grey relational analysis was used to optimize process 

parameters to produce PLA-CF samples. Experiments were conducted at four different levels for 

an orthogonal layout of L9 with various parameters. 

 

2. Materials and methods 

2.1. Filament materials 

The thermoplastic filament PLA-CF (1.75 mm diameter, density of 1.22 g/cm3) in this study, 

produced by bambu lab. Bambu PLA CF is a specially blended tough polylactic acid (PLA) that 



 

has carbon fibers (CF)added to increase its hardness and bending modulus while maintaining the 

dimensional stability and ease of printing of regular PLA. The mechanical properties of 

thermoplastic filament PLA-CF are detailed in Tables 1. 

Table 1 Mechanical properties of PLA-CF filament. 
 

 

 

2.2.  Procedure parameters 

Investigating the relationship between process variables and the tensile characteristics of an 

additively manufactured part using FDM was the aim of this study. Various specimens were 

designed to be 3D printed using the FDM technique with various process parameters. These 

samples were then ready for mechanical testing in the form of uniaxial tension tests which yield a 

wealth of important information about the behavior of the material under tensile loading. The FDM 

printer was primarily composed of the extrusion head, working platform, servo device, and 

filament feedstock. During the FDM process, the filament feedstock was transported into the 

extrusion head by two feed rolls. The filaments are gradually heated to a semi molten state when 

the temperature rises above their melting point. The filament feedstock was heated to a semi-

molten pattern and extruded from a nozzle with a specified diameter to produce a part with a 

particular thickness [46]. This study examines the effects of four FDM variable parameters on 

tensile properties: layer thickness, infill ratio, raster orientation, and printing temperature. The 

height of the slice that is deposited from the FDM nozzle is known as the layer thickness. The 

impact of creating thicker or thinner layers on the final quality is investigated using the layer 

thickness parameter. The quantity of material deposited inside the forms is represented by the infill 

density. It influences material consumption and establishes the separation between the inner 

threads. The direction of the material (roads) beads in relation to the part's loading is referred to as 

the raster angle or orientation. To fill the interior, the deposited roads can be constructed at various 

angles. Printing temperature establishes the fixed temperature of the nozzle. 

2.3. Design of Experiment  

The mechanical characteristics of FDM parts are influenced by a variety of factors, including the 

performance of the molding equipment, the properties of the molding material, processing 

conditions, post-treatment process measures, and molding process parameters [47,48]. The four 

process parameters of layer thickness (A), infill ratio (B), raster orientation (C), and printing 

temperature (D) were examined in the current investigation. Four parameters and three levels of 

the control variables are presented in Table 2. Tensile specimens have been printed using the 

Tensile Strength (MPa) Tensile Modulus (MPa) Breaking elongation (%) 

38 2790 8.4 



 

Taguchi method in compliance with the experiment's design for every combination of the L9 

orthogonal array design. Nine distinct arranged sets of tests were conducted using the L9 

orthogonal array, which was created for four parameters and three levels, as indicated in Table 3. 

The Taguchi technique evaluates the process variables using a statistical performance metric called 

the signal-to-noise (S/N) ratio. The S/N ratio is a logarithmic function of the intended output and 

serves as an optimization objective function [49]. The best quality design and the least variation 

can be achieved by using the S/N ratio. Increasing the factor weighting effect, reducing mutual 

action, processing the average and variation simultaneously, and enhancing the quality are all made 

possible by the S/N ratio. Regardless of the performance characteristic category, a higher S/N ratio 

corresponds to higher quality characteristics. Each quality characteristic's S/N ratio can be 

computed independently. The commonly used standard S/N ratios fall into three categories: 

nominal the best, smaller the better, and larger the better. The S/N ratio in this study is determined 

using the larger-the-better evaluation, which is defined by: 

 𝐿𝑎𝑟݃݁𝑟 ݐℎ݁ ܾ݁݁ݐݐ𝑟 ܵ ܰ⁄ (ܾ݀) = −10 ∗ log10(1௡ ∑ 1௬೔2)௡௜=1                                                               (1) 

 where n is the number of evaluations and y is the result of those observations of the ith performance 

characteristic. Furthermore, the percentage contribution of optimized parameters to the responses 

was evaluated using the statistical technique analysis of variance (ANOVA). Also, the significance 

of each parameter on the response can be estimated using the results of the ANOVA. 

 

Table 2: Design parameters and their levels 

 

 

 

 

Table 3: The L9 orthogonal array was used for experiments. 

Input parameters Symbol Units Levels 

1 2 3 
Layer thickness A mm 0.15 0.2 0.25 

Infill ratio B % 50 75 100 
Raster orientation C degree 0 22.5 45 

Printing temperature D O C 205 215 225 

Exp. 

No 

Layer thickness 

(mm) 
Infill ratio  

(%) 
Raster orientation  

(° ) 

Printing 

temperature(O C) 

Experimental 
values  

Coded 
values 

Experimental 
values 

Coded 
values  

Experimental 
values 

Coded 
values 

Experimental 
values 

Coded 
values 

1 0.15 1 50 1 0 1 205 1 
2  0.15 1 75 2 22.5 2 215 2 
3  0.15 1 100 3 45 3 225 3 
4 0.2 2 50 1 22.5 2 225 3 
5 0.2 2 75 2 45 3 205 1 



 

 

2.4. Grey relational analysis (GRA) 

To determine the best arrangement of the chosen printing parameters that concurrently maximize 

tensile strength, modulus of elasticity, and tensile toughness, GRA was used for multi-objective 

optimization. Using this method, the multiple response procedure's overall evaluation is based on 

a grey relational grade (GRG). In this case, optimization is achieved by condensing the numerous 

complex process values into a single GRG. The optimal parametric combination that would yield 

the highest GRG value is then evaluated. Four steps were involved in the multi-objective 

optimization process: data normalization, Gray Relational Coefficient (GRC) evaluation, Gray 

Relational Grade (GRG) computation, and Taguchi analysis of the GRG values[50,51]. The first 

step involved normalizing the original data, which is a transformation done on a single data input 

to scale the data into a suitable range and distribute it evenly for additional analysis. The observed 

values in this study are linearly normalized within the grey relational generating range, which is 

the range between 0 and 1. The following formula normalizes [0≤1 ≥(۹)࢏ࢄ],  (۹)࢏ࢄ to reduce 

variability and avoid the effects of using different units. The larger-is-better approach can be 

expressed as follows for the quality attributes of the normalized experimental results: (۹)࢏ࢄ = ܠ܉ܕ(࢑)࢏࢟ ࢔࢏࢓−(࢑)࢏࢟ ܖܑܕ−(࢑)࢏࢟  (2)                                                                                                                     (࢑)࢏࢟

The frequency can be stated as, according to the lower-the-better criterion: (ࡷ)࢏ࢄ = ࢞ࢇ࢓ ࢞ࢇ࢓(࢑)࢏࢟ −(࢑)࢏࢟ ࢔࢏࢓−(࢑)࢏࢟           (3)                                                                                                                                 (࢑)࢏࢟

Where ܺ௜(K) denotes the value following the formation of the grey connection. The minimum 

value of  ݕ௜(݇) for the kth response is min  ݕ௜(݇), and the maximum value of ࢟(࢑)࢏  for the kth 

response is max ࢟(࢑)࢏.  

The number of experiments is i = 1, 2, 3, and the number of replies is k = 1, 2, 3. The grey relation 

coefficient (GRC) is then calculated to ascertain the relationship between the reference sequence 

and the compatibility sequence. Eq.4 can be used to compute the GRC (ࣈ). 

ࣈ  =    (4)                                                                                                                                         ࢞ࢇ࢓∆+(࢑)࢏∆࢞ࢇ࢓ ∆+࢔࢏࢓∆

Where, ∆(࢑) ࢏࢕ =  ‖࢞૙(࢑) −  difference between absolute value of x0(k) and xi(k);  is= ‖(࢑)࢏࢞

the distinguishing coefficient; 0≤  ≤1 To provide replies to equal preference in the present work, 

6 0.2 2 100 3 0 1 215 2 
7 0.25 3 50 1 45 3 215 2 
8 0.25 3 75 2 0 1 225 3 
9 0.25 3 100 3 22.5 2 205 1 



 

the value of  was chosen as 0.5[52]. ∆࢔࢏࢓ is the smallest value of ∆(࢑) ࢏࢕ ∆ and  ∆ ࢞ࢇ࢓  is the 

largest value of ∆(࢑) ࢏࢕.  

The relevance between two systems or two sequences is measured by the GRG. The GRG is 

calculated by averaging each performance trait's grey relational coefficient. The total performance 

characteristic of the multiple response process is determined by the computed GRG. The GRG is 

described as ߛ௜ =  1௠ ∑ ௜(݇)௠௞=1ߦ                                                                                                                                        (5) 

Where ̅ߛ௜ is the mean GRG value is at the desired level for the ith parameter, m is the number of 

process responses. The ANOVA approach is also used to determine the percentage contribution of 

each process parameter to the responses and the statistical significance of each component. 

2.5 Measurement procedures 

In compliance with ASTM D-638 standards, tensile tests were performed on 3D printed specimens 

of each experiment, with dimensions shown in Fig. (1). Tensile tests with a 10 KN load cell were 

performed using a universal test machine at a constant speed of 100 mm/min. The tensile toughness 

of the test samples was also estimated by observing the area under the stress-strain curve in the 

tensile curves. 

The tensile fracture surface morphology of 3D printed specimens were investigated using scanning 

electron microscope (SEM). Scanning electron microscope (FEI Quanta 250, Hillsboro, Oregon-

USA) at the Egypt Desalination Research Center of Excellence (EDRC), [Desert Research Center 

(DRC), Egypt]. 



 

 

Fig. 1. a) Tensile test specimen, all dimensions are in mm, and b) 3D printed samples 

 

3. Results and discussions  

The experimental results converted to S/N ratio values to use the GRA in conjunction with the 

Taguchi method. This investigation examined the effects of four FDM variable parameters on the 

ultimate tensile strength, modulus of elasticity, and tensile toughness of 3D printed PLA-CF. The 

optimum level of each process variable is determined using the signal-to-noise ratio (S/N) 

approach. According to Taguchi's method, "the larger-the-better analysis" was chosen to examine 

how the factors affected the responses; in other words, the higher the value, the better the response. 

The results showed the limitations of first using experimental data for Taguchi method 

experiments, and the GRA results are described in the second objective. 

 

3.1 Tensile performance and the effect of process parameters 

The Taguchi approach was used to determine the S/N ratio and the effect of each printing 

parameter on the mechanical output of the 3D-printed PLA-CF specimens. This approach's 



 

primary objective is to evaluate quality attributes and reduce deviations from target values to 

pinpoint the precise factor levels that have a major impact on the process and forecast the best set 

of variables. The impacts of Layer Thickness (A), Infill Ratio (B), Raster Orientation (C), and 

Printing Temperature (D) on mechanical properties were thoroughly investigated in this work. The 

printing parameters are at their ideal levels when the S/N ratio value is larger. Applying such 

methodical techniques is essential for guaranteeing process stability and improving structural 

performance, according to research on robust design and parameter optimization in additive 

manufacturing [53]. The stress-strain curves for the tested 3D-printed specimens are presented in 

Fig.2. The experimental data for tensile Strength, modulus of elasticity, tensile toughness, and their 

related S/N ratios were used to identify these trends as shown in Table 4. Each factor's importance 

was ranked by examining the biggest difference between values (Delta statistics). As shown in 

Table 5, the factors affecting the ultimate tensile strength are infill ratio, layer thickness, raster 

orientation, and printing temperature, listed in descending order of significance according to the 

testing results. Table 6 shows the factors influencing the modulus of elasticity are the infill ratio, 

layer thickness, raster orientation, and printing temperature, listed in decreasing order of relevance. 

Lastly, the Tensile Toughness study presented in Table 7 confirms that the infill ratio, layer 

thickness, raster orientation, and printing temperature are the factors influencing the specimens, 

listed in the same order of importance. 

 

 

 

 

 

 

 

 



 

Fig.2.Tensile stress–strain curves for the tested 3D printed samples 

 

 

Table 4. Experimental results of tensile strength, modulus of elasticity and tensile 

toughness with their associated S/N ratios based on larger is better 
 

Exp. no. Tensile 
strength 
(MPa) 

S/N ratios 
 

(dB) 

Modulus of 
Elasticity  
 (MPa) 

S/N ratios 
 

(dB) 

Tensile 
Toughness 

(MJ/m3) 

S/N ratios 
 

(dB) 

1 22.5 27.0437 399.551 52.0314 84.736 38.5614 
2 25.8 28.2324 409.587 52.2469 91.848 39.2614 
3 33.1 30.3966 475.742 53.5474 137.75 42.7818 

4 27.2 28.6914 435.808 52.7859 106.026 40.5082 
5 33.6 30.5268 464.843 53.3461 151.032 43.5814 
6 45.2 33.1028 606.943 55.663 175.037 44.8626 

7 27.1 28.6594 438.73 52.8439 97.153 39.7492 
8 30.5 29.686 444.444 52.9563 121.726 41.7076 
9 35.4 30.9801 451.689 53.0968 157.286 43.9338 

 

 

 

Table 5. Response table for the mean tensile strength and S/N ratios. 



 

Level Means for Tensile Strength (MPa)   Response for S/N ratios 

A B C D  A B C D 

1 27.13 25.6 32.73 30.5  28.56 28.13 29.94 29.52 
2 35.33 29.97 29.47 32.7  30.77 29.48 29.3 30 
3 31 37.9 31.27 30.27  29.78 31.49 29.86 29.59 
Delta 8.2 12.3 3.27 2.43  2.22 3.36 0.64 0.48 
Rank 2 1 3 4  2 1 3 4 
 

Table 6. Response table for the mean modulus of elasticity and S/N ratios. 

Level Means for Modulus of Elasticity (MPa)   Response for S/N ratios 

A B C D  A B C D 

1 428.3 424.7 483.6 438.7  52.61 52.55 53.55 52.82 
2 502.5 439.6 432.4 485.1  53.93 52.85 52.71 53.58 
3 445 511.5 459.8 452  52.97 54.1 53.25 53.1 
Delta 74.2 86.8 51.3 46.4  1.32 1.55 0.84 0.76 
Rank 2 1 3 4  2 1 3 4 
 

Table 7. Response table for the mean tensile toughness and S/N ratios. 

Level Means for Tensile Toughness (MJ/m3)   Response for S/N ratios 

A B C D  A B C D 

1 104.78 95.97 127.17 131.02  40.2 39.61 41.71 42.03 
2 144.03 121.54 118.39 121.35  42.98 41.52 41.23 41.29 
3 125.39 156.69 128.65 121.83  41.8 43.86 42.04 41.67 
Delta 39.25 60.72 10.26 9.67  2.78 4.25 0.8 0.73 
Rank 2 1 3 4  2 1 3 4 

 

3.2 Analysis of variance (ANOVA) 

ANOVA is used to determine which factor has the greatest influence on the outputs and how input 

variation affects the outputs. ANOVA approach has been used to evaluate the effect of the printing 

parameters and identify the crucial factors impacting the mechanical properties of the produced 

specimens. By analyzing the sum of squares (SS) and percentage contributions, ANOVA is a 

potent statistical method for quantifying the contribution of each control parameter and identifying 

the ideal process conditions [54]. The percentage contributions of layer thickness, infill ratio, raster 

orientation, and printing temperature to the ultimate tensile strength, modulus of elasticity, and 

tensile toughness are shown in Tables 8, 9, and 10. The contribution percentage reveals each 

factor's relative ability to lower response variability and highlights its importance in the printing 

process. A greater impact on the printed components' mechanical performance is correlated with 

a higher contribution percentage [55]. 



 

 Table 8. ANOVA table for tensile strength  

Symbol 3DPrinting Parameters DF Adj SS Adj MS Contribution (%) 

A Layer thickness (mm) 2 100.97 50.484 27.96 
B Infill ratio (%) 2 233.3 116.648 64.60 
C Raster orientation (degree) 2 16.06 8.031 4.45 
D Printing temperature (℃) 2 10.82 5.408 3.00 
Error   0 ― ― ― 

Total     8 361.14  100 
 

Table 9. ANOVA table for modulus of elasticity  

Symbol 3DPrinting Parameters DF Adj SS Adj MS Contribution (%) 

A Layer thickness (mm) 2 9104 4552 30.98 
B Infill ratio (%) 2 12910 6455 43.93 
C Raster orientation (degree) 2 3951 1976 13.44 
D Printing temperature (℃) 2 3424 1712 11.65 
Error   0 ― ― ― 

Total     8 29390  100 
 

Table 10. ANOVA table for tensile toughness  

 

Symbol 3DPrinting Parameters DF Adj SS Adj MS Contribution % 

A Layer thickness (mm) 2 2313.2 1156.6 28.03 
B Infill ratio (%) 2 5576.3 2788.13 67.57 
C Raster orientation (degree) 2 184.5 92.25 2.24 
D Printing temperature (℃) 2 178.1 89.07 2.16 
Error   0 ― ― ― 

Total     8 8252.1  100 
 

Based on data from ANOVA Table 8, the infill ratio is the most important factor affecting the 

ultimate tensile strength, accounting for 64.60% of the overall variation, while the layer thickness 

comes in second with a contribution of 27.96%. The raster orientation and printing temperature 

have comparatively small effects, contributing 4.45% and 3.00%, respectively. Table 9 shows that 

the modulus of elasticity is most affected by the infill ratio, which contributes 43.93% of the total 

variation, followed by layer thickness, which contributes 30.98%. The contributions of printing 

temperature and raster orientation are 13.44% and 11.65%, respectively. Additionally, as Table 10 

illustrates, the infill ratio accounts for 67.57% of the total variation in tensile toughness, whereas 

layer thickness accounts for 28.03%. Raster orientation and printing temperature, on the other 

hand, had little effects, contributing 2.24% and 2.16%, respectively. 

 

3.3 Development of linear and multiple regression model 



 

 
The relationship between the printing parameters and the resulting mechanical qualities was 

mathematically represented by first-order polynomial regression models. The multi-regression 

analysis of the experimental design matrix and the matching response values for each mechanical 

characteristic served as the foundation for the development of these equations, which are displayed 

below: 

Tensile strength (MPa) = 31.16 - 4.022 A_1 + 4.178 A_2 - 0.1556 A_3 - 5.556 B_1 
- 1.189 B_2 + 6.744 B_3 + 1.578 C_1 - 1.689 C_2 + 0.1111 C_3 
- 0.6556 D_1 + 1.544 D_2 - 0.8889 D_3                                    (6) 

 

Modulus of elasticity (MPa) = 458.6 - 30.30 A_1 + 43.94 A_2 - 13.64 A_3 - 33.90 B_1 
- 18.97 B_2 + 52.87 B_3 + 25.05 C_1 - 26.23 C_2 + 1.179 C_3 

- 19.90 D_1 + 26.49 D_2 - 6.595 D_3                            (7)                            
 

Tensile toughness (MJ/m3)   = 124.7 - 19.95 A_1 + 19.30 A_2 + 0.6557 A_3 - 28.76 B_1 
- 3.197 B_2 + 31.96 B_3 + 2.434 C_1 - 6.346 C_2 
+ 3.913 C_3+ 6.285 D_1 - 3.386 D_2 - 2.899 D_3              (8)                      

 

To assess the statistical significance and reliability of the developed regression models for ultimate 

tensile strength, modulus of elasticity, and tensile toughness, an analysis of variance (ANOVA) 

was performed. The validity and predictive accuracy of these models, represented by Eqs (6), (7), 

and (8), are systematically evaluated through the ANOVA results presented in Tables 8, 9, and 10. 

 

3.4 Analyzing the results of experiments 

 
The Taguchi L9 orthogonal array was utilized to investigate the impact of various printing 

parameters (layer thickness, infill ratio, raster orientation, and printing temperature) on the tensile 

properties of the 3D-printed PLA-CF composites. Three levels were considered for each 

parameter: layer thickness (0.15, 0.20, and 0.25 mm), infill ratio (50, 75, and 100%), raster 

orientation (0°, 22.5°, and 45°), and printing temperature (205, 215, and 225 °C). 

The experimental results indicated that the selected process parameters had a significant impact 

on the tensile strength, modulus of elasticity, and tensile toughness of the printed composites. 

Tensile strength ranged from 22.5 MPa to 45.2 MPa, and modulus of elasticity varied from 399.551 

MPa to 606.943 MPa. Additionally, the tensile toughness displayed a broad range of values, 

ranging from 84.736 to 175.037. These variations demonstrate how printing circumstances 

significantly affect the mechanical performance of PLA-CF composites. 

Fig.3(a–c) illustrates how the process factors affect the tensile strength, modulus of elasticity, and 

tensile toughness. The maximum tensile strength (45.2 MPa), modulus of elasticity (606.943 



 

MPa), and tensile toughness (175.037) were found for experiment No. 6, which was constructed 

with a layer thickness of 0.20 mm, an infill ratio of 100%, a raster orientation of 0°, and a printing 

temperature of 215 °C. 

The combined effect of the infill ratio and raster orientation results in improved mechanical 

performance under these processing conditions. Increasing the infill ratio reduces internal porosity 

and increases the effective load-bearing surface, improving the distribution of stress inside the 

composite structure. Previous studies have demonstrated that specimens printed with high infill 

percentages have superior mechanical characteristics because of the reduced void content and 

enhanced interfacial bonding between adjacent filaments [56,57]. Layer thickness has a significant 

effect on the tensile performance of FDM-printed composites. A moderate layer thickness 

facilitates better molecular mobility at the interfaces and enhances the fusion between subsequent 

layers. On the other hand, very thick layers may reduce interlayer adhesion and raise the likelihood 

of defect formation, while extremely thin layers lengthen the production process [58]. According 

to the findings, the intermediate layer thickness of 0.20 mm offered the optimal compromise 

between printing efficiency and structural integrity. Raster orientation has an enormous influence 

on the anisotropic mechanical response of the printed specimens. When the raster orientation was 

parallel to the loading direction (0°), the maximum tensile characteristics were obtained, 

suggesting more effective stress transfer along the deposited filaments. Increasing the raster angle 

to 22.5° and 45° changed the stress distribution and promoted fracture initiation at the interfaces 

between adjacent highways, resulting in lower tensile strength and stiffness. Similar results have 

been found in earlier research on carbon-fiber-reinforced PLA composites created using fused 

deposition modeling [59,60]. 

Another crucial factor influencing the bonding quality between adjacent layers is printing 

temperature. Polymer chain mobility and the diffusion process across layer interfaces are both 

improved by raising the nozzle temperature. On the other hand, high temperatures can cause the 

polymer matrix to deteriorate thermally and have a detrimental impact on mechanical performance. 

The current findings show that the best interlayer adhesion and the maximum tensile characteristics 

were obtained at a printing temperature of 215 °C [61]. In terms of tensile toughness, experiment 

No. 6 had the highest value, whereas experiment No. 1 had the lowest value. The enhancement of 

fiber-matrix interaction and the decrease of internal flaws under ideal printing circumstances can 

account for this trend. Improved layer consolidation boosts the composite's capacity to absorb 

energy before failure and slows the spread of cracks [62]. Overall, the experimental findings verify 

that enhancing the tensile strength, stiffness, and toughness of PLA-CF composites requires fine-

tuning the FDM process parameters. Improved interlayer bonding, less porosity, advantageous 



 

fiber orientation, and more effective stress-transfer mechanisms inside the printed structure are the 

primary causes of the reported improvements. 

 

Based on the suggested regression model, numerical optimization was used to determine the 

optimal set of process parameters for optimizing the tensile strength, modulus of elasticity, and 

tensile toughness of the PLA-CF, as seen in Fig. 4. A layer thickness of 0.20 mm, an infill ratio of 

100%, a raster orientation of 0°, and a printing temperature of 215 °C were determined to be the 

optimum parameters. The composite desirability obtained its maximum value under these 

circumstances, demonstrating a high degree of agreement between the target and predicted 

responses. The improvement in mechanical properties is due to better interlayer bonding and a 

reduction in internal defects and voids in the printed structure. Furthermore, the parallel orientation 

of the deposited filaments to the loading direction improved the composite's ability to support 

loads and facilitated efficient stress transmission. Additionally, the structural integrity of the 

printed specimens was enhanced by the full infill density, and the selected printing temperature 

for enough polymer diffusion between successive layers without causing thermal degradation. 

Similar results have been documented in earlier research, which showed that by improving fiber–

matrix interaction and reducing porosity, regression-based optimization strategies successfully 

enhance the mechanical performance of carbon-fiber-reinforced PLA composites [63]. 

 

 

 

 

 



 

 

 
 

Fig. 3 Response graph for procedure variables effects on tensile strength (a), modulus of 

elasticity (b), and tensile toughness (c). 



 

 

Fig.4 Optimum variables for maximum tensile strength, modulus of elasticity, and tensile 

toughness 

3.5 Taguchi grey relational analysis 

 

Multi-objective optimization problems cannot be optimized using the common Taguchi method. 

Gray relational analysis (GRA) and the Taguchi approach are used to optimize multi-objective 

problems to get around this. Multi-objective optimization problems are reduced to single-objective 

problems using the gray relational analysis method. Next, the optimal set of variables is assessed. 

This results in the highest gray relational grade (GRG) [64,65]. The signal-to-noise (S/N) ratio is 

a statistical performance metric that the Taguchi technique uses to evaluate the process variables. 

The experimental data was first standardized using the "larger-the-better" criterion, and then the 

deviation sequences and gray relational coefficients were calculated. The multi-response 

optimization problem was transformed into a single performance indicator, the gray relational 

grade (GRG), which concurrently included tensile strength, modulus of elasticity, and tensile 

toughness using gray relational analysis (GRA). The GRA approach normalizes the data (means) 

into a similar sequence between 0 and 1. Table 11 displays the normalized responses together with 

the associated deviation coefficients, while Table 12 lists the computed grey relational coefficients, 

grey relational grades, and signal-to-noise ratios. 

The GRG values, which ranged from 0.333 to 1.000, showed that the overall mechanical 

performance of the printed PLA-CF composites under different printing parameters varied 

considerably. A combination of 0.20 mm layer thickness, 100% infill ratio, 0° raster orientation, 



 

and 215 °C printing temperature produced the best overall mechanical performance, according to 

experiment no. 6, which had the highest gray relational grade (GRG = 1.000) among the 

investigated experiments. In contrast, the lowest GRG value (0.333) was found in experiment no.1. 

The response table for signal to noise (S/N) ratios and geometric mean (GRG) is presented in table 

13. The results show that the optimal printing parameters are A2, B3, C1, and D2, which 

correspond to a layer thickness of 0.20 mm, an infill ratio of 100%, a raster orientation of 0°, and 

a printing temperature of 215 °C. Furthermore, these settings were validated by numerical 

optimization analysis, which proved the reliability of the optimization method. Additionally, the 

infill ratio had the biggest impact on the grey relational grade, according to the delta values, 

followed by layer thickness, raster orientation, and printing temperature. This phenomenon is 

explained by the fact that infill density has a major role in regulating the internal structure, porosity, 

and load-bearing capacity of composites made of PLA [66]. 

Table 11. Estimation of normalized data for each response and deviation coefficients. 

Exp. 
No. 

Normalized data (Xi(K)) Deviation coefficients(Δio) 
Tensile 
strength 

Modulus of 
elasticity 

Tensile 
toughness 

Tensile 
strength 

Modulus of 
elasticity 

Tensile 
toughness 

1 0 0 0 1 1 1 
2 0.145 0.048 0.078 0.855 0.952 0.922 
3 0.467 0.367 0.587 0.533 0.633 0.413 
4 0.207 0.175 0.236 0.793 0.825 0.764 
5 0.489 0.315 0.734 0.511 0.685 0.266 
6 1 1 1 0 0 0 
7 0.203 0.285 0.137 0.797 0.715 0.863 
8 0.352 0.216 0.410 0.648 0.784 0.590 
9 0.568 0.251 0.804 0.432 0.749 0.196 

 

Table 12. Grey relational coefficient, grey relational grade, and S/N ratios. 

Exp. 
No. 

Grey relational coefficient (ξi (k)) 
grey relational 

grade (ϒi) 
S/N ratios 

(db) 
Tensile 
strength 

Modulus of 
elasticity 

Tensile 
toughness 

1 0.333 0.333 0.333 0.333 -9.54243 
2 0.369 0.344 0.352 0.355 -8.99359 
3 0.484 0.441 0.548 0.491 -6.17733 
4 0.387 0.377 0.396 0.387 -8.25681 
5 0.495 0.422 0.653 0.523 -5.62804 
6 1 1 1 1 0.00000 
7 0.385 0.412 0.367 0.388 -8.22329 
8 0.436 0.390 0.459 0.428 -7.37234 
9 0.537 0.400 0.719 0.552 -5.16283 



 

 

Table 13. The means of GRG and estimated S/N response.  

Level Means of GRG   Response for S/N ratios 

A B C D  A B C D 

1 0.3932 0.3693 0.5871 0.4694  -8.238 -8.674 -5.638 -6.778 
2 0.6365 0.4354 0.4312 0.581  -4.628 -7.331 -7.471 -5.739 
3 0.4559 0.681 0.4674 0.4352  -6.919 -3.78 -6.676 -7.269 
Delta 0.2434 0.3117 0.1559 0.1459  3.609 4.894 1.833 1.53 
Rank 2 1 3 4  2 1 3 4 

 

3.6 ANOVA Evaluation for GRG 

 

The results of the ANOVA method used to evaluate the effects of the parameters on GRG and 

analyze the GRG results are provided in Table 14. Significant procedure variables and the 

corresponding percentage contributions to the GRG of 3D printing samples have been examined 

using analysis of variance. The infill ratio was shown to be the most significant factor, accounting 

for 48.68% of the total performance. Layer thickness, raster orientation, and printing temperature 

came in second, third, and fourth, respectively, with contribution percentages of 28.81%, 12.02%, 

and 10.50%. 

The predominance of the infill ratio indicates that the mechanical performance of the printed PLA-

CF composites is significantly influenced by the internal density and bonding quality between 

adjacent filaments. Increasing the infill ratio reduces internal voids and increases the effective 

load-carrying area, which improves the printed specimens' stiffness and strength [67,68]. 

Following response values (GRG), multiple regression analysis, and ANOVA have been 

accomplished, establishing the following first-order polynomial equation: 

 

GRG= 0.4952 - 0.1021 A_1 + 0.1413 A_2 - 0.03927 A_3 - 0.1259 B_1 - 0.05984 B_2 

+ 0.1858 B_3 + 0.09188 C_1 - 0.06405 C_2 - 0.02782 C_3 - 0.02577 D_1 + 0.08581 D_2 

- 0.06005 D_3                                                                                                                    (9) 

The optimal amounts of the variables under investigation were found using the regression equation 

that was established. As a result, it offers a useful instrument for assessing how the chosen 

parameters affect the overall mechanical performance [69]. 

 

 

 

 



 

Table 14. Analysis of Variance for GRG 

Symbol Printing Parameters DF Adj SS Adj MS Contribution % 

A Layer thickness (mm) 2 0.09579 0.04790 28.81 
B Infill ratio (%) 2 0.16185 0.08093 48.68 
C Raster orientation (degree) 2 0.03995 0.01998 12.02 
D Printing temperature (℃) 2 0.03490 0.01745 10.50 
Error   0 ― ― ― 
Total     8 0.33250  100.00 

 

3.7 The optimal value for each variable  

 

The gray relationship grade variation under various printing conditions is shown in Figure 5. At 

0.20 mm layer thickness, 100% infill ratio, 0° raster orientation, and 215 °C printing temperature, 

the greatest GRG value was achieved. For the best overall mechanical performance, this 

combination was shown to be the ideal circumstance. Additionally, the Taguchi orthogonal array's 

usefulness in improving the combined mechanical responses is demonstrated by the fact that the 

resulting optimum configuration matches one of the experiments. 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Response graph for procedure variables effects on GRG 

3.8 Microstructure assessment of the tensile fracture surface 

 
SEM micrographs of the fractured surfaces of nine carbon fiber-reinforced polylactic acid (PLA-

CF) specimens that were 3D printed and matched the L9 Taguchi experimental design are shown 

in Figure 6. The fracture morphologies show that filament consolidation, interlayer bonding, void 

formation, and the overall failure mechanism of the PLA-CF composites are significantly 



 

influenced by printing parameters, such as layer thickness, infill ratio, raster orientation, and 

printing temperature. The interaction between the short carbon fibers and the PLA matrix also 

controls the fracture behavior of PLA-CF, in contrast to neat PLA. Prior studies have shown that 

during fused deposition modeling (FDM), carbon fibers preferentially align along the direction of 

material deposition, leading to anisotropic mechanical properties and direction-dependent stress 

transfer [70,71]. 

The SEM images of Exp.1 and Exp.2 show comparatively uneven fracture surfaces with distinct 

interfacial gaps and boundaries between neighboring deposited filaments. These flaws show 

restricted molecular diffusion across the filament interfaces and incomplete fusion between 

subsequent layers. Under tensile loading, these discontinuities serve as areas of concentrated stress 

and promote the formation of cracks. Carbon fibers can increase the stiffness of PLA-CF 

composites, but inadequate thermal bonding or poor fiber–matrix adhesion may encourage fiber 

pull-out and interfacial debonding during fracture [72]. While there are still distinct boundaries 

between deposited rasters, Exp. 3, Exp. 4, and Exp. 5 show somewhat better filament 

consolidation. There are areas of matrix tearing and localized roughness on the fracture surfaces, 

indicating that interlayer separation and PLA matrix fracture combined to cause crack propagation. 

Increased energy absorption during fracture is typically linked to the rougher morphology. 

Specifically, the increased resistance to crack propagation resulting from better consolidation and 

carbon-fiber-induced crack deflection may be responsible for the higher tensile toughness seen in 

Exp. 3 and Exp. 5. Because carbon fibers are primarily aligned along the extrusion direction, the 

orientation of the deposited raster is especially crucial. When the filaments are favorably oriented 

with respect to the applied tensile load, more effective stress transfer is possible [73]. 

The fracture morphology was most consistent and compact in experiment no. 6. Despite the 

presence of triangular defects and localized voids, its SEM micrograph shows a relatively dense 

and well-consolidated layered structure in comparison to several other experiments. The 

combination of 0.20 mm layer thickness, 100% infill ratio, 0° raster orientation, and 215°C printing 

temperature can be linked to Exp.6's superior characteristics. Internal porosity is reduced by the 

full infill ratio, and improved stiffness and efficient load transfer are promoted by the 0° raster 

orientation, which more closely aligns the embedded carbon fibers and deposited filaments with 

the direction of tensile loading. Additionally, a suitable printing temperature enhances interfacial 

diffusion and polymer flow without causing the PLA matrix to deteriorate too much [74]. 

The fracture surfaces of Exp.7, Exp.8, and Exp.9 show more pronounced filament interfaces and 

localized interlayer separation. These short-fiber-reinforced thermoplastic composites are 

expected to fail due to carbon fiber pull-out, matrix cracking, and debonding at the fiber–matrix 

interface. The efficiency of stress transfer can be decreased and localized crack propagation can 



 

be started by the presence of voids where fibers were previously embedded. However, compared 

to Exp.7 and Exp.8, Exp.9 shows comparatively better mechanical performance, suggesting that 

the combined printing conditions enhanced structural consolidation. Tensile performance and 

fracture morphology are strongly correlated, according to the SEM observations. Superior 

strength, stiffness, and toughness were achieved through dense filament packing, decreased 

porosity, enhanced interlayer adhesion, and advantageous carbon fiber alignment. On the other 

hand, fiber-matrix debonding, large interlayer gaps, and inadequate consolidation encouraged 

early failure. These results demonstrate that improving the mechanical performance of PLA-CF 

components and minimizing the intrinsic anisotropy related to layer-by-layer additive 

manufacturing depend on FDM parameter optimization [75]. 

 

 

 

 

 



 

 

Fig. 6: Fracture surface of the tensile sample  

 



 

 
4.Conclusion 

 
The current study investigated the effects of FDM processing parameters on the mechanical 

performance of 3D-printed PLA-CF composites using a Taguchi L9 experimental design and 

Gray Relational Analysis. Three levels of investigation were conducted for four significant 

process variables: layer thickness, infill ratio, raster orientation, and printing temperature. The 

primary performance responses were determined to be tensile strength, modulus of elasticity, 

and tensile toughness. The study came to the following conclusions: 

1- The results revealed how the Taguchi technique and GRA could be used to determine the 

optimal FDM processing parameters for fabricating a PLA-CF composite. 

2- ANOVA of the grey relational grade further demonstrated that infill ratio was the dominant 

parameter, with a contribution of 48.68%, followed by layer thickness (28.81%), raster 

orientation (12.02%), and printing temperature (10.50%). 

3- The results have the largest gray relational grade of 1, indicating higher tensile strength, 

modulus of elasticity, and tensile toughness. 

4- The optimum condition within the examined parameter range is represented by the 

combination of 0.20 mm layer thickness, 100% infill, 0° raster orientation, and 215 °C printing 

temperature. 

5- The predicted optimal FDM processing parameters yielded maximum values of 45.2 MPa for 

tensile strength, 606.943 MPa for modulus of elasticity, and 175.037 MJ/m³ for tensile 

toughness. 

6- The results of this study are advantageous for applications of polymeric mechanical 

metamaterials with high strength. 
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