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Highlights 

 

• Quasi-static penetration test of the 3D printed polylactic acid (PLA) specimens.  

• Exploration of role of the printing parameters on the fracture behavior. 

• CPA optimization algorithm was used for maximum fracture force and reasonable power usage. 
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ABSTRACT: Fused Filament Fabrication (FFF) is a 3D (three-dimensional) printing technology that 

allows the production of polymers with a wide range of infill densities and unlimited geometric variations. 

Because of this flexibility, mechanical properties can be optimized by tuning printing parameters. 

However, the energy consumption during fabrication varies significantly for different printing settings. 

In the present study, both maximum fracture force and minimum energy consumption of 3D printed PLA 

(Polylactic Acid) are achieved together by optimizing the printing parameters using CPA 

(Cyclical Parthenogenesis Algorithm) optimization algorithm. Firstly, a quasi-static penetration test is 

performed to measure the maximum fracture force. The energy consumption of each specimen is also 

calculated. Then, maximum fracture force and energy consumption are modeled and integrated into the 

optimization algorithm. As a result, the three most convenient parameter levels are 84%, 6.83 mm, and 

0.19 mm for infill ratio, specimen thickness, and layer height, respectively. While high infill ratio values 

and specimen thickness increase mechanical performance, these parameter levels are disadvantageous for 

energy consumption. As a result of optimization, parameters that provide balanced strength and energy 

consumption were obtained. Fracture force and energy consumption are 1829.87 N and 134.56 W, 

respectively for the validation experiment of the optimal solution. 
 

Keywords: 3D Printing, Additive Manufacturing, Fused Filament Fabrication, PLA, Quasi-Static Penetration, 

Optimization 

1. INTRODUCTION 

Additive manufacturing processes enable the manufacture of complex parts more easily compared to 

traditional forming and manufacturing techniques [1]. Additive manufacturing is used in industry with 

various techniques such as stereolithography [2], selective laser melting [3], and fused filament fabrication 

[4]. Among these methods, Fused Filament Fabrication (FFF), is an additive manufacturing method 

primarily based on the deposition of extruded filament layers for a complex 3D geometry. FFF printers 

have recently become the most popular machines for the printing of polymers because the printed 

complex parts can be produced and revised easily with a considerably low-cost printing machine [5]. 

There are many parameters in FFF, and parameter selection affects mechanical properties such as tensile 

or compressive strength. The influence of parameters is not limited to mechanical properties. Printing 

parameters also highly influenced the dimensional accuracy [6] and surface quality [7]. In addition to 

product quality, the energy consumption of FFF printers significantly depends on the printing settings. 

Therefore, various printing settings such as layer height, infill ratio, infill pattern, build orientation, 

printing temperature, and printing speed are investigated in the literature [8]. The influence of these 

parameters on the process was investigated for commonly used thermoplastic materials such as Polylactic 

acid (PLA), Acrylonitrile butadiene styrene (ABS), and Polyethylene terephthalate-glycol (PETG). Among 

these alternatives, PLA is a biodegradable filament material because PLA is obtained from crops such as 

corn and sugar beet. ABS is more durable but less eco-friendly. PETG is suitable for products in contact 

with food and beverages, but PETG is the least durable material among other alternatives. Because PLA 
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is biodegradable and ideal for prototype manufacturing, automotive, packaging, and prosthesis 

applications; PLA is the most popular material, which is an alternative to petroleum-based polymer 

materials [9]. The studies related to influence of parameters are focused on effect of layer thickness [10, 11], 

infill ratio [12] and raster orientation [13] etc. 

Optimization of 3D printing parameters is widely investigated in academic and industrial studies. In 

a study aiming to minimize printing time and to optimize printing parameters, the most suitable infill 

type, infill ratio and layer height for PLA material was determined [14]. The best parameters for the 

minimum printing time are found as grid, 300 μm and 10% for the infill type, layer height and infill ratio 

respectively. In a study conducted by Korkut et al. [15], the effect of bed temperature, layer height, printing 

speed and nozzle temperature are found as the most significant variables considering reasonable printing 

time and lower energy consumption. The results indicate a decrease of 6.91% in energy usage and a 

considerable shortening in printing time. Kamer et al. [16] compared two different printers and two 

filaments with different thicknesses (1.75 mm and 2.85 mm) were compared in terms of energy 

consumption before, during and after printing a standard tensile test specimen. The most important result 

was that the power usage per specimen was considerably reduced when multiple test specimens were 

printed instead of printing specimens one by one. Şirin et al. [17] investigated the wear behavior of the 3D 

printed PLA materials with different infill densities. The results indicate that the wear performance of the 

middle level of infill density (50%) is better than high and low-level infill densities (70% and 30%, 

respectively). Akıncıoğlu et al. [18] performed friction tests of Acrylonitrile Styrene Acrylate (ASA) 

filament by using pin on disc test setup. One of the most significant results of this study is that the wear 

characteristic of the ASA depends highly on the surface quality and contact area, which also depends on 

infill density. The effect of different infill ratios on the wear properties of ABS was studied by Akıncıoğlu 

et al. by using a pin-on-disc device [19]. It was clearly emphasized that higher the infill density higher the 

coefficient of friction and friction temperature. The wear characteristics of cylindrical and flexible 3D 

printed scaffolds are also investigated by researchers [20]. As an overall result, studies on the mechanical 

and wear properties of 3D printed polymeric materials remain up-to-date and continue intensively. 

In this study, the fracture forces of PLA samples produced by FFF were determined by quasi-static 

penetration test. The different printing parameters are investigated and optimized using CPA. These 

parameters are three various infill ratios (30%, 60%, 90%), specimen thickness (4 mm, 6 mm, and 8 mm), 

and layer height (0.12 mm, 0.16 mm, and 0.20 mm) which were used when manufacturing the test 

specimens. The fractured specimens were pictured prior to and after the test to illustrate the fracture 

patterns. The novelty of the current work is using quasi-static penetration test to reveal fracture behavior 

considering energy consumption in the 3D printing phase. The secondary purpose is to optimize the 

printing parameters for higher fracture force and lower energy consumption using CPA.  

2. MATERIAL AND METHODS  

2.1. Experimental Method 

This study aims to reveal the effect of infill ratio, specimen thickness, and layer height on the fracture 

behavior of PLA material. The specimen was printed by Creality Ender3 S1 Pro printing machine using a 

1.75 mm wood colored Esun PLA+ filament. The technical specifications of Creality Ender3 S1 Pro and 

Esun PLA+ filament are given in Table 1 [21, 22]. The melting point of the commercial Esun PLA+ filament 

is stated generally as 170-180 °C for PLA in the literature where some of the results are supported by DSC 

(Differential Scanning Calorimetryanalyses) [23, 24]. To avoid the other influencing factors; the built 

orientation, printing position, infill pattern, printing temperature, and printing speed were set as constant 

for all specimens. These fixed parameters are given in Table 2 with their values. Infill pattern was chosen 

as grid, a commonly used pattern for general applications. Infill ratio is crucial for strength, and layer 

height significantly reduces printing time. While the total thickness of the specimen is irrelevant from 3D 

printing settings, thickness affects the fracture force of the PLA material. Therefore, infill ratio (30%, 60%, 

90%), specimen thickness (4 mm, 6 mm, 8 mm), and layer height (0.12 mm, 0.16 mm, 0.20 mm) are chosen 
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as the input parameters of this study. The printing machine and parameters intended to be optimized are 

given in Figure 1. The filament in this study is a wood colored filament which is a thermoplastic material 

used in 3D printing.  

 

Table 1. The technical specifications of Creality Ender 3 S1 Pro 3D printing machine 

and Esun PLA+ filament 

Creality Ender 3 S1 Pro Esun PLA+ 

Parameter Value Unit Parameter  Value Unit 

Build Volume 220x220x270 mm Tensile Strength 

SXAcAcacid rate 

63 MPa 

Printing Speed Up to 160 mm∙s-1 Elongation at break 20 % 

Printing Precision ±0.1 mm Density 1.23 g/cm3 

Layer Height 0.1-0.35 mm Melting Point 170-180 °C 

Filament Diameter 1.75 mm Diameter 1.75 mm 

Nozzle Diameter 0.4 mm    

Nozzle Temperature Up to 300 °C    

Bed Temperature Up to 110 °C    

Rated Power 350 W    

Supported Filament 
PLA, ABS, TPU, 

PETG, PA 
— 

   

 

Table 2. Fixed 3D printing parameters 

Parameter Value Unit 

Printing Speed 70 mm∙s-

1 Nozzle Temperature 210 °C 

Bed Temperature 60 °C 

Top Layer Thickness 1 mm 

Bottom Layer Thickness 1 mm 

Infill Pattern GRID — 

Wall Thickness 0.8 mm 

Wall Line Count 2 — 

 

A systematic approach was preferred to reduce the number of experiments. Instead of a full factorial 

design, the Taguchi design of experiment by L9 orthogonal array, which is given in Table 3, was used in 

this study. Taguchi L9 design is generally used in the literature to estimate the factors that influence the 

mechanical performance of the printed part and which factors are more significant than others [25]. The 

CAD (Computer Aided Design) model of the test specimen was designed considering its thickness, as the 

specimen thickness is one of the parameters in this study. After that, the designed models were imported 

to slicing software Ultimaker Cura (version 5.3.1) so that the infill ratio and layer height were set to the 

required values in Table 3. In the next step, the G-code of the sliced models were uploaded to the 

3D-printer and the test samples were ready to be printed. The printing stages of the samples are given in 

Figure 2. 
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Figure 1. Creality Ender 3 S1 Pro 3D Printer and printing parameters 

(specimen thickness, infill ratio, layer height) 

 

 
Figure 2. (a) Sliced specimen models in Ultimaker Cura 5.3.1, (b) printing one specimen at a time, 

(c) final printed specimens 

 

Table 3. The experimental design according to Taguchi L9 and the variables 

(specimen thickness and printing parameters) 

Parameters 1 2 3 4 5 6 7 8 9 

Infill Ratio (%) 30 30 30 60 60 60 90 90 90 

Specimen Thickness (mm) 4 6 8 4 6 8 4 6 8 

Layer Height (mm) 0.1 0.2 0 0.2 0 0.1 0 0.1 0.2 

 

After all specimens were printed, quasi-static penetration tests were performed in a four-column 

hydraulic press. In the penetration test, two dies were used. The diameters of the upper and lower dies 

are 50 mm and 55 mm, respectively. The dimensions of the specimen were chosen to be compatible with 
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standard quasi-static testing. In the literature, the ratio between the die cavity diameter and the punch 

head diameter (Dcavity/Dpunch) is defined as ‘SPR’, a value which must be in the range of 1.01<SPR<13.33 

[26]. In this study, the diameter of the semi-spherical punch is 24 mm, and the diameter of the die cavity 

is 50 mm. Therefore, SPR of this study is 2.08 which is acceptable for the quasi-static penetration test. The 

specimen was designed with a 1 mm brim at the bottom so the specimen holder force could be applied 

without damaging the main specimen. During each penetration experiment, penetration forces in 

response to punch stroke were recorded with WinView software. The exploded, sectional, and literal 

views of the test are given in Figure 3a, 3b and 3c respectively. The working principle of the test is given 

in sectional view in Figure 3b. The fracture force of the specimen was determined by the first significant 

drop in the penetration force. In addition, the energy consumption was determined using a smart 

watt-meter during the 3D printing process. Total printing time and instantaneous energy utilization were 

used to measure each specimen’s energy consumption.  

 

 
Figure 3. (a) Exploded view, (b) sectional view and 

(c) literal view of the experimental setup for Quasi-static Penetration Test 

 

2.2. Modeling and Optimization 

This section describes the obtaining of mathematical modeling by the experimental dataset and later 

tuned printing parameters using a metaheuristic algorithm via the model. Generating a mathematical 

expression of all FFF parameters can be challenging and possibly impossible. However, it is a very efficient 

and effective method to develop mathematical formulations that can accurately represent the process with 

sufficient experimental data. 

As can be seen in the below equations, the quasi-static penetration test data of samples produced with 

the FFF were modeled in Minitab software where the inputs are three main parameters (infill ratio, 

specimen thickness, and layer height), and the outputs are fracture force and energy consumption, 

separately. The second-degree polynomial equations giving the mathematical relationship between the 

printing parameters and fracture force (Eq.1) and energy consumption (Eq. 2) are obtained as follows. 

 
𝑦1 = −2178 − [65.20 ∙ 𝑥1] + [955 ∙ 𝑥2] + [23416 ∙ 𝑥3] + [0.3293 ∙ 𝑥1

2] − [56.01 ∙ 𝑥2
2]

− [120792 ∙ 𝑥3
2] − [0.099 ∙ 𝑥1 ∙ 𝑥2] + [221.2 ∙ 𝑥1 ∙ 𝑥3] 

(1) 

 
𝑦2 = 509.7 + [1.308 ∙ 𝑥1] + [28 ∙ 𝑥2] − [6115 ∙ 𝑥3] − [0.00623 ∙ 𝑥1

2] − [1.402 ∙ 𝑥2
2] + [16207 ∙ 𝑥3

2] (2) 

 

In these equations; x1, x2, and x3 are infill ratio, specimen thickness, and layer height, respectively. All 

coded variables and parameter ranges are given in Table 4. Table 4 is an explanation of how input and 

output variables are expressed in the objective function. For example, the parameter “infill ratio” is 

Punch Movement Direction

Specimen Holder Force

(a) (b) (c)
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represented as x1 in the objective function. Additionally, the range in which these parameters will be 

optimized must be defined as a constraint in the CPA. For this reason, the most used range in the literature 

was chosen for the input parameters and is given in Table 4. For example, the parameter range for infill 

ratio is 30 ≥ x1 ≥ 90, so the optimization will be performed within this range. Using these mathematical 

formulations, the optimal infill ratio, specimen thickness, and layer height values that can provide the 

highest strength, maximum fracture force, despite as less energy consuming as possible in the FFF process, 

are tunned with the CPA. 

Table 4. Coded variables and preferred parameter ranges in 3D printing 

Input Parameters Coded Variables Unit Parameter Range 

Infill Ratio x1 % 30 ≥ x1 ≥ 90 

Specimen Thickness x2 mm 4 ≥ x2 ≥ 8 

Layer Height x3 mm 0.12 ≥ x3 ≥ 0.2 

Output Parameters Coded Variables Unit  

Fracture Force y1 N  

Power Consumption y2 W  

 

CPA optimization method is one of the newly introduced heuristic optimization methods. Firstly, 

proposed by Kaveh and Zolghadr in 2017, Cyclical Parthenogenesis Algorithm (CPA) is a population-

based metaheuristic search algorithm [27]. CPA is developed by inspiring social behavior and the 

reproduction of aphids which is a kind of zoological organism. The sexual and asexual reproduction 

abilities of aphids, named cyclical parthenogenesis, and some unique aspects of their life are exciting for 

many optimization approaches. CPA is successfully applied to solve many optimization problems. As 

with all population-based algorithms, CPA starts with a randomly generated aphid population, which 

includes candidate solutions. Each iteration runs along a five-step and evaluates the objective function 

according to the newly generated candidate solutions. Detailed descriptions and pseudocode of CPA are 

available in the literature [28, 29, 30]. 

The objective function (J) that is determined to maximize the Fracture Force (𝐹𝑓) while minimizing the 

energy consumption (𝐸𝐶) is given in Equation 3.  Here, c1 and c2 are used to weigh the components in the 

objective function because fracture force and energy consumption are different physical values with 

dissimilar units. The constant gains c1 and c2 are determined as 112.14 and 1693.07, respectively. 

 

𝐽 = (𝑐1 𝐹𝑓) ∗ (𝑐2 𝐸𝐶)−1 (3) 

 

3. RESULTS AND DISCUSSION 

3.1. Experimental Results 

The results of the penetration test are given in Figure 4. According to the test results, the fracture 

directions were generally in two directions, and these directions were perpendicular to each other. The 

fracture characteristic is brittle, similar to the literature [31]. As expected, as the specimen thickness and 

infill ratio increased, the force at which the fracture started also increased. The penetration force was 

measured instantly throughout the test, and the force value at which the fracture started was taken as 

fracture force. Penetration and fracture forces are given in Figure 5. 
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Figure 4. Experimental results of the quasi-static penetration test 

 

 
Figure 5. The results of the penetration force versus punch stroke and fracture initiation points 

 

3.2. Optimization Results 

The ideal CPA parameters were assigned as 20, 2, 0.02, 0.03, and 0.7 for nA, nC, step size (α1), step size 

(α2), and Fr, respectively, using a trial-and-error method. As it can be clearly understood in Table 5, to 

define every CPA parameter, each parameter value was defined as minimizing the objective function by 
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keeping the others constant.  

After constructing the mathematical equations, objective function, and CPA in MATLAB R2022b, the 

algorithm was run to search for optimal infill ratio, specimen thickness, and layer height values, which 

ensure the best fit of the transfer function. The printing parameters, which could ensure that the maximum 

fracture force with reasonable energy consumption, were optimized. These are given in Table 5 in bold.    

The optimum algorithm parameters of the CPA were found using the trial-and-error method, as 

explained in detail before. Using these parameters, the algorithm has been run more than once. Printing 

parameters that minimize the fit function are given in the first row of Table 6, which is the best run in this 

case. The convergence graph for minimum, maximum, and mean values is given in Figure 6. 

 

Table 5. Finding the best optimization parameter by ranking the value of the fit function 

No. nA 

x1 

(Infill 

Ratio) 

x2 

(Specimen 

Thickness) 

x3 

(Layer Height) 
Fit Rank 

1-1 10 86.990 7.922 0.192 0.853 5 

1-2 15 89.529 5.886 0.184 0.833 2 

1-3 20 90.000 6.659 0.180 0.817 1 

1-4 25 89.869 7.216 0.174 0.833 3 

1-5 30 87.306 6.539 0.191 0.848 4 
 nC      

2-1 2 90.000 7.114 0.180 0.82 1 

2-2 3 78.751 6.284 0.171 0.97 5 

2-3 4 80.052 7.561 0.174 0.92 4 

2-4 5 87.192 5.961 0.182 0.86 3 

2-5 6 90.000 7.699 0.191 0.82 2 
 Stepsize      

3-1 α1:0.01  α2:0.01 86.831 7.643 0.191 0.85 7 

3-2 α1:0.01  α2:0.02 86.429 7.148 0.181 0.85 6 

3-3 α1:0.01  α2:0.03 87.404 5.566 0.172 0.9 9 

3-4 α1:0.02  α2:0.01 88.508 6.961 0.189 0.83 4 

3-5 α1:0.02  α2:0.02 86.514 7.197 0.192 0.85 8 

3-6 α1:0.02  α2:0.03 90.000 7.322 0.187 0.81 1 

3-7 α1:0.03  α2:0.01 90.000 6.543 0.186 0.81 2 

3-8 α1:0.03  α2:0.02 90.000 5.975 0.187 0.82 3 

3-9 α1:0.03  α2:0.03 88.918 7.951 0.189 0.83 5 
 Fr      

4-1 0.2 90.000 7.733 0.165 0.878 6 

4-2 0.3 90.000 5.529 0.181 0.843 5 

4-3 0.4 90.000 6.349 0.185 0.816 4 

4-4 0.5 78.492 6.266 0.172 0.965 7 

4-5 0.6 90.000 6.399 0.187 0.815 3 

4-6 0.7 90.000 7.009 0.184 0.810 1 

4-7 0.8 90.000 7.167 0.188 0.810 2 
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Figure 6. Convergence graph of the best optimization run 

 

Table 6. The optimization algorithm was run several times for optimized printing parameters. Optimized 

parameters for the best fit (given bold in first row) are; 84%, 6.83 mm, 0.19 mm for x1, x2 and x3 respectively 

x1 

(Infill Ratio) 

x2 

(Specimen Thickness) 

x3 

(Layer Height) 
Fit Rank 

83.77 6.83 0.19 0.812 1 

87.54 6.22 0.18 0.861 4 

88.85 7.62 0.19 0.828 2 

88.64 5.29 0.17 0.912 6 

89.22 7.37 0.16 0.858 3 

90.00 6.84 0.19 0.884 5 

 

The outputs obtained from the polynomial model and experimental outputs are given in Table 7. Both 

polynomial models developed for force and energy showed excellent agreement with the experimental 

results. The 10th row in Table 7 indicates the validation experiment results, which is the optimized solution 

for this study. The mathematical models are also good enough to predict the optimized output responses. 

The graphical representations of the fracture force and energy consumption are given in Figure 7 and 

Figure 8, respectively. As the graph implies, the fracture force is very close to the maximum value within 

the response space, while the energy consumption is near the average value. As a result, CPA can predict 

one of the optimal printing parameters with the aim of maximum fracture force and minimum energy 

consumption. 

 

 
Figure 7. Comparison of optimized fracture force and corresponding Taguchi experiments 
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Table 7. The results of the Taguchi L9 orthogonal array and optimal solution. The results of the optimal 

solution (validation experiment) is given in 10th row in bold 

 Input Parameters 

Output Responses 

(intended to be 

optimized) 

Output Responses Mathematical Model 

Exp. 

No 

Infill 

Ratio 

(%) 

Specimen 

Thickness 

(mm) 

Layer 

Height 

(mm) 

Fracture 

Force 

(N) 

Total energy 

consumption 

(Watt) 

Printing 

Time 

(min) 

Filament 

Consumption 

(g) 

Fracture 

Force 

(N) 

Total energy 

consumption 

(Watt) 
 

1 30 4 0.12 763.25 130.36 93 11 761.17 132.48  

2 30 6 0.16 1397.15 100.92 72 13 1394.23 97.36  

3 30 8 0.2 1196.40 102.32 73 15 1192.69 102.89  

4 60 4 0.16 595.65 91.11 65 12 593.36 91.82  

5 60 6 0.2 1102.55 106.53 76 16 1099.40 108.56  

6 60 8 0.12 1590.40 203.24 145 20 1586.48 199.60  

7 90 4 0.2 1165.15 95.31 68 14 1162.65 91.81  

8 90 6 0.12 1564.30 193.43 138 19 1560.99 194.07  

9 90 8 0.16 2269.15 145.77 104 24 2264.97 147.73  

10 84 6.83 0.19 1829.87 134.56 96 21 1960.59 124.67  

 

 
Figure 8. Comparison of optimized energy consumption and corresponding Taguchi experiments 

 

Finally, the graphs of penetration force versus punch stroke are given in Figure 9a. These graphs 

compare the minimum and maximum fracture forces of Taguchi experiments with the optimal solution. 

The corresponding energy utilizations are also provided in Figure 9b. Judging by the result, the fracture 

force improved significantly, while the energy consumption of the optimal specimen remained 

approximately in the middle of Taguchi experiments. 
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Figure 9. (a) Minimum, maximum, and optimal fracture forces, 

(b) maximum, minimum and optimal energy consumptions 

 

3.3. Validation Experiment 

A validation experiment was performed after optimization. A characteristic penetration behavior is 

given in Figure 10a, 10b and 10c. As the figures imply, the material appears to fail before full penetration 

of the material. The reason behind this phenomenon is the damage mechanism by penetration consists of 

various damage shapes as stated in previous studies in the literature [32]. The damage mechanism began 

with small sized cracks near the area that is in contact with the spherical punch. The damage proceeded 

with either cross shaped or linear shaped larger cracks. Eventually the material was completely damaged. 

Both the linear and the cross shaped cracks were mainly the result of excessive shear stresses in the grid 

structure of the PLA.  

 

 
Figure 10. (a) Front view, (b) back view of the fractured specimen and 

(c) comparison of the penetration and punch diameters at failure 
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4. CONCLUSIONS 

In this study, to improve the maximum fracture of 3D printed PLA materials with minimum energy 

consumption on Fused Filament Fabrication, which is a current and developing manufacturing method, 

the optimal printing parameters (infill ratio, specimen thickness, and layer height) are adjusted using 

metaheuristic CPA. 

When the results obtained from modeling and experimental studies were examined, it was 

understood that the proposed method could successfully adjust the printer parameters to provide the 

desired objective function. The optimum parameters of the CPA were obtained by trial-and-error method. 

The CPA has performed well in providing 3D printing parameters that provide the highest fracture force 

and lowest energy consumption when producing the part. It was observed that the sample produced with 

optimal parameters (84%, 6.83 mm and 0.19 mm for infill ratio, specimen thickness and layer height) could 

provide an energy consumption of 134.56 watts at an average value despite an above-average breaking 

force of 1829.87 N. This result indicates that an unlimited number of geometries can potentially be 

optimized for better impact performance while maintaining minimum energy usage. To gain a deeper and 

systematic understanding of fracture behavior of optimized polymer materials, the Essential Work of 

Failure (EWF) method should be used in future studies [33].  
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