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FOREWORD 
 

 

 

It is a pleasure for us to offer you Abstracts Book for the 12th international conference on 

Materials Science and Nanotechnology for Next Generation; MSNG2025. Our goal was to 

create a scientific platform that introduces the newest results on internationally recognized 

experts to local students and colleagues and simultaneously displays relevant Turkish 

achievements to the world. The positive feedback of the community encouraged us to 

proceed and transform a single event into a conference series. Now, MSNG2025 is honored 

by the presence of over 150 colleagues from various cities and countries. We stayed true to 

the original MSNG2025 concept and accepted contributions from all fields of materials 

science and technology to promote multidisciplinary discussions. The focal points of the 

conference emerged spontaneously from the submitted abstracts: energy applications, 

advanced materials, electronic and optoelectronic devices. Further fields of interest include 

e.g. new advanced and functional materials, advanced-functional composites, biomaterials, 

smart materials, dielectric materials, optical materials, magnetic materials, organic 

semiconductors, inorganic semiconductors, electronic materials, graphene, and more.  

Our warmest thanks go to all invited speakers, authors, and contributors of MSNG2025 for 

accepting our invitation, visiting Sivas and using MSNG2025 as a medium for communicating 

your research results. 

We hope that you will enjoy the conference and look forward to meeting you again in one of 

the forthcoming MSNG2026 event. 
 
 
 

Prof. Dr. Ebru Şenadım Tüzemen & Prof. Dr. Fahrettin Yakuphanoğlu  
 
 

Conference Chairs 
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Properties of Polypropylene-Based Micro Synthetic Fiber 
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ABSTRACT 

Pozzolanic mineral additives, used in appropriate proportions, help to reduce energy consumption and CO2 emissions by 

reducing the amount of clinker in cement production. Concrete is brittle and has poor ductility under compression. 

Therefore, concretes exposed to fixed and live loads should be strengthened using fiber. In this work, it was investigated 

effects on physical and mechanical properties of mortars produced by using both calcined marl blended cement that is an 

alternative novel pozzolan and polypropylene-based micro synthetic fiber. Calcined marl was replaced with klinker at 0, 10, 

20 and 30 wt.% ratios. The polypropylene-based micro synthetic fiber was mixed at different ratios (0.3-0.6 kg/m3) to the 

mortars. According to results of tests, it was observed that there were positive improvements in the mechanical 

properties of mortars containing with up 0.6 kg/m3 polypropylene-based micro synthetic fiber and calcined marl blended 

cement up to 30% replacement ratio. And, the using calcined marl blended cement will contribute to cement production 

sector in terms of low-emission, energy-saving, low-cost and sustainability. 

Keywords: Calcined Marl, Blended Cement, Polypropylene-based Micro Synthetic Fiber, Mortar  

 

 

1. Introduction 

The construction sector is responsible for world energy consumption and greenhouse gas (CO2) emissions. The production 

processes of cement, which is an essential part of this sector, need new regulations. Cement production is an industrial 

process that requires intensive use of heat energy. It also accounts for approximately 8-10% of global carbon dioxide 

emissions and has negative environmental impacts [1]. Replacing a certain portion of cement clinker with mineral 

additives is the fastest and most effective method and is also economical. Pozzolans are among the most preferred 

mineral additives because they positively change many properties of concrete, are economical, and could be used in high 

proportions in concrete composition. Recently, calcined clays and calcined marls have attracted attention. These materials 

become efficient in the use of additives thanks to their pozzolanic activity after calcination. The mineral content of calcined 

marls plays an active role in the hydration reactions of cement. With these reactions, calcium silicate hydrate (C-S-H) and 

calcium aluminate hydrate (C-A-H) components are formed, forming a matrix between the cement grains and enhancing 

performance in terms of the strength and durability [2]. On the other hand, calcined marls are a suitable alternative 

mineral additive for sustainable cement production because they are obtained from natural resources and can be 

processed with low energy [3]. 

In addition, the tensile strength of concrete also needs to be improved for sustainability. Various types of fiber 

components are used in the concrete composition to improve the behavioral performance of structural elements under 

load by improving the weakness of concrete in tensile stresses and controlling the crack mechanism. In this regard, the 

most commonly used and best-performing are polypropylene fibers. 

The aim of this study is to investigate the properties of polypropylene-based micro synthetic fiber reinforced mortars 

containing calcined marl blended cement. 

 

2. Experimental Details 

In this study, CEM I 42.5 R type cement and CEN standard sand were used as fine aggregate. The natural marl used as 

cement replacement material was supplied from Sinop/Erfelek in the Black Sea Region. In tests conducted to determine the 
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pozzolanic activity of natural marl, according to TS 25 [4], the 7-day average compressive strength of lime-pozzolan 

mixture samples was 8.10 MPa. The total SiO₂+Al₂O₃+Fe₂O₃ oxides by weight was 76.43%. And, the Blaine value was 4630 

cm²/g [3]. With these values, natural marl meets the pozzolan requirements of TS 25. Polypropylene-based microsynthetic 

fibers were used in the samples produced in this study. The fibers has a specific gravity of 0.91 g/cm3, a fiber diameter of 

0.18 µm, a fiber length of 6 mm, a specific surface area of 250 m2/kg, a tensile strength of 300-400 MPa, and a modulus of 

elasticity of ⁓4000 MPa. Fibers were added to the mixtures at amounts of 0.3-0.6 kg/m3. The mixing water was of drinking 

water quality. In the mortar samples, polycarboxylate ether-type superplasticizer was used at rates of 0.8, 1, 1.1, and 1.2% 

of the cement weight.  Mortar sample labels were determined as PC; Portland Cement, M; Marl, 0, 10, 20 and 30; the first code 

indicates the calcined marl replacement ratios, 03 and 06; the second code indicates the fiber amounts. Accordingly, in the 

study; mortar samples containing pozzolanic natural marl mineral additives calcined at optimum temperature and 

polypropylene-based micro synthetic fiber reinforced mortars and traditional mortars were produced. Flexural and 

compression test samples were produced with prismatic (40x40x160mm) and cubic (50x50x50mm) molds, respectively. The 

tests were conducted on the samples to determine mini-slump, density, water absorption, ultrasonic pulse velocity (UPV), 

flexural strength, and compressive strength. The results from the series of tests were compared within and among 

themselves. The findings from these comparisons were used to investigate the physical and mechanical performance of 

mortars produced with calcined marl blended cement and polypropylene-based micro synthetic fiber reinforcement. 

 

3. Results and Discussion: 

 
Fig. 1: Mini Slump Values. Fig. 2: Dry Density Values. Fig. 3: Water Absorption Values. 

 

The results and discussions of the tests performed on mortar samples are given below. The slump values determined for 

each mixture in the mini slump tests performed on fresh mortar mixtures are given in Fig. 1. It is observed that as the fiber 

content of the mortar mixtures increases, the slump values decrease, and with this decrease, workability deteriorates. 

Although deterioration of workability is considered as an undesirable situation in some cases, it is a desired property in 

terms of cohesion of plastic mixtures [5]. In the mortar samples containing only calcined marl blended cement and no 

fibers (PC00, M100, M200, and M300), workability decreased with increasing calcined marl content. However, these decreases 

were not as severe as those with fiber reinforcement.  

Figure 2 shows how the dry densities of 28-days the mortars are affected by the calcined marl blended cement and 

polypropylene fiber. The densities of mortar samples are affected by properties and densities of  mixture components. As 

the displacement amount of calcined marl added cement increased, the density of the mortars increased due to dense 

cement paste settling into the voids created by the clumping of the fibers. Polypropylene fibers are not included in mortar 

mixtures in high quantities and their unit weight is low, so their effect on the increase in mortar density is very small. 

The water absorption values for mortar samples are shown in Figure 3. In the tests, water absorption values decreased as 

the amount of calcined marl increased in the fiber-free series. This decrease is due to the increase in replacement ratio of 

finer marl content. Additionally, as the calcined marl replacement amount and fiber reinforcement content increased in the 

fiber and calcined marl series, the water absorption values of the mortar samples decreased. In the fibrous series, it is 

thought that the voids resulting from the clumping of the fibers is compensated by cement paste with calcined marl 

blended cement. Polypropylene fibers, which are not water absorbent properties, have a lower effect on water absorption 

of mortars containing fiber than calcined marl blended cements [6]. 
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The compressive, flexural strength and UPV graphs of mortars are given in Fig. 4, Fig. 5 and Fig. 6. The views of samples 

used in flexural test are given in Fig. 7. Compressive strength of mortars resulted in an increasing trend depending on the 

calcined marl and fiber content. However, the compressive strengths of the P003, P006, P02 and P04 series, which do not 

contain calcined marl, are lower than the compressive strengths of the P00 series due to the absence of calcined marl and 

the voids created by the fibers [7]. On the other hand, polypropylene fiber reinforcement also improved the flexural 

strength values of the mortars. These strength results are the results of the 28-day compressive strengths of the mortars, 

and it is thought that the flexural and compressive strengths of the mortars will increase in later ages thanks to the 

additional binders developed with the high pozzolanic properties of the calcined marl [8]. The reduction in porosity due to 

the calcined marl blended cement content of the mortars increases the ultrasonic pulse velocity. The UPV measurement 

method provides estimated information regarding the porosity and quality of the sample. The variations in UPV values 

were caused by the calcined marl and polypropylene fibers added to the mixture. The variations in UPVs for all samples 

showed similar trends to those in compressive strength. 

 

 
Fig. 4: Compressive Strengths. Fig. 5: Flexural Strengths. Fig. 6: UPV Variations. 

 

          
Fig. 7: Appearances of samples after tests.  

 

4. Conclusions 

In this study, experimental investigations based on physical and mechanical properties were conducted on mortar 

samples to improve mortars containing calcined marl blended cement and polypropylene fiber reinforcement. Some of the 

results obtained from the experimental study are given below. 

As in the mortar series containing only polypropylene fibers, in both the calcined marl blended cement and the fiber 

containing mortar series, the amount of mini-slump decreased due to the changes in fiber and calcined marl. 

The densities of the mortar samples in the study decreased only in the fiber containing series. In the series where fiber was 

used in conjunction with calcined marl, the densities increased due to the filler effect of the calcined marl. 

Since the amount of voids in the mortar increases due to the clumping caused by the fibers, water absorption values 

increase with the increase in the amount of fibers. In series containing cement with fiber and calcined marl blended 

cement, water absorption values decrease by compensating the voids created by the fibers due to the decrease in cement 

fineness. 

The compressive strengths of the mortar samples showed parallel trends with variations in density. The use of fiber and 

calcined marl improved the compressive strength of the mortar samples depending on the fiber reinforcement amounts 
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and calcined marl replacement ratios. In the compressive strength findings, the decrease in the strength of the calcined 

marl blended cement-free series indicates the necessity of using pozzolanic mineral additives to improve the strength of 

the fiber-containing series. The increase in the strength of mortar samples containing calcined marl blended cement in 

both non-fibrous and fibrous series is related to the pozzolanic activity developed by the calcination of natural marl, its 

chemical and mineral content, and its properties such as being ground below the cement fineness [9-11].  

In the study, the use of calcined marl blended cement together with polypropylene fiber reinforcements also positively 

improved the flexural tensile strength of the mortar samples. The results of this experimental study demonstrate that the 

usable of polypropylene fibers which increase flexural strength due to provide capillary crack control in load-bearing 

elements.  

The variations in UPVs occurred with variations in the amount of calcined marl blended cement and polypropylene fibers in 

mortar mixtures. The variations of UPVs in all of the mortars showed similar trends to those of strengths. 

In summary, according to the results of the experimental study, it was observed that there were positive improvements in 

physical and mechanical properties of mortars containing up to 0.6 kg/m3 polypropylene fibers and up to 30% calcined 

marl blended cements. 

It has also been determined that the use of mineral additives is inevitable in order to compensate for the voids created by 

the use of fiber and to improve the performance of the product. Due to the results of this study, the cement industry will be 

encouraged to use blended cement in terms of low emissions, energy savings, low costs and sustainability. 
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ABSTRACT 

In this study, a Fresnel lens-based concentrated photovoltaic (CPV) module employing GaInP/GaAs/Ge triple-junction 

semiconductor solar cells was designed and evaluated, with particular emphasis on the development of cell receivers. 

With the depletion of fossil fuels and the growing impact of environmental challenges, the efficient utilization of solar 

energy is regarded as a crucial step toward sustainable energy production. Within this context, the development of high-

efficiency semiconductor-based solar cells is considered highly significant. Multi-junction III–V cells (GaInP/GaAs/Ge) show 

higher efficiencies than Si-based cells. A 144-cell CPV panel was fabricated using Fresnel lenses, through which 

concentrated solar irradiation was directed onto the cells. Aluminum-based receivers were developed, and additional 

receivers coated with Au, Ag, and Ni were manufactured to assess oxidation under normal atmospheric conditions. 

Thermal simulations were carried out using SolidWorks, while spectral response and current–voltage measurements were 

performed experimentally. The triple-junction cells exhibited an open-circuit voltage of 3.1 V, a short-circuit current of 110 

mA, and a fill factor exceeding 85%. Long-term outdoor testing indicated that the average panel efficiency remained at 

~28%, with oxidation-related efficiency degradation under atmospheric exposure limited to 0.1% over four years. The 

Fresnel lens structure was found to ensure precise light concentration, while the developed receiver design provided 

effective passive cooling, preventing thermal losses and structural degradation. In conclusion, the integration of 

GaInP/GaAs/Ge semiconductor-based triple-junction cells with Fresnel lens concentrators and optimized cell receivers was 

shown to enable the efficient use of solar energy, while ensuring high efficiency, long-term stability, and cost-effectiveness 

in next-generation CPV applications. 

Keywords: Solar energy, Semiconductor, Triple junction solar cells, Concentrator photovoltaic module, Cell receiver, Fresnel 

lens, Oxidation 
 
 
 

1. Introduction 

In multi-junction solar cells, the bandgap Eg sequence is arranged in a decreasing order from the top to the bottom layers. 

In a triple-junction structure, this sequence follows Eg(top)>Eg(middle)>Eg(bottom). Such an arrangement ensures that high-

energy photons are absorbed by the wide-bandgap semiconductor in the top junction, while the remaining photons are 

subsequently absorbed by lower-bandgap layers beneath, thereby contributing to electricity generation. This stepwise 

absorption maximizes the utilization of the solar spectrum and enhances overall efficiency. At present, multi-junction 

technology has advanced up to six junctions, achieving a record conversion efficiency of 47.1% [1,2].  

 

2. Experimental details 

The experimental setup consists of 9 Fresnel lenses, each with a lens area of 4X4 cm, and 9 secondary optics aligned along 

the same optical axis. The spectral responsivity (SR) measurement system, presented in Fig.1, is utilized as one of the 

experimental characterization methods. This technique serves to determine the regions of the solar spectrum to which the 

mailto:myucel@akdeniz.edu.tr
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solar cell is sensitive, the specific electromagnetic wavelengths it absorbs, and the efficiency with which it converts the 

absorbed photons into electrical energy.  

 

 
Fig. 1: The general view of the spectral measurement system used in the study is shown. This system consists of a halogen lamp as the 

light source, a monochromator, a reference cell or detector, and the associated measurement and recording units. 

 

In this study, a concentrator solar panel comprising 144 cells was developed, and  TiOx/AlOxt hin films were employed as 

coating materials to minimize surface reflections. The panel incorporates 16 receivers, each containing 9 solar cells. Fig. 2 

presents (a) the internal structure and electrical connections of the concentrator solar panel used in the study, and (b) the 

lens system together with the optical focusing path of the incident rays. 

 

 
Fig. 2: (a) Internal structure of the concentrator solar panel and the interconnection design between the cells;  

(b) Optical path of the rays through the lens system of the concentrator solar panel. 

 

 
Fig. 3: Schematic of the receiver design. 



12th International Conference on Materials Science and Nanotechnology for Next Generation       |      21 

The receiver system was designed using Cu and Al plates, with Au, Ag, and Ni coatings applied to mitigate oxidation. A Cu–

insulator–Cu layered Pertinax structure was bonded to an Al heat sink using a thermally conductive adhesive to enable 

passive cooling under high solar concentration. Fig. 3 illustrates the structural integration. 

Figures 4(a–c) depict the assembly of the cell receivers into a solar panel. Each receiver contains 9 cells, and their precise 

alignment is essential in CPV systems to ensure accurate light focusing. Even minor angular misalignments can result in 

incorrect light concentration. 

 

 
Fig. 4: (a) The cell receiver mounted onto the Al plate; (b) 16 receivers installed on the Al base; (c) The concentrator 

photovoltaic panel. 

 

3. Results and discussion: 

As seen in Fig. 5, GaInP (blue) operates with ~75% efficiency in the 280–640 nm range, GaAs (green) with ~80% in 640–900 nm, 

and Ge (red) with ~70% above 900 nm, together enabling broad-spectrum energy conversion.  

 

 
Fig. 5: Spectral response spectrum of the GaInP/GaAs/Ge triple-junction solar cell. 

 

The study evaluated the thermal and electrical performance of a CPV panel. Parallel connection of solar cells via conductive 

plates ensured higher output current, while simulations confirmed that thermal receivers effectively dissipated heat, 

maintaining cell temperatures around 64 °C (Fig. 6(a)). Temperature distribution analyses showed that insulation between 

the receivers and the aluminum casing increased cell temperature to 61–62 °C, whereas direct heat flow reduced it to ~59 

°C (Fig. 6(b)). 

 
Fig. 6: Thermal analysis results: (a) Effective absorption of the heat generated by nine solar cells mounted on the receiver; (b) 

reduced absorption when the receiver is insulated from the outer casing. 
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Fig. 7: (a) The cell surface temperature was measured as 84.6 °C without the Al plate;  

(b) after placing an Al plate beneath the setup, the cell temperature in the Al-plated receiver system was reduced to 61 °C. 

 

All values measured under 1 Sun using the setup shown in Figure 7(a–b) are presented in Table 1. 

 

Table 1: Temperatures of cells measured under 1 Sun in the environment where the experiment was carried out 

System Temperature (oC) 

Room temperature 23,0 

Temperature under 1 Sun 38,0 

Concentration temperature at the focal length of the Fresnel lens 342,9 

Concentration temperature of the secondary optic aligned with the Fresnel lens  250,5 

Cell surface temperature without Al plate 84,6 

Cell surface temperature with Al plate 61,0 

Temperature on the upper Cu surface near the cell (Al-plated receiver) 58,3 

Temperature at the interface between lower Cu surface and Al plate 34,2 

 

As shown in Fig. 8, the GaInP/GaAs/Ge triple-junction solar cell exhibited an open-circuit voltage of ~3.1 V and a short-circuit 

current of ~110 mA, consistent with literature [3]. Panel efficiency measurements over four years showed only ~0.1% 

negligible loss. Outdoor tests under standard conditions revealed that efficiency decreased slightly from 27.9% to 27.6%, 

while power output varied between 57 W and 37 W. 

 

 
Fig. 8:  I–V and P–V characteristics under 1 Sun. 

 

Conclusions 

Within the scope of this study, the total output power of the designed and fabricated panel was measured as 60 W. For the 

concentrator photovoltaic (CPV) panel with a net surface area of 50×50 cm², the power per unit area was calculated to be 

approximately 240 W/m². Currently, the highest-efficiency silicon-based solar panel used in terrestrial PV applications is 

the IBC (Interdigitated Back Contact) solar panel, with a power density of around 221 W/m² [4-6]. Considering these values, 
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CPV panel applications represent a promising area for further research and product development. Higher power output 

can be achieved by designing receiver and lens systems with different geometries and integrating more cells into a given 

unit area. 
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ABSTRACT 

This study systematically demonstrates the effects of critical process parameters on mechanical performance (tensile 

strength, σ) and surface roughness (Ra) during FDM 3D printing using PETG filament. A Taguchi L27 orthogonal array was 

used for experimental planning, and three levels of layer thickness (0.12–0.28 mm), fill rate (20–80%), printing speed (40–80 

mm/s), nozzle temperature (220–250 °C), and scanning angle (0°–90°) were investigated. Samples were produced on a 

FlashForge Adventurer 5M Pro printer with a 0.4 mm diameter nozzle and subjected to tensile tests according to ASTM D638 

Type V. Ra measurements were evaluated using the ISO 4287 (cut-off 0.8 mm) approach. The multi-criteria objective (σ↑, 

Ra↓) was combined with the desirability approach, and a single optimum setting was reported. OLS-based impact 

assessment (adj. R²=0.990, Ra model adj. R²=0.974) was used for non-categorical parametric analysis, and Random Forest 

(5-fold cross-validation) was used for estimation (R²≈0.47 for σ; R²≈0.32 for Ra). The findings show that the combination of 

thinner layer, lower speed, nozzle temperature around 250 °C, and 0° scan angle increases σ while decreasing Ra; the fill 

rate has a positive but limited effect on σ, with a secondary effect on Ra. The recommended optimum parameters are 0.12 

mm layer thickness, 80% fill rate, printing speed of 40 mm/s, nozzle temperature of 250 °C, and 0° scan angle. 

Keywords: FDM, ANOVA, multi-criteria optimization, surface roughness, tensile strength, machine learning. 

 

 

1. Introduction 

Additive manufacturing (AM) is an innovative manufacturing technology that has found a wide range of industrial 

applications in recent years, from prototyping to final product production, and stands out with its design freedom, 

material efficiency, and customization possibilities [1,2]. One of the most widely used methods among these technologies 

is the Fused Deposition Modeling (FDM) process, which is based on the layer-by-layer deposition of thermoplastic filaments 

[3]. The low cost of FDM, its easy accessibility at office and laboratory scales, and its compatibility with different 

engineering polymers are the main factors increasing the prevalence of the method [4]. However, the mechanical 

performance (e.g., tensile strength, σ) and surface quality (Ra) of parts produced by FDM are often lower than those of parts 

produced by traditional manufacturing methods [5,6]. This makes the systematic optimization of process parameters 

critical, especially when it comes to functional prototypes and end-use parts. Studies in the literature reveal that 

parameters such as layer thickness, infill ratio, printing speed, nozzle temperature, and scan angle directly affect the final 

part properties [7–9]. However, there are complex interactions between these parameters, and changing a single 

parameter can lead to opposing effects on different outputs. For example, low layer thickness improves surface quality 

but prolongs production time; high infill ratio increases tensile strength but increases material consumption and printing 

time [10]. Among the materials frequently used in the FDM process, Polyethylene Terephthalate Glycol (PETG) stands out 

with its higher impact strength, lower brittleness, and good chemical resistance properties compared to Acrylonitrile 

Butadiene Styrene (ABS) and Polylactic Acid (PLA) [11]. Although PETG is increasingly preferred in engineering applications, 

the majority of studies on parameter optimization have focused on PLA and ABS [12, 13, 14]. In this context, systematic 

experimental studies using PETG filament have the potential to fill a significant gap in both academic literature and 

industrial applications. 
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In this study, the effects of selected critical parameters (layer thickness, infill rate, printing speed, nozzle temperature, and 

scan angle) on tensile strength (σ) and surface roughness (Ra) in the FDM process using PETG filament were investigated 

using the Taguchi L27 experimental design. The study was supported by experimental data, multi-criteria optimization 

(desirability function) and data-driven analysis (OLS regression, random forest model) approaches. Thus, a single optimal 

parameter set was determined for the use of PETG in FDM, both in terms of mechanical and surface quality, and a more in-

depth understanding of the process was developed through parametric and predictive modeling. 

 

2. Material and Method 

2.1. Material Used and 3D Printer 

In this study, the samples were produced on a FlashForge Adventurer 5M Pro (China, 2023) device (Fig. 1.a), a desktop 3D 

printer with FDM technology. The printer's technical specifications and basic parameters are summarized in detail in Table 

1. Commercially sourced PETG filament (Fig.1.b) was used as the material in the study (diameter: 1.75 mm ±0.05 mm, density: 

≈1.27 g/cm³, manufacturer: eSUN, Shenzhen, China). The filaments were dried at 60 °C for 6 hours before printing to prevent 

the negative effects of humidity during printing. 

 

 
a b 

Fig. 1. FlashForge Adventurer 5M Pro printer and filament. 

 

Table 1. FlashForge Adventurer 5M Pro specifications 

Feature Value 

Print Technology Fused Deposition Modeling (FDM) 

Nozzle Diameter 0.4 mm (Adjustable) 

Layer Thickness Range 0.08 – 0.40 mm 

Print Speed 10 – 300 mm/s (recommended: 40–100 mm/s) 

Nozzle Temperature Range 220 – 265 °C 

Plate Temperature 110 °C (maks.) 

Material Compatibility PLA, ABS, PETG, ASA, PC vb. 

Filament Diameter 1.75 mm 
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2.2. Experimental Design 

To systematically demonstrate the effects of process parameters, the Taguchi L27 orthogonal experimental design was 

chosen. This method allows five different factors to be evaluated at three levels, reducing experimental overhead and 

allowing for maximum information to be obtained with a minimum number of experiments. The factors and their 

corresponding levels are detailed in Table 2. A total of 27 different experimental conditions were applied within the scope 

of the study and statistical reliability was ensured by performing three repetitions for each condition. 

 

Table 2. Experimental factors and their levels (Taguchi L27 design) 

Factor No Factor Level 1 Level 2 Level 3 

1 Layer thickness (mm) 0.12 0.20 0.28 

2 Infill ratio (%) 20 50 80 

3 Print speed (mm/s) 40 60 80 

4 Nozzle temperature (°C) 220 235 250 

5 Scanning angle (°) 0 45 90 

 

2.3. Sample Preparation and Testing Standards 

To ensure standardization in mechanical testing, the geometric design and dimensions of the tensile test specimens were 

based on the ASTM D638 Type V standard, as shown in Fig. 2. Three replicates were produced for each test condition. 

Tensile tests were performed on a Zwick/Roell Z010 (10 kN capacity) universal testing machine at a test speed of 5 mm/min. 

The tensile strength (σ, MPa) obtained from the maximum load was recorded. Surface roughness (Ra): Measured using a 

Mitutoyo Surftest SJ-210 profilometer with a cut-off value of 0.8 mm according to the ISO 4287 standard. Three different 

points were measured on each specimen, and the average value was calculated. 

 

 
Fig. 2. Test sample geometric design and dimensions (ASTM D638 Type V) 

 

2.4. Statistical Analysis of Experimental Design 

Analysis of Variance (ANOVA): Statistical significance of parameters on σ and Ra was evaluated. Regression Analysis (OLS): 

Parametric relationship modeling was performed. Machine Learning: Random Forest regression model was applied to 

estimate the parameter-output relationship. The model was tested with 5-fold cross-validation. Multi-Criteria Optimization: 

Desirability function was applied to maximize tensile strength and minimize surface roughness. 

 

2.5. Experiment Matrix 

 The experimental design used in this study is based on the L27 orthogonal array, based on the Taguchi approach. The 

parameter combinations are summarized in detail in Table 3. This table systematically presents the experimental 

conditions where key process parameters such as layer thickness (LT), infill density (ID), printing speed (PS), nozzle 

temperature (NT), and scanning angle (SA) are combined at different levels and forms the primary data source for 

subsequent analyses. 
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Table 3. Taguchi L27 test matrix 

Exp. No LT (mm) ID (%) PS (mm/s) NT (°C) SA (°) Tensile Strength (MPa) Surface Roughness (µm) 

1 0.12 20 40 220 0 44.8 5.5 

2 0.12 20 60 235 45 46.2 5.8 

3 0.12 20 80 250 90 42.1 6.9 

4 0.12 50 40 235 90 48.5 5.2 

5 0.12 50 60 250 0 51.0 5.0 

6 0.12 50 80 220 45 45.3 6.0 

7 0.12 80 40 250 45 52.7 4.8 

8 0.12 80 60 220 90 47.2 5.6 

9 0.12 80 80 235 0 53.5 4.7 

10 0.20 20 40 235 0 42.0 7.5 

11 0.20 20 60 250 45 43.7 7.0 

12 0.20 20 80 220 90 38.5 8.8 

13 0.20 50 40 250 90 45.2 6.9 

14 0.20 50 60 220 0 46.8 6.5 

15 0.20 50 80 235 45 41.9 7.7 

16 0.20 80 40 220 45 48.9 6.3 

17 0.20 80 60 235 90 44.6 6.8 

18 0.20 80 80 250 0 49.8 6.1 

19 0.28 20 40 250 90 37.8 9.5 

20 0.28 20 60 220 0 40.5 9.0 

21 0.28 20 80 235 45 36.9 10.2 

22 0.28 50 40 220 45 42.2 8.4 

23 0.28 50 60 235 90 39.1 8.9 

24 0.28 50 80 250 0 43.0 8.2 

25 0.28 80 40 235 0 46.5 7.9 

26 0.28 80 60 250 45 44.0 8.0 

27 0.28 80 80 220 90 41.2 8.7 

 

3. Results and Discussion 

3.1. Tensile Strength (σ) Results 

When general trends are evaluated, decreasing layer thickness (0.12 mm), decreasing printing speed (40 mm/s), and 

choosing a nozzle temperature of approximately 250 °C stand out as the most critical conditions that significantly increase 

tensile strength. While the 80% fill rate provided the highest σ value, the effect of this rate was more limited compared to 

the layer thickness, printing speed, and temperature parameters. At the scanning angle, the 0° orientation strengthened 

material integrity by creating a fiber-like structure aligned with the load direction and allowed for the highest tensile 

strength. Fig. 3 shows the average effects of the parameters on tensile strength. Fig. 4 shows a box plot showing the 

distribution of repeated measurements. Fig. 5 shows the order of parameter significance according to ANOVA statistical 

analysis. Accordingly, layer thickness has the highest effect, while nozzle temperature has the lowest effect. 
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Fig. 3. Main Effects Plot: Average effect of parameters on tensile strength. 

 

 
Fig. 4. Boxplots: To show the distribution of repeated measurements. 

 

 
Fig. 5. ANOVA Pareto Chart: To visualize parameter importance order. 

 

3.2. Surface Roughness (Ra) Results 

Evaluations of surface roughness (Ra), as seen in Fig. 6, show that layer thickness is the most dominant factor, with the 

lowest Ra values achieved at a layer thickness of 0.12 mm. Regarding the printing speed parameter, it was determined that 

lower speeds allow for more controlled material deposition, resulting in a smoother surface. Surface roughness is 

significantly minimized by achieving optimum melting and flow conditions at a nozzle temperature of around 250°C. While 

fill rate has a secondary effect on Ra, it is a supporting parameter contributing to print quality. From a scanning angle 

perspective, better surface continuity is achieved at the 0° orientation, resulting in a reduced number of traces between 

layer transitions, resulting in higher surface integrity. A box plot showing the distribution of repeated measurements is 

given in Fig. 7. Fig. 8 shows the order of parameter importance according to ANOVA statistical analysis. 
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Fig. 6. Main Effects Plot: Average effect of parameters on Surface roughness (Ra). 

 

 
Fig. 7. Boxplots: To show the distribution of repeated measurements. 

 

 
Fig. 8. ANOVA Pareto Chart: To visualize parameter importance order. 

 

3.3. ANOVA Results 

Table 4 presents the ANOVA analyses performed for tensile strength. The results show a significant distribution of effect 

sizes among the parameters. Layer thickness had the strongest effect at 40.4%, followed by infill rate, which contributed 

35.1%. Scan angle was also found to be statistically significant with a 12.7% effect, demonstrating that it is a significant 

parameter affecting print quality. In contrast, printing speed showed limited statistical significance at p=0.0408 with an 

effect size below 3.1%. Nozzle temperature contributed only 2.3% and was not considered statistically significant at 

p=0.0834, exceeding the significance level of α=0.05. These findings clearly demonstrate that layer thickness and infill rate, 

in particular, play a decisive role in quality and performance outcomes in the FDM 3D printing process. 
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Table 4. ANOVA for tensile strength (σ) 

Factor SS DoF F-value p-value Effect (%) 

Layer Thickness 200.67 2 50.98 0.0000 40.4 

Infill Rate 174.08 2 44.23 0.0000 35.1 

Print Speed 15.48 2 3.93 0.0408 3.1 

Nozzle Temperature 11.47 2 2.91 0.0834 2.3 

Scan Angle 63.14 2 16.04 0.0002 12.7 

Residual Error 31.49 16 – – 6.3 

 

Table 5 presents the ANOVA analyses performed for surface roughness. Accordingly, layer thickness has the largest effect 

at 77.6%, while nozzle temperature has the smallest effect at 0.7%. 

 

Table 5. ANOVA for surface roughness (Ra) 

Factor SS DoF F-value p-value Effect (%) 

Layer Thickness 47.72 2 250.16 0.0000 77.6 

Infill Rate 7.32 2 38.38 0.0000 11.9 

Print Speed 1.87 2 9.81 0.0017 3.0 

Nozzle Temperature 0.41 2 2.15 0.1492 0.7 

Scan Angle 2.65 2 13.91 0.0003 4.3 

Residual Error 1.53 16 – – 2.5 

 

3.4. Regression and Machine Learning 

According to the modeling results obtained, the OLS regression analysis showed an extremely high fit; as seen in Fig. 9 for 

σ, the value of adj. R²=0.990 reveals that the parameters explain the tensile strength with almost full accuracy, while as 

seen in Fig. 10 for Ra, the value of adj. R²=0.974 indicates that surface roughness can also be predicted quite robustly. In 

contrast, the machine learning-based Random Forest model exhibited more limited performance; a value of R²≈0.47 for σ 

partially captured nonlinear effects, and R²≈0.32 for Ra indicated that surface roughness had a more complex and difficult-

to-predict character. These results indicate that the classical regression approach is superior in explaining the 

experimental parameter-output relationship, but that in the presence of nonlinear dynamics, machine learning methods 

are open to further improvement through different combinations. 

 

 

Fig. 9. Estimation of tensile strength (σ) by OLS regression: Comparison of actual and predicted values (R²_adj ≈ 0.99). 



32       |      12th International Conference on Materials Science and Nanotechnology for Next Generation 

 
Fig. 10. Surface roughness (Ra) estimation by OLS regression: Comparison of actual and predicted values (R²_adj ≈ 0.97). 

 

3.5. Multi-Criteria Optimization 

In the multi-criteria optimization analysis conducted within the framework of the desirability approach, the primary 

objective was determined to maximize tensile strength (σ) and minimize surface roughness (Ra). As a result of the 

evaluations carried out in line with this objective, the optimum parameter combination was clearly demonstrated, as 

shown in Fig. 11. It was demonstrated that the most ideal results could be achieved by setting the layer thickness to 0.12 

mm, the infill rate to 80%, the printing speed to 40 mm/s, the nozzle temperature to 250 °C, the scanning angle to 0°. These 

optimum conditions stand out as critical settings that enable the simultaneous improvement of mechanical performance 

and surface quality in the FDM-based 3D printing process. 

 

 
Fig. 11. Desirability chart (multiple objective optimization diagram). 

 

According to the findings presented in Table 6, the optimal parameter combination obtained as a result of multi-criteria 

optimization within the desirability approach is presented in detail. Accordingly, the optimal printing conditions are defined as 

selecting a very thin layer thickness of 0.12 mm, maintaining a high infill rate of 80%, adjusting the printing speed 40 mm/s, and 

setting the nozzle temperature at 250°C. Furthermore, a scanning angle of 0°, maintaining the table temperature at 85°C, and 

limiting the fan speed to 30% contribute to achieving a balance between performance and quality. When these parameters are 

evaluated as a whole, the goal is to maximize tensile strength (σ) and minimize surface roughness (Ra). The recommended 

optimum values are indicative for achieving high quality and reliability in FDM processes. 

 

Table 6. Recommended optimum parameters 

Parameter Optimum value 

Layer thickness 0.12 mm 

Infill density %80 

Print speed 40 mm/s 

Nozzle temperature 250 °C 

Scan angle 0° 
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Conclusions 

In this study, the effects of critical process parameters such as layer thickness, infill rate, printing speed, nozzle 

temperature, and scanning angle on tensile strength (σ) and surface roughness (Ra) were systematically investigated using 

PETG filament in FDM-based 3D printing technology. A Taguchi L27 orthogonal array was used for experimental planning, 

and the resulting data were evaluated using both statistical analysis (ANOVA, OLS) and machine learning (Random Forest) 

approaches. 

The main results obtained are: 

 Layer thickness was the most critical parameter for both tensile strength and surface roughness. 

o At a layer thickness of 0.12 mm, σ values increased by 15–20%, while Ra values decreased significantly. 

 Infill ratio had a positive but limited effect on tensile strength (σ approached maximum at 80% infill). Its effect on Ra 

was secondary. 

 Printing speeds of 40 mm/s yielded optimal results. At higher speeds, σ decreased, while Ra increased. 

 Nozzle temperatures of approximately 250°C produced stable results. Interlayer adhesion weakened at lower 

temperatures, while surface quality deteriorated at higher temperatures. 

 The 0° scan angle orientation was determined to provide both the highest σ and the lowest Ra values. 

 According to the ANOVA results: 

o The most influential factors for σ were: Layer thickness (40.4%), fill rate (35.1%), and scan angle (12.7%). 

o The most influential factors for Ra were: Layer thickness (77.6%), fill rate (11.9%), and scan angle (4.3%). 

 OLS regression had high explanatory power (R²_adj ≈ 0.99 for σ, R²_adj ≈ 0.97 for Ra). 

 The Random Forest model performed less well (R² ≈ 0.40–0.50 for σ, R² ≈ 0.25–0.35 for Ra). 

 Optimum parameter set obtained through multi-criteria optimization (desirability approach): 

o Layer thickness: 0.12 mm  

o Infill rate: 80%  

o Printing speed: 40 mm/s  

o Nozzle temperature: 250 °C  

o Scanning angle: 0° 

 This parameter set provided both high tensile strength and low surface roughness, and was reported as the “single 

optimum setting” that met the multi-target optimization. 

 

Recommendations and Future Work  

 The study is limited to PETG; similar optimization should be conducted on PLA, ABS, and composite-reinforced 

filaments in future studies.  

 Criteria other than tensile strength and surface roughness (e.g., impact resistance, production time, energy 

consumption) should also be included in multi-criteria evaluations.  

 Larger datasets and deep learning methods can be used to improve the performance of machine learning models.  

 The obtained optimal parameters should be validated in industrial prototype production and evaluated for 

sustainability. 
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