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Abstract 

Manufacturing nanocomposite materials through the Material Extrusion (ME) process 

opens up new possibilities for industries demanding materials with superior conductivity and 

mechanical robustness. Furthermore, the electrical and mechanical properties of the thermoplastic 

materials can be increased by the addition of nanofillers, like carbon nanotubes (CNTs). This study 

aims to compare the mechanical and electrical properties of 3D printed specimens using three 

different polymers: CNT-reinforced Polylactic Acid (CNT-PLA), CNT-reinforced Acrylonitrile 

Butadiene Styrene (CNT-ABS), and CNT-reinforced Polyethylene Terephthalate Glycol (CNT-

PETG). Tensile specimens are fabricated under varying parameters, including nozzle temperature, 

nozzle size, printing orientation, and layer thickness. Tensile testing is conducted to investigate 

the mechanical performance and volume resistivity is utilized to investigate electrical behavior. 

By understanding the relationship between CNT reinforcement and material properties, this 

research could pave the way for the development of advanced materials with customized 

mechanical and electrical characteristics, suitable for a wide range of industrial applications. 

1. Introduction

CNT-reinforced polymers have attracted increasing attention due to their remarkable 

ability to enhance the mechanical and electrical properties of thermoplastics such as PLA, ABS, 

and PETG. The addition of CNTs into these materials has led to significant improvements in 

strength, conductivity, and durability, making them ideal for applications in fields like aerospace, 

automotive, biomedical devices, and electronics. In particular, CNT-reinforced polymers can 

optimize material performance in 3D printing, where precise control over material properties is 

crucial. By adjusting parameters such as nozzle temperature, layer thickness, and print orientation, 

it is possible to achieve tailored characteristics in 3D-printed parts, enabling their use in a wide 

range of demanding applications [1, 2]. 
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The incorporation of CNTs into polymers has garnered significant interest due to the 

exceptional mechanical, electrical, and thermal properties of CNTs [3]. These properties can 

dramatically improve the performance of polymer-based materials, making CNT-reinforced 

polymers ideal for advanced applications [4]. The addition of CNTs to thermoplastics like PLA, 

ABS, and PETG can enhance their mechanical strength, electrical conductivity, and thermal 

stability. Several critical reviews have highlighted the importance of utilizing the CNTs in the ME 

process to improve the quality and performance of 3D-printed parts [5–10].  

The integration of thermoplastics and thermosets with reinforcing fibers, such as short 

carbon fibers (SCFs) and CNTs, has been shown to significantly improve their mechanical and 

thermal properties. While SCFs are micrometer-scale fibers that primarily enhance the tensile 

strength and stiffness of composites, CNTs are nanoscale tubes that not only reinforce mechanical 

properties but also significantly improve electrical and thermal conductivity due to their unique 

structure and high aspect ratio. A comprehensive review has highlighted various breakthroughs in 

materials and ME technologies, their integration with emerging technologies, and the impact of 

ME across multiple sectors [11]. Fatigue analysis of these materials highlights the impact of 

varying process parameters on the fatigue life and performance of the composites [12, 13].    

ME is a versatile and widely used 3D printing process that enables the fabrication of 

complex geometries with precise control over material deposition. By integrating CNTs into 

thermoplastic matrices and utilizing ME, it is possible to produce functionally graded 

nanocomposite materials with superior properties [14]. 

This study aims to compare the mechanical and electrical properties of 3D-printed 

specimens using CNT-reinforced PLA, ABS, and PETG. The specimens are fabricated under 

varying parameters, including nozzle temperature, nozzle size, printing orientation, and layer 

thickness. Tensile testing is conducted to investigate the mechanical properties, while volume 

resistivity measurements are used to evaluate the electrical properties. Understanding the 

relationship between CNT reinforcement and material properties will provide insights into the 

development of advanced materials with customized characteristics for a wide range of industrial 

applications. Although challenges such as achieving uniform CNT dispersion and integrating 

CNTs with distinct materials, for example, with functionally graded materials persist, highlighting 

the need for innovation to fully leverage the advantages of enhanced mechanical, electrical, and 

thermal properties. [15–20]. 

2. Materials and Methods 

2.1. Materials Selection 

The selection of materials for this study was guided by their compatibility with 3D printing 

processes and their potential for enhancement through CNT reinforcement. Three thermoplastic 

polymers were chosen: PLA, ABS, and PETG. These materials were selected based on their 
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distinct mechanical and electrical properties, making them suitable for a comparative analysis of 

the effects of CNT reinforcement. 

PLA is a biodegradable thermoplastic derived from renewable resources such as corn 

starch or sugarcane. The CNT-PLA used in this study is 3DXSTAT™ ESD-PLA, an advanced 

ESD-safe compound designed for critical applications requiring electrostatic discharge (ESD) 

protection. This material offers consistent surface resistance in the range of 107 to 109 ohms, 

making it ideal for applications in the semiconductor and industrial sectors. It also provides 

improved mechanical properties such as enhanced impact resistance and elongation retention, 

along with environmental benefits like being biodegradable and having low odor emissions. The 

recommended printing parameters for 3DXSTAT™ ESD-PLA include an extruder temperature of 

210-240°C and a bed temperature of 23-60°C, with drying instructions of 65°C for 4 hours before 

printing. 

ABS is a petroleum-based thermoplastic known for its toughness, impact resistance, and 

ease of machining. The CNT-ABS used in this study is 3DXSTAT™ ESD-ABS, which is designed 

for critical applications requiring ESD protection and a high level of cleanliness. ABS is known 

for its high thermal stability, making it suitable for industrial-grade parts. The recommended 

printing parameters for 3DXSTAT™ ESD-ABS are an extruder temperature of 220-240°C and a 

bed temperature of 100-110°C, with drying instructions of 80°C for 4 hours before printing. 

PETG is a modified version of Polyethylene Terephthalate (PET), offering a balance 

between the mechanical properties of PLA and the toughness of ABS. The CNT-PETG used in 

this study is 3DXSTAT™ ESD-PETG, designed for critical applications requiring ESD protection. 

It also features superior chemical resistance and low moisture absorption, reducing the risk of 

printing defects. The recommended printing parameters for 3DXSTAT™ ESD-PETG include an 

extruder temperature of 230-260°C and a bed temperature of 60-90°C, with drying instructions of 

65°C for 4 hours before printing. 

All three materials were chosen for their specific properties that cater to different industrial 

applications requiring ESD protection. The CNT reinforcement is expected to enhance their 

mechanical and electrical performance, making them suitable for use in various high-performance 

applications, including semiconductor components and industrial equipment. 

2.2. Methodology 

2.2.1. 3D Printing Parameters 

The fabrication of tensile specimens using CNT-PLA, CNT-ABS, and CNT-PETG was 

conducted through ME process. Tensile test specimens were printed according to ASTM D638 

standards. The specimens were designed in a dumbbell shape to ensure a uniform distribution of 

stress during testing [21]. Specimen sample is shown in Figure 1.  
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Figure 1. Demonstration of specimen before Tensile testing. 

To ensure reproducibility and thoroughly investigate the effects on the mechanical and 

electrical properties of the printed parts, the 3D printing parameters were meticulously controlled. 

The nozzle temperature, crucial for optimal material flow and proper layer adhesion, was set 

according to manufacturer recommendations and previous studies. Bed temperature was adjusted 

to prevent warping and improve first-layer adhesion, with higher settings benefiting ABS due to 

its higher melting point. Nozzle size, determining extrusion width, influenced resolution and 

mechanical properties, and was varied for impact analysis. Printing orientation, affecting tensile 

strength, was tested in both XY and XZ orientations to study anisotropic behavior. Layer thickness, 

influencing resolution and mechanical properties, was varied to optimize results. The parameters 

are detailed in Table 1, providing a comprehensive approach that ensured detailed analysis of each 

parameter's impact on the printed specimens' performance. 

Table 1. 3D printing parameters for CNT-PLA, CNT-ABS, and CNT-PETG 

 

2.2.2. Design of Experiments (DOE)  

To systematically study the effects of different 3D printing parameters on the mechanical 

and electrical properties of CNT-PLA, CNT-ABS, and CNT-PETG, a design of DOE approach 

was utilized. In Table 2, DOE table details the experimental runs for each material under varying 

3D printing parameters. For CNT-PLA, the experiments cover nozzle temperatures T1 (210°C) and 

T2 (220°C), with both XY and XZ orientations tested. For CNT-ABS, the experiments cover nozzle 

temperatures T1 (220°C) and T2 (240°C), with both orientations. For CNT-PETG, the experiments 

include nozzle temperatures T1 (230°C) and T2 (260°C), with both XY and XZ orientations tested. 

Here, T1 and T2 represent the respective temperature ranges for each material.       
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This table provides a structured overview of the different parameter combinations tested in 

this study, facilitating a detailed analysis of their impact on the mechanical and electrical properties 

of the 3D-printed specimens. This comprehensive DOE approach ensures that the study captures 

the influence of each parameter on the performance of the CNT-reinforced materials, allowing for 

the optimization of 3D printing conditions to achieve the desired material characteristics. 

2.3. Testing Procedures 

The testing procedures for this study involved evaluating both the mechanical and electrical 

properties of the 3D-printed specimens made from CNT-reinforced PLA, ABS, and PETG. The 

tests were designed to provide a comprehensive understanding of how CNT reinforcement affects 

these properties. 

Table 2. Expanded DOE table 

 

2.3.1. Tensile Testing 

To evaluate the mechanical properties of the 3D-printed specimens, tensile testing was 

conducted using an Instron tensile testing machine [22, 23]. The key features and components of 

the machine are outlined below: 
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Load Frame: The tensile testing machine features a robust load frame capable of 

accommodating single or dual column configurations, depending on the force capacity required. 

Software: The machine is equipped with advanced test software that allows operators to 

configure test methods and output results efficiently. 

Load Cell: A highly accurate load cell is used to measure the force applied to the test 

specimen. Instron's load cells offer precision down to 1/1000 of their capacity. 

Grips and Fixtures: The machine includes a variety of specimen grips and fixtures, 

designed to accommodate different materials, shapes, and sizes, ensuring versatility in testing. 

Strain Measurement: For some test methods, precise measurement of specimen elongation 

under load is required. Instron's AVE2 system can measure changes in specimen length with an 

accuracy of ±1 µm or 0.5% of the reading. 

The image of the tensile testing machine used in the study is illustrated in Figure 2. 

 

Figure 2. Tensile testing machine 

In Figure 3, the image demonstrates the specimen before and after tensile testing. The top 

part of the image displays the intact specimen before the test, while the bottom part shows the 

specimen after testing, where it has fractured at its weakest point due to the applied tensile force. 

This visual illustrates how the tensile test evaluates the material's strength and failure 

characteristics. 
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Figure 3. Demonstration of specimen before and after Tensile testing. 

2.3.2. Electrical Resistivity 

In this study, the electrical conductivity of CNT-reinforced PLA, ABS, and PETG 

filaments was measured using a structured and controlled methodology. The process involved 

using a DC power supply, ammeter, and crocodile clip wires to hold the filaments and establish a 

stable electrical connection. The voltage was increased incrementally, starting from 50V and rising 

to 350V, with current values recorded at each step. This setup ensured consistent contact and 

minimal resistance interference, allowing for precise measurement of the electrical properties 

across the different materials. By maintaining the integrity of the connections, the methodology 

provided accurate data essential for understanding how the CNT reinforcement affects electrical 

conductivity in filaments. 

The data gathered during the process was used to calculate both volume resistivity and 

electrical conductivity. Volume resistivity (ρ) was calculated using the formula (1): 

                                                                                  (1) 

                                                                                                                             

where R is resistance, A is the cross-sectional area, and L is the length of the filament. The 

electrical conductivity (σ), defined as the inverse of resistivity, was determined using the formula 

(2): 

                                                                                                 
(2)

 

where I is the current, V is the voltage, L is the filament length, and A is its cross-sectional area. 

This approach provided crucial insights into the conductive behavior of CNT-reinforced filaments 

and helped establish their potential use in various applications requiring enhanced electrical 

performance. 

3. Results and Discussion  

3.1. Mechanical Properties 
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The mechanical properties of CNT-reinforced PLA, ABS, and PETG specimens were 

evaluated through tensile testing. The ultimate tensile strength (UTS) was determined for each 

material under different printing conditions [24]. 

3.1.1. CNT-PETG Analysis 

As it is given in Figure 4, UTS graph for CNT-PETG shows how different printing 

parameters influence the material's mechanical performance. The highest UTS, 41.83 MPa, is 

recorded in Run 7, where an XY orientation, 0.8 mm nozzle diameter, 260°C nozzle temperature, 

and 0.2 mm layer thickness were used. This indicates that thinner layers and higher nozzle 

temperatures enhance the tensile strength of CNT-PETG. Comparatively, lower UTS values are 

seen in Runs 9 and 10 (13.45 MPa and 14.69 MPa, respectively), where a thicker layer of 0.3 mm 

was used, showing a clear negative impact on strength due to the thicker layers. Overall, the data 

highlight the importance of optimizing printing parameters to achieve maximum mechanical 

strength in CNT-PETG. 

 

Figure 4. UTS of CNT-PETG with varying printing parameters. 

3.1.2. CNT-ABS Analysis 

For CNT-ABS, in Figure 5, the UTS graph displays a peak tensile strength of 30.88 MPa 

in Run 5, achieved with an XY orientation, 0.8 mm nozzle diameter, 220°C nozzle temperature, 

and 0.2 mm layer thickness. This run suggests that thinner layers and higher nozzle temperatures 

are beneficial for mechanical performance. However, Runs 9 and 10 show significant drops in 

tensile strength to 13.73 MPa and 8.5 MPa, respectively, due to thicker layers, indicating that CNT-

ABS is particularly sensitive to layer thickness. Despite its lower mechanical performance 

compared to CNT-PETG and CNT-PLA, CNT-ABS still provides sufficient strength for specific 

applications, especially when printing parameters are optimized. 
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Figure 5. UTS of CNT-ABS with varying printing parameters. 

3.1.3. CNT-PLA Analysis 

In Figure 6, the CNT-PLA UTS graph reveals the material's superior mechanical 

properties, with a maximum UTS of 56.16 MPa in Run 8. This high value was achieved with an 

XY orientation, 0.8 mm nozzle diameter, 220°C nozzle temperature, and 0.3 mm layer thickness. 

CNT-PLA consistently shows high tensile strength across most runs, with values over 50 MPa in 

several cases. This indicates that CNT-PLA, even with a slightly thicker layer, maintains excellent 

mechanical integrity. However, Runs 9 and 10 exhibit a notable decrease in UTS, showing that 

layer thickness still plays a role, though less significantly compared to other materials. CNT-PLA's 

high tensile strength makes it ideal for applications requiring structural durability. 

 

Figure 6. UTS of CNT-PLA with varying printing parameters. 
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3.2. Electrical Properties 

The Voltage-Current Characterization graph for CNT-reinforced filaments shows the 

relationship between the applied voltage (V) and the resulting current (I) for CNT-ABS, CNT-

PETG, and CNT-PLA filaments in Figure 7. As the voltage increases from 50V to 350V, CNT-

ABS exhibits the highest current response, reaching 1.84 µA at 350V. CNT-PETG follows, 

reaching a maximum of 1.25 µA, while CNT-PLA displays the lowest current values, peaking at 

0.45 µA. 

               

Figure 7. Voltage-Current Characterization of CNT-reinforced filaments. 

The graph reveals that CNT-ABS and CNT-PETG show linear trends, with consistent 

increases in current as the voltage increases. CNT-PLA, however, shows a much more gradual 

slope, indicating a slower increase in current with voltage. Notably, CNT-ABS demonstrates the 

steepest rise in current, followed by CNT-PETG and then CNT-PLA. This suggests distinct 

differences in how each material responds to increasing voltage, with CNT-ABS showing the most 

pronounced change, and CNT-PLA the least. 

4. Conclusions 

This study highlights the significant influence of printing parameters on both the 

mechanical and electrical properties of CNT-reinforced PLA, ABS, and PETG materials. The 

optimal mechanical performance was observed with higher nozzle temperatures (220°C for PLA 

and ABS, 260°C for PETG), larger nozzle diameters (0.8 mm), and thinner layer thicknesses (0.2 

mm). CNT-PLA demonstrated the highest tensile strength at 56.16 MPa, making it ideal for 

applications requiring high structural integrity. CNT-PETG achieved a moderate tensile strength 
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of 41.83 MPa, while CNT-ABS, although lower in tensile strength at 30.88 MPa, performed better 

in terms of electrical conductivity. 

In terms of electrical properties, CNT-ABS exhibited the highest current flow, reaching 

1.84 µA at 350V, indicating its superior conductive performance. CNT-PETG followed with a 

maximum current of 1.25 µA, while CNT-PLA showed the lowest current, peaking at 0.45 µA. 

These results emphasize the trade-off between mechanical and electrical performance, where 

CNT-PLA excels in mechanical strength, while CNT-ABS is more suitable for applications 

requiring enhanced electrical conductivity. 
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