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Abstract 

Electroconductive polymer nanocomposites processed by fused deposition modeling (FDM) offer 

a promising route for integrating sensing and actuation functionalities into structural components. 

However, the relationship between filament properties and the performance of printed structures 

remains insufficiently understood. Carbon nanotube (CNT) reinforced polymer filaments based on 

polylactic acid (PLA) and PLA-polyhydroxyalkanoates (PLA–PHA) were fabricated via melt 

blending and extrusion, and their mechanical, electrical, and piezoresistive responses were 

compared with those of FDM-manufactured single-layer structures. The incorporation of CNTs to 

filaments increased stiffness with minimal effect on strength, while FDM processing reduced 

ductility. Filament electrical conductivity decreased by up to three orders of magnitude after FDM, 

indicating disruption of the conductive network. In contrast, piezoresistive sensitivity increased 

after FDM, with gage factors nearly doubling. These results indicate that the FDM process greatly 

modifies the electrical conductivity and electromechanical sensitivity. The findings establish the 

filament’s electromechanical properties as key design parameter for controlling structure–property 

relationships governing self-sensing and actuation in FDM-manufactured nanocomposite parts. 

1. Introduction 

Fused deposition modeling (FDM), also known as fused filament fabrication, is one of the most 

widely adopted additive manufacturing techniques due to its design flexibility, cost-effectiveness, 

and capability to fabricate complex geometries with minimal post-processing [1,2]. In recent years, 

the development of electrically conductive polymer composites for FDM has attracted significant 

attention, as it enables the integration of structural and functional properties, such as sensing and 

actuation, within lightweight and customizable components [2]. Conductive filaments are typically 

produced by incorporating carbon-based nanofillers, such as carbon black, carbon nanotubes 

(CNTs), or graphenic sheets, into thermoplastic matrices including polylactic acid (PLA), 
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thermoplastic polyurethane (TPU), and acrylonitrile butadiene styrene [3–5]. Among these, PLA 

and PLA–polyhydroxyalkanoates (PLA–PHA) blends are particularly attractive due to their 

processability and tunable mechanical performance. Electrical conductivity arises when the filler 

content exceeds the percolation threshold, forming an interconnected network that enables  

electron transport. The FDM process itself introduces microstructural features, such as raster 

orientation, inter-filament interfaces, and porosity, which strongly influence electrical and 

electromechanical behavior of the FDM-manufactured parts [6,7]. Experimental studies have 

shown that CNT/PLA filaments can reach conductivities on the order of ~10 S/m or higher at 

optimized loadings, while highly filled systems may achieve values up to ~10² S/m [5,8]. The 

reported gage factor (GF) for CNT-based FDM composites range from ~1–10 for densely 

interconnected networks to values exceeding 40–150 in systems dominated by tunneling 

mechanisms and strain-induced network rearrangement [19,20]. Previous studies have shown a 

wide range of electromechanical responses for CNT-based composites processed by FDM, 

highlighting the strong dependence on formulation and processing parameters [19,20]. However, 

most investigations have focused on printed components, while the intrinsic properties of the 

precursor filaments remain poorly understood. The correlation between the GF of the precursor 

filament and its FDM-manufactured part is yet unknown. This is a critical knowledge gap, as 

filament characteristics, such as filler dispersion, electrical conductivity, and mechanical behavior, 

directly govern the microstructure and performance of FDM-manufactured specimens. Therefore, 

the extent to which filament-level properties are preserved, degraded, or even enhanced after FDM 

processing remains unclear. In this work, CNT-based PLA and PLA–PHA nanocomposite 

filaments were fabricated via melt blending and single-screw extrusion. Their thermal, mechanical, 

electrical, and piezoresistive properties are characterized and compared with those of their FDM-

manufactured single layer specimens. The actuation capabilities were explored using a 

multimaterial configuration designed to promote heating through the Joule effect. The results 

provide insights into the influence of filament-to-FDM structural transformation on conductive 

network integrity and contribute to understanding the structure–property relationships relevant to 

the design of self-sensing and actuation systems fabricated by FDM. 

2. Materials and methodology 

2.1. Materials 

Two polymeric matrices were used, corresponding to commercial filaments with a nominal 

diameter of 1.75 mm made of PLA [9] and a PLA–PHA [10]. Both materials were supplied by 

colorFabb (Limburg, The Netherlands). Prior to processing, the filaments were pelletized to 

facilitate compounding. Multiwall CNTs were acquired from Cheap Tubes Inc. (Vermont, USA). 

The CNTs had an inner diameter of 5–10 nm, an outer diameter of 30–50 nm, and lengths ranging 

from 1 to 6 µm, with an average length of 2.6 µm [11]. The carbon fibers (TR30S) used for the 

actuation experiments were commercially sourced from Mitsubishi Rayon Carbon Fiber and 

Composites Inc. (CA, USA). The material was supplied as a 200 g/m2 2×2 twill weave fabric, 

consisting of tows with 3000 filaments, an average filament diameter of approximately 7 μm, and 

a fiber density of 1.79 g/cm³. Individual fiber tows were carefully separated from the woven fabric 

for subsequent use as a heating element. The TPU filament used for actuation was supplied by 

ColorPlus (Querétaro, Mexico). 
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2.2. Filament fabrication 

The fabrication of both polymeric and nanocomposite filaments involved a multistep process, 

starting from blending material components and finalizing in filament winding, as illustrated in 

Figure 1. Initially, polymer (either PLA or PLA-PHA) pellets were dried at 50 °C for 24 h to 

remove residual moisture. Subsequently, polymer pellets and CNTs were compounded in a three-

piece batch mixer. The resulting polymer and composites (0, 2, 4 and 6 wt. % CNTs) were ground 

(~ mm-diameter particles) using a Brabender mill and subjected to a second drying step at 50 °C 

for 24 h. The filament was manufactured using a system composed of three main sections, viz., 

extrusion, cooling, and winding, yielding filaments with diameter 1.68 ± 0.08 mm. Samples were 

designated according to the CNT concentration followed by the polymer matrix, where the 

numerical prefix indicates the filler content in wt.%. 

 
Figure 1. Fabrication process of the polymer and nanocomposite filaments. 

2.3. Fused deposition modeling of specimens 

To isolate the intrinsic mechanical behavior of the material, single-layer printed structures were 

employed. FDM-manufactured single-layer specimens were fabricated using a Creality Ender 3 

S1 Pro 3D printer (Shenzhen, China). The printing parameters included a nozzle temperature of 

200 °C, a nozzle diameter of 0.4 mm, a bed temperature of 60 °C, a layer thickness of 0.3 mm, and 

a printing speed of 90 mm/s. Type IV specimens for each composition, in accordance with ASTM 

D638 [12], were produced with the deposition path aligned along the loading direction (0°). 

Additionally, for electrical resistance measurements, single-layer and unidirectional circular films 

with a diameter of 5.5 cm were fabricated for each material. 

2.4. Morphological analysis of filaments 

Scanning electron microscopy (SEM) was used to characterize the surfaces of the filaments. The 

analysis was carried out with a JEOL JSM-6360LV microscope (Tokyo, Japan) operated at an 

accelerating voltage of 20 kV under vacuum conditions, coating the specimens with a thin gold 

layer (~ 20 nm). 

2.5.  Tensile testing 

Tensile tests of the filaments and FDM-manufactured specimens were carried out using a 

Shimadzu AGS-X universal testing machine equipped with a 1 kN load cell. For each material, 

ten replicates were tested. The filaments had a total length of 120 mm, with 30 mm at each end 

used for gripping, resulting in an effective gage length of 60 mm. For the polymer and 

nanocomposite FDM-manufactured specimens, a crosshead displacement rate of 2 mm/min was 

applied until failure. A total of ten specimens, fabricated as described in Section 2.3, were tested 

using a gage length of 38.4 mm. The elastic modulus for both filaments and FDM-manufactured 

specimens was determined from a linear regression of the stress–strain curve within the strain 

range of 0.2 % to 1.2 %. 

2.6. Electrical resistance measurement 

Five segments of each polymer and nanocomposite filaments with length of 30 mm were evaluated 

for electrical resistance. Copper wires were attached to both ends of each segment using conductive 
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paint and connected to a Keithley 6517B electrometer. The electrical conductivity (σₑ) was 

determined from the measured resistance (R) at an applied voltage of 20 V as, 

𝜎𝑒 =  
𝐿

𝑅 ∙ 𝐴
 (1) 

where A is the cross-sectional area, and L is the filament length. Electrical resistance measurements 

of FDM-manufactured specimens were conducted using a Keithley 6517B electrometer and a 

Model 8009 resistivity test fixture (Keithley Instruments). Five circular specimens were fabricated 

from each material as described in Section 2.3. An alternating polarity method was used at 100 V, 

reversing polarity every 10 s.  

2.7. Piezoresistivity 

The piezoresistive response of the nanocomposite filaments and FDM-manufactured specimens 

under tensile loading was evaluated using the same equipment and testing parameters described in 

Section 2.5. The distance between the copper electrodes bonded to the filament and FDM-

manufactured specimens using conductive paint was fixed at 30 mm. The total length of the tested 

filament segments was 120 mm. During testing, electrical resistance was measured simultaneously 

with load and strain. The instantaneous resistance of the filaments was recorded at each load/strain 

level using a two-probe configuration connected to a benchtop digital multimeter (Agilent DMM 

34411A, Santa Clara, USA) with 6½-digit resolution. The relative change in electrical resistance 

(ΔR/R0), where R0 corresponds to the initial resistance prior to deformation, was plotted as a 

function of strain (ε). The piezoresistive sensitivity was quantified through the gage factor (GF), 

defined as the slope of the ΔR/ R0 versus ε curve within the linear strain regions [13]. Ten segments 

of each nanocomposite filament and same number of FDM-manufactured specimen were 

analyzed.  

2.8. Bending actuation tests 

For actuation, five rectangular specimens were fabricated by FDM using the equipment and 

processing parameters described in Section 2.3. Specimens measured 80 mm in length and 5 mm 

in width. A multilayer architecture was designed to promote electrothermal bending actuation 

driven by mismatch in the coefficient of thermal expansion. First, a base layer (0.1 mm) of 

4CNT/PLA composite was deposited. Subsequently, a carbon fiber tow was manually placed and 

aligned along the specimen longitudinal axis. Finally, a top layer (0.2 mm) of TPU was printed at 

a nozzle temperature of 215 °C to encapsulate the fiber and complete the composite structure. All 

other printing parameters were maintained identical to those previously employed for PLA. For 

testing, the specimens were rigidly fixed onto a metallic base, forming a cantilever beam setup as 

shown in Figure 2. Electrical contacts were established by applying conductive paint at both ends 

of the exposed carbon fiber tow, followed by the attachment of copper wires acting as electrodes. 
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Figure 2. Experimental electrothermal actuation setup. 

A constant current of 220 mA was supplied using a DC power source (Matrix MPS-6005L-1, 

Shenzhen, China). The electrically induced deflection was recorded in real time during actuation 

using a digital camera and subsequent image analysis. The tip displacement of each specimen was 

quantified using digital image analysis (ImageJ software, National Institute of Health, 

Montgomery, USA). 

3. Results 

3.1. Morphology 

Figure 3 shows representative SEM micrographs of the filament cross-sections, including the 

overall morphology and magnified views of the central (green box) and edge regions (brown box) 

for PLA, 2CNT/PLA, PLA–PHA, and 2CNT/PLA–PHA. For both polymer matrices, CNTs are 

well distributed across the cross-section, with no evidence of preferential agglomeration. Filaments 

containing 4 and 6 wt.% CNT loadings (not shown) exhibit similar dispersion. These results 

suggest a high degree of homogeneity and confirm the effectiveness of the extrusion and melt-

mixing processes in promoting CNT dispersion. 

 
Figure 3. SEM micrographs of polymeric filaments and filaments containing 2 wt.% CNTs (left), together with 

higher-magnification images of the central (middle) and peripheral regions (right). 
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3.2. Tensile response 

Figure 4a shows the tensile stress (σ) – strain curves of the neat polymers, 4 wt.% CNT filaments 

and 4 wt.% FDM-manufactured specimens. Figure 4b presents a comparison of the tensile 

properties of all filaments as a function of CNT concentration. In PLA-based filaments, the elastic 

modulus (E) showed an increasing trend with CNT content, reaching 2.62 GPa for 6CNT/PLA. 

Tensile strength (σmax) remained essentially constant (~ 52–54 MPa), while elongation at break 

(εult) slightly decreased with increasing CNT content. These results suggest that, although CNT 

incorporation may contribute to stiffness enhancement, its effect on strength is limited, likely due 

to nanotube agglomeration and localized stress concentrations at higher loadings. A similar 

behavior was observed for PLA–PHA-based filaments, where the elastic modulus increased up to 

3.56 GPa for 6CNT/PLA–PHA, but without statistically significant differences among 

compositions, indicating that the matrix properties dominate the mechanical response. 

  
(a) (b) 

Figure 4. Mechanical response of polymer filaments and filaments containing 4 wt.% of CNTs. a) Stress–strain 

response of filaments and corresponding printed specimens, b) comparison of mechanical properties, including 

elastic modulus, tensile strength, elongation at break, and toughness. 

Compared to filaments, all FDM-manufactured specimens exhibited reduced tensile strength and, 

in most cases, modified toughness. For instance, neat PLA showed a decrease in tensile strength 

from 53.9 MPa (filament) to 38.5 MPa (FDM). The mechanical properties of FDM-manufactured 

parts decreased, particularly, the tensile strength decreased by ~ 30% compared to their filament 

counterparts. This suggest that structural and processing parameters, such as raster orientation, 

interfacial bonding, void distribution, porosity, and process-induced anisotropy, play an important 

role alongside intrinsic material properties [7,13–16]. 

In PLA-based FDM-manufactured specimens, CNT addition led to moderate increases in stiffness, 

reaching 2.84 GPa for 6CNT/PLA. Tensile strength remained lower than that of the corresponding 

filaments and did not show a monotonic trend. This behavior indicates that the mechanical 

performance of FDM structures is governed primarily by interfacial adhesion between deposited 

roads rather than by the intrinsic properties of the precursor nanocomposite filament. In contrast, 

PLA–PHA-based FDM-manufactured specimens (not shown) exhibited a more pronounced 

increase in toughness and strength upon CNT incorporation, with 4CNT/PLA–PHA showing the 

highest toughness (1.04 MJ/m³). This enhancement is attributed to the multiphase nature of the 
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blend, which promotes improved stress redistribution and energy dissipation mechanisms. 

However, at higher CNT loadings (6 wt.%), partial agglomeration limits further improvements. 

3.3. Electrical conductivity 

The electrical conductivity of the polymer and nanocomposite filaments and FDM-manufactured 

specimen as a function of CNT content are presented in Figures 5a and 5b. The increase in CNT 

content progressively enhanced conductivity, with increasing to ~10-6 S/cm for 4 wt.% and 10-³ Ω 

at 6 wt.%. This trend is associated with the progressive densification and enhanced 

interconnectivity of the three-dimensional CNT conductive network as filler content increases. 

  
(a) (b) 

Figure 5. Electrical conductivity as a function of CNT concentration. a) Filaments, b) FDM-manufactured 

specimens. 

FDM-manufactured specimens exhibited a reduction in conductivity by two to four orders of 

magnitude compared to filaments. This decrease is primarily associated with the layered 

architecture inherent to FDM, where inter-strand voids, porosity, and interfacial contact resistance 

disrupt conductive pathways [15]. Additionally, strand swelling and partial CNT encapsulation 

during extrusion further hinder interparticle connectivity [17]. Similar observations have been 

reported in the literature, where filaments exhibit higher conductivity than their printed 

counterparts [18]. 

3.4. Piezoresistivity response 

The piezoresistive response curves of the filaments and FDM-manufactured specimens with 4 and 

6 wt.% CNTs are presented in Figure 6a and 6b, respectively. The corresponding GF values, 

calculated from the ΔR/R0–ε curves within the 0.2–1.2 % strain range, are shown in Figure 6c. The 

piezoresistive characterization results exhibit relatively high scattered values (up to ~30% 

coefficient of variation), likely associated with variations in CNT dispersion, and agglomeration. 

As observed for both PLA and PLA–PHA matrices, in general, it has been reported that a reduction 

in CNT content led to an increase in GF. This is because at high filler loadings, the densely 

interconnected network reduces the impact of individual pathway disruptions on the electrical 

resistance [19]. PLA–PHA-based nanocomposites consistently exhibited higher GFs than their 

PLA counterparts. This is likely due to increased matrix deformability provided by PHA. This 

behavior aligns with previous studies, where GFs for carbon-based nanocomposites typically range 

from a few units to several tens, depending on filler content and processing conditions [6,20]. 
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Compared to filaments, FDM-manufactured specimens exhibit higher GFs, approximately 

doubling in most cases. This indicates that the printing process enhances piezoresistive sensitivity, 

likely due to architectural and microstructural features such as road interfaces and porosity which 

could amplify resistance changes under strain. The high GF measured highlights their potential for 

sensing applications. However, the electromechanical response remains highly dependent on strain 

range, network morphology, and processing parameters, especially FDM-induced microstructural 

features. 

  
(a) (b) 

 
(c) 

Figure 6. Electromechanical response of nanocomposites. a) ΔR/R0 – ε curves of filaments, (b) ΔR/ R0 – ε curves of 

FDM-manufactured specimens, c) GF for filaments and FDM-manufactured specimens. 

3.5. Actuation 

The electrothermal actuation behavior of the specimens was evaluated under a constant current (I) 

of 220 mA. All samples exhibited a clear and repeatable bending response, reaching a maximum 

tip deflection of 5.8 ± 0.6 mm, as shown in Figure 7.  

 
Figure 7. Electrothermal actuation of the FDM-manufactured specimen. 
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The actuation response of the cantilever beam was rapid during the initial stage, reaching the 

maximum deformation at elapsed time (t) ~ 7 s, followed by a gradual stabilization consistent with 

a transient thermal regime governed by Joule heating. Upon removal of the electrical current, the 

specimens exhibited a slower recovery, requiring ~ 25 s to return to 80–100% of their original 

position, reflecting the thermal dissipation and viscoelastic relaxation of the polymeric matrix. 

These results highlight the potential of FDM-fabricated CNT-based nanocomposites for 

electrothermally driven actuation, opening opportunities for their application in soft robotics and 

self-actuating structures. 

4. Conclusions 

The present study demonstrates that both filament composition, and architecture of FDM-

manufactured parts critically determine the mechanical, electrical, and electromechanical 

performances of CNT-reinforced PLA and PLA–PHA filaments and FDM-manufactured parts. 

The main goal of the work was to achieve electrical conductivity above electrical percolation, 

without compromising mechanical properties. From a mechanical standpoint, the incorporation of 

CNTs led only to slight increases in elastic modulus with best performance around ~4 wt.% CNT, 

more emphatically in PLA–PHA systems. However, FDM-manufactured single-layer specimens 

showed a reduction in ductility and, in some cases, tensile strength. In terms of electrical behavior, 

CNT incorporation progressively improved electrical conductivity through the formation and 

densification of conductive pathways within the polymer matrix. PLA with 4 wt.% CNT filaments 

achieved an electrical conductivity of 5x10-5 S/cm, which is appropriate for piezoresistive sensing 

and actuating applications. FDM-manufactured single-layer specimens exhibited a decrease in 

electrical conductivity of 2–4 orders of magnitude compared to filaments. FDM-manufactured 

structures displayed enhanced piezoresistive sensitivity, driven by architectural and 

microstructural features introduced during printing. The electrothermal actuation results 

demonstrate that FDM-fabricated CNT-based multilayer structures can generate a stable and 

repeatable bending response under electrical stimulation.  
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