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Abstract
Fused deposition modeling (FDM) has been used to manufacture complicated structures and robots in the past few years. 
However, most FDM machines do not fabricate fully functional robots that are ready for use. One of the requirements of fully 
functional 3D printed robots is electrical connection in some part of the printed structure. Recently, electrically conductive 
commercial filaments are emerging to the market, but the actual chemical compositions of the filler and host materials as 
well as mechanical properties are not available. This paper presents composite materials consisting of conductive carbon 
nanoparticles, thermoplastics, and solvents to create thin filaments for 3D printing. The mechanical and electrical proper-
ties of the filaments fabricated using a composition of 0–15% weight of carbon nanoparticles (NC) in polylactide (PLA) 
and dichloromethane (DCM) solvent were investigated. The DCM is used for dissolving the PLA and dispersion of the NC, 
which is subsequently evaporated by drying. The electrical conductivity of the composite filament is compared with com-
mercial and academia counterparts. Possible applications of the composite materials for fabrication of electrical circuitry 
for 3D printed robots were also discussed.

Keywords Conductivity · 3D printing · Additive manufacturing · Robots · PLA · Carbon nanoparticles

1 Introduction

3D printing is becoming a widely used technology, to 
develop numerous devices or systems [1], such as robots [2, 
3], prosthetics [4, 5], orthosis [6] and skeletal systems [7] 
using thermoplastic materials mainly. These systems are fab-
ricated using 3D printing and electrical connections are pro-
vided by wire systems that result in a shabby and complex 
system. Hence, there is a need to improve the 3D printing 
techniques to produce complete models with electronic cir-
cuitry for applications such as humanoids. Researchers so far 
have not found a solution to replace wire with a cheap and 
effective way. In this work, we present a low-cost alternative 

for the problem of robot wiring. Different types of metal 3D 
printing techniques, which are inherently conductive, exist 
such as liquid metal printing [8] and direct metal laser sinter-
ing [9] for manufacturing strong devices and components. 
Rosochowski and Matuszak [10] explained many types of 
rapid prototyping methods among which fused deposition 
modeling is the most widely used and commercially suc-
cessful method employed for fabrication of different materi-
als. Inkjet printing technique is another technique used for 
printing conductive metal patterns for electronic circuitry 
such as using direct writing of copper. Conductive patterns 
[11], narrow conductive tracks on untreated polymeric sub-
strates [12] and a complete review of this method are also 
shown in the past [13, 14]. The major problem in the most 
commercialized 3D printing techniques for metals (metal 
3D printing in particular) is the cost and the high working 
temperatures, which reduce its portability and affordability.

The different materials that can be 3D printed today are 
thermoplastics, thermo-polymers, metals, and composite 
materials. Thermosetting polymers are those that are set 
irreversibly to solid or semi-solid state in the presence of 
heat or chemicals such as curing agents generally at ambient 
temperature [15]. 3D printing is now used for prototyping in 
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many engineering firms, artist design studios [16], medical 
tools [17] and for orthopedic implant [18] because of its easy 
and fast production [1]. Its customizability using direct CAD 
modeling makes it a major advantage for today’s manufac-
turing process, as even a small change in the product leads 
to major changes in the production cycle and high financial 
investments. 3D manufacturing gives the designers flexibil-
ity for custom-built structures including complex shapes and 
multiple material usages which is a major market demand of 
today and future. Even though significant efforts are made 
in the 3D printing since its introduction [19], there are sev-
eral challenges and researches that need to be done to make 
multifunctional materials.

FDM process uses thermoplastic materials such as acry-
lonitrile butadiene styrene (ABS), polylactide (PLA), poly-
caprolactone (PCL) and nylon [33]. The process starts by 
heating up the thermoplastic to a semi-liquid state (1 °C 
higher than the solidification temperature). Then, the 3D 
printer software uses complex digital modeling data from 
the CAD file to generate the 3D product layer by layer. 
Most FDM 3D printers just print the CAD models. Some 
advanced 3D printers print soluble supporting material in 
the cavities and supports for complex hanging features of the 
model to help the model retain its complex shape. The ther-
moplastic material has a filamentous shape which helps the 
heat transfer to maintain the semi-liquid state. Filamentous 
shape assists in the movement of the print head in the x, y 
and z directions. After printing each layer, a stepper motor 
connected to screw thread moves the platform down or the 
head up in z-axis where the distance moved is the thickness 
of the printed layer. This process is repeated until the entire 
model is printed. The major benefits of FDM technology are 
its ease of control, use, maintenance, low cost of the machine 
and material.

ABS-Cu and ABS-Fe composite filaments were produced 
by Hwang et al. [20], which were printed by the FDM pro-
cess to improve thermo-mechanical properties. They showed 
an improved thermal conductivity and a decrease in mechan-
ical properties of the filament and the printed structure. Car-
bon fiber-infused ABS filaments were used for 3D printing 
by Love et al. [21] and they showed an increase in strength, 
stiffness and thermal conductivity. Mechanical properties of 
highly filled iron–ABS composites filament were produced 
by Sa’ude et al. [22] using a mixture of iron powder filled 
in an ABS and surfactant powder material. A comparison 
of the effect of incorporating nanoparticles in 3D print-
ing applications was presented by Tsiakatouras et al. [23] 
consisting of ABS, carbon fiber and carbon nanotubes, and 
improved mechanical properties were reported. Zhang et al. 
[24] showed a PLA graphene composite produced by melt 
extrusion to print complex 3D structures with electrical con-
ductivity. Conductive filaments using 15–20 wt% graphene 
with polymethyl methacrylate (PMMA) were fabricated by 

Nicholson [25]. The resistances were found to be 1.5 ± 0.4 
MΩ and 60 ± 7 kΩ for the 15 and 20 wt% filaments (filament 
length of 25.4 mm and 1.75 mm in diameter). Graphene and 
ABS filaments were prepared by Wei et al. [26] similar to the 
work presented in this paper but using N-Methyl-2-pyrro-
lidone rather than DCM. Graphene is 5 times expensive than 
carbon nanoparticles which was used in this paper. A sum-
mary of different fillers in thermoplastics and the improved 
properties are summarized in table. All high-end products 
these days come with electrical circuitry during manufac-
turing. FDM uses thermoplastics (insulators), which cannot 
be used to print the whole functional model with electrical 
circuitry. The need for making conductive thermoplastic in 
FDM 3D printing material is the next step to push the 3D 
manufacturing of complex structures.

Similar work was proposed by the company’s Graphene 
3D Lab [27], where a commercial plastic/graphene compos-
ite filament was used for 3D printing of graphene-enhanced 
plastic structures. The filament has a volume resistivity of 
6 × 10− 3 Ω m and a standard filament diameter of 1.75 mm. 
The material costs only $1 per g, but the composition of gra-
phene in the filament is not mentioned. Some of the proper-
ties of the filament are not available such as tensile strength. 
Proto-pasta Conductive PLA is a commercially available 
conductive filament which is a compound of NatureWorks 
4043D PLA and conductive carbon black with a volume 
resistivity of molded resin (not 3D Printed) of 0.15 Ω m 
and with a maximum volume resistivity of 3D printed parts 
through layers (along z-axis) of 1.15 Ω m [34]. Functionalize 
Electric™ PLA [35], a commercially available conductive 
filament has a 7.5 × 10− 3 Ω m volume resistivity made from 
carbon nanotube-based PLA filament. Electrifi filament [36] 
is another commercially available conductive filament with 
a resistivity of 6 × 10− 5 Ω m from Multi3d. They have not 
disclosed their composition of copper and polyester. Sigma-
Aldrich has a commercially available carbon nanotube-
reinforced polyethylene terephthalate glycol copolymer 3D 
printing filament trademarked as 3DXNANO™ ESD CNT-
PETG, which has a surface resistivity of  107 to  109 Ω that 
was measured using concentric ring test method [37].

Several attempts have been made to produce 3D printable 
or inkjet printable electrical circuitry. Espalin et al. studied 
stereo lithography used for 3D printing electronics with the 
FDM-based system and demonstrated an automated FDM 
process with the possibility of using direct write for elec-
tronic circuitry. In this process, thermoplastics and copper 
wires were used to increase performance and durability of 
3D-printed electronics [38]. Similar work presented in this 
paper is also shown by Leigh et al. [28]. They demonstrated 
a concept in 3D printing technology with the formula-
tion of a simple, low-cost conductive composite material 
(termed ‘carbomorph’). They used 15 wt% carbon black in 
the polycaprolactone (PCL) composite, which falls above 
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the literature percolation threshold of carbon black in poly-
mer composites [29]. According to [28], higher percent-
ages of carbon black gave a composite that was unable to 
pass through the standard heated nozzle of a 3D printer and 
required the nozzle to be drilled out to 1.5 mm diameter 
and prints to be carried out at 260 °C and above, which 
significantly compromised print resolution. They presented 
a 5 mm 3D printed cube that showed an in-plane resistance 
of 0.09 ± 0.01 Ω  m− 1 and perpendicular to the layers, the 
resistivity was 0.12 ± 0.01 Ω  m− 1.

This work presents the study of carbon nanoparticles 
in polylactide (PLA) fiber rather than polycaprolactone 
(PCL) 3D printable material at various concentrations of 
carbon nanoparticles. PLA is a more widely used material 
for 3D printing and has a tensile strength of up to 60 MPa, 
whereas PCL has a tensile strength of 14 MPa [39]. Further-
more, PLA has shown very good results for the synthesis of 
polypyrrole (PPy) based composite actuators/artificial mus-
cles [40–42]. The percolation threshold of carbon black in 
polyethylene is shown by Foulger [43] related to the electri-
cal conductivity of the composites. The percolation thresh-
old is the maximum allowable amount of a filler material 
inside a host material before the host material starts showing 
more affinity towards itself and results in a significant drop 
in resistance depending on the host polymer material.

Morgan et al. presented 3D printed microfluidic devices 
that were operated using an inexpensive and readily acces-
sible printer [44]. Similar work was also presented by Belter 
et al. where a technique for increasing the strength of ther-
moplastic printed parts, by carefully placing voids in the 
printed parts and filling them with high strength resins was 
used. They improved the overall part strength and stiffness 
up to 45 and 25%, respectively [45]. Gao et al. showed high-
performance GaIn10-based electrical ink, as both electri-
cal conductors and interconnects. Electrical ink is used for 
directly writing flexible electronics via a rather simple and 
cost-effective way, with electrical resistivity measured as 
34.5 × 10− 8 Ω m at 297°K by four-point probe method [46]. 
Yeo et al. [47] presented a flexible electronics fabrication 
using direct metal patterning based on laser-induced local 
melting of the metal nanoparticle ink. Their method was a 
promising low-temperature alternative to vacuum deposition 
and photo-lithography based conventional metal patterning 
processes. They demonstrated high-quality Ag patterning 
(2.1 × 10− 8 Ω m) and high-performance flexible organic field 
effect transistor arrays. Carbon forms in PLA were used in 
several applications previously. The examples include rela-
tive humidity sensor using carbon nanotubes in PLA by 
Devaux et al. [29]; vapor sensors using PLA multi-wall car-
bon nanotube (MWCNT) by Kumar et al. [48]; glucose bio-
sensors using PLA/carbon nanotube by Oliveira et al. [30] 
and more applications are presented by Mukhopadhyay [49]. 
Hughes et al. [31] fabricated nanocomposite materials using 

solvent-cast 3D printing technique of PLA and 5, 10, and 20 
wt% MWCNT concentrations. They observed the electrical 
conductivity at a maximum of 1.21 S/m at 20 wt% MWCNT. 
The tensile strength increased to 58 MPa for the 5 wt% fiber, 
while it decreased for the 20 wt% MWCNT. The cost of 
MWCNT is 5 times more than carbon nanoparticles used 
in the presented work and, the filaments can be printed in 
most commercially available FDM 3D printers. Guo et al. 
[32] made a multifunctional 3D liquid sensor using PLA/
MWCNT nanocomposite. They created a helical structure 
by solvent-cast 3D printing which featured a relatively high 
electrical conductivity. A comparison literature review is 
presented in Table 1.

The molecular structure of the presented work substrate 
materials for filament preparation is shown in Fig. 1, where 
polylactide  (C3H4O2)n is dissolved in dichloromethane 
 CH2Cl2 and mixed with mesoporous carbon nanoparticles. 
The mesoporous carbon nanoparticles can be described by 
graphitic structure [50] as shown in Fig. 1. The detailed fab-
rication will be discussed in the experimental section.

The paper is divided into six sections. Section 1 just high-
lighted the overall problem, background and the need for the 
research. Section 2 covers the experimental setup, method 
and materials. Experimental results such as viscosity, elec-
trical, mechanical and microstructures at different composi-
tions are discussed in Sect. 3. Section 4 has the results and 
discussion, and Sect. 5 shows the potential application of 
this study in humanoids and robots to replace wires. Finally, 
in Sect. 6, the conclusions are provided.

2  Experiments

2.1  Materials

Clear PLA filament of 1.75 mm diameter was purchased 
from MakerBot Inc.; hot plate with a magnetic stirrer 
was purchased from VWR International; rubber tubing of 
1.75 mm inner diameter was obtained from McMaster-
Carr; dichloromethane (DCM), syringes with needles and 
carbon nanoparticles (carbon, mesoporous nanopowder, 
graphitized, < 500 nm particle size, > 99.95% trace metals 
basis) were purchased from Sigma-Aldrich and MakerBot 
Replicator 2 printer was used for 3D printing.

2.2  Solution preparation for filament

The method is called “Encapsulated Dissolving”, which 
provides the right viscosity of the PLA/DCM solution for 
adding mesoporous carbon nanoparticles (NC) later. PLA 
filaments were cut into small pieces (~ 50 mm on average) 
and DCM was added in a closed glass container, and then 
heated. The optimum mixture composition was determined 
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to be 1:5 weight ratio of PLA and DCM for the experiments 
till 6 wt% of NC and PLA. This ratio gave a good viscosity 
for casting in a rubber mold and making functional filament. 
The ratio was determined by trial and error, using a particu-
lar composition and checking if solid filament or partially 
solid filaments can be obtained in 24 h drying time. The 
heating of the solution with closed lid adds DCM vapors 
in the chamber, which was used to dissolve the long un-
submerged PLA inside the glass. The nanoparticles were 
added after the PLA was fully dissolved, which took about 
half the time of the synthesis. The solution is left alone for 
5 min for the DCM vapors to settle down. The synthesis 
time is also proportional to the amount of PLA used, which 
means smaller samples take less time. Table 2 shows the 
PLA and carbon nanoparticles’ proportions, and the relative 
time of preparation. The time of preparation is relative to the 
ratio of PLA and DCM. There are several major advantages 
of this method: no wastage of DCM due to evaporation in 

Table 1  Literature review on additive materials in thermoplastics and the properties improved

Reference Substrate materials Additive Altered property

Hwang et al. [20] ABS Cu, Fe Improved thermal conductivity; decreased in 
mechanical properties

Love et al. [21] ABS Carbon fiber Increase in strength, stiffness, thermal con-
ductivity

Sa’ude et al. [22] ABS Fe powder + surfactant powder Improved in mechanical properties
Tsiakatouras et al. [23] ABS Carbon fiber + carbon nanotubes Improved in mechanical properties
Zhang et al. [24] PLA Graphene Improved in electrical properties
Nicholson [25] Polymethyl methacrylate (PMMA) 15–20 wt% graphene Improved in electrical properties
Wei et al. [26] ABS Graphene + N-methyl-2-pyrrolidone Improved in electrical properties
Graphene 3D Lab [27] PLA Graphene Improved in electrical properties
Leigh et al. [28] Polycaprolactone (PCL) 15 wt% carbon black Improved in electrical properties
Devaux et al. [29] PLA Carbon nanotubes For relative humidity sensor
Oliveira et al. [30] PLA Carbon nanotubes For glucose biosensors
Hughes et al. [31] PLA MWCNT Improved in electrical properties; improved 

in mechanical properties
Guo et al. [32] PLA MWCNT Improved in electrical properties; multifunc-

tional 3D liquid sensor

Fig. 1  The molecular structures of the materials used for filament preparation. The major process includes dissolving biodegradable thermoplas-
tic polylactide (PLA) with dichloromethane (DCM) and adding mesoporous carbon nanoparticles (NC)

Table 2  The composition of materials studied, which include various 
carbon nanoparticles (NC) proportions in 1 gram of PLA

a The 6 wt% filaments were not 3D printable for testing
b The DCM volume was increased to keep the viscosity in the opti-
mum value for solid filaments.

Percentage 
by weight 
(NC:PLA)%

Carbon nano-
particles (g)

Dichlo-
romethane 
(mL)

Relative time of 
preparation (min)

0 0 5 20
0.5 0.005 5 20
1.5 0.015 5 20
6a 0.06 5 20
9 0.09 7.5b 17
15 0.15 10b 15
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the process of solution preparation; no need to pre-cut small 
pieces of PLA to submerge and dissolve; and the controlled 
amount of the contents in the solution. The PLA pieces can 
be cut as big as the base of the glass. The un-submerged 
PLA is dissolved by the DCM vapors trapped inside. Large 
amounts of PLA and NC solutions can be prepared for large 
filament samples. Other advantages include simpler proce-
dure, repeatable with no need of constant observation to 
estimate the right viscosity range. In Table 2, we have pre-
sented only the compositions which yielded to a 3D print-
able filament. At 3% weight ratio we can get the viscosity of 
the composition, but it did not yield in a functional filament. 
Hence, the 3% weight ratio falls in low viscosity region, 
which has only a 50% probability of success. Targeting the 
medium viscosity (1600–2200 mPa s) has the best yield for 
final filaments, which will be discussed in Sect. 3.1. The 

prepared solution can be stored with closed lid for next usage 
before drying (2 days to 2 weeks depending upon the sealing 
of the container). Video of the entire process is provided as 
Supplementary File: S1 Video.

2.3  Filament preparation

Figure 2 shows the experimental procedure of solution prep-
aration, injection of the solution into a rubber tube, and 3D 
printing. First, the PLA/NC/DCM solution was mixed with 
the magnetic stirrer as described in the previous section. 
Next, the solution was taken from the glass using syringes 
and injected into a 1.75 mm rubber tube from both sides 
for uniform distribution of pressure. Holes were punched 
in the middle of the tube for the DCM to evaporate. Finally, 
the setup was left for 24 h. for drying in a fume hood. The 

Fig. 2  Preparation of composite filaments and 3D printing. a Magnetic stirring with closed container, b picture of the drying technique and sche-
matic view and c MakerBot Replicator 2 3D printer used for printing the filaments
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filament was taken out of the mold (This will be discussed 
later). Similar solution blending technique was used when 
grafting a PLA to carbon nanoparticle surfaces for bio-
nanocomposites preparation [51]. PLA is a biodegradable 
and bio-compatible material that can be used for diverse 
applications.

Several experiments were conducted to observe the 
volume shrinkage of the solution prepared during the 
evaporation (horizontal drying) process of the DCM. The 
volume shrinkage was observed to be 1:5 PLA and DCM 
volume ratio. This ratio helps in understanding how much 
dried filament sample can be made from a given solution 
mixture. The syringe is connected to the 1.75 mm rubber 
tube using a 3D printed connector of varying holes on both 
ends for uniform distribution and tightly sealed using wire 
tape. To get 165 mm long solid filament, two syringes were 
used with 1 mL solution in each syringe and then injected 
into the rubber tube from both sides as shown in Fig. 2. 
The major advantages of horizontal drying are that the 
nanoparticles will be properly distributed throughout the 
tube rather than vertical drying, where the nanoparticles 

coagulate at the bottom due to gravity. This effect is prom-
inent as the drying time is around 24 h. Pressure on both 
ends eliminated the air bubbles while open-ended tubes 
without pinholes showed tunneling effect. Tunneling effect 
is the process of evaporation of the solution inside the tube 
creating a tunnel in the filament. This results in hollow 
filaments that are unsuitable for printing. The tube is kept 
inside a 3D printed frame structure for proper holding of 
the tube in shape. The pin holes (~ 0.5 mm diameter) are 
kept only at the center of the tube on the open side rather 
than all over the tube, which gave sufficient outlet for the 
DCM to evaporate.

Figure 3 shows the designed 3D printed load carrier struc-
tures for proper compression of the rubber tube throughout 
the drying process. The calibrated weights are used as a load 
and are applied from the top at both ends. A hole is inbuilt 
in the design for vertical assembly of the structure on the 
stand to the required calibrated weight dimensions. A hole 
is also provided to hold the syringes in position while dry-
ing. These stands are custom designed for different weights 
and syringes. The loads were varied from 0.75 to 1.25 kg as 

Fig. 3  a 3D printed load carrier structures, b full horizontal drying setup with weights
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required for different compositions. The drying time with 
NC was around 24 h and without NC it was around 12 h.

The cutting technique uses a 3D printed blade casing 
which cuts the rubber tube to its thickness on both sides with 
high precision. Figure 4 shows the SolidWorks 2014 CAD 
design of the cutting apparatus. This can be modified for 
different rubber tubes as required. This design is made for 
1.75 mm inner diameter rubber tubes obtained from McMas-
ter. The apparatus is assembled using screws and bolts with 
Dewalt carbide utility blade. The design is made in such a 
way that the blade is firmly held in the groove exposing suf-
ficient tip to cut. The tube is pre-cut for about 20 mm before 
pushing through the hole for proper alignment of the blade 
tips to cut the tube. The protruded part of the tube can be 
used to firmly hold and pull the tube out. The tube is pulled 
out by an impulse movement with sufficient force, which 
cuts the tube and leaves the filament untouched. The blades 
can be replaced when blunt and the technique needs mini-
mum hand skills of the user, making the process extremely 
fast and simple.

2.4  Long filament fabrication

The longer filament (1.5 m in length) was made through 
implementation of spring-loaded mechanism with same 
holders as shown in Fig. 3a. The spring load mechanism 
is shown in Fig. 5a, where cuts were made using a Dremel 
at three different points, each representing the zero loads 
for 7, 4, and 0 mL solution. The spring load system was 
adapted for longer filaments, as calibrated weight loads 
required for long filaments were too heavy. The spring was 
held between spring holders and rubber bands to give more 
strength to withhold the tension caused by the spring on 

the 3D printed holder. The springs used were 22.2 mm in 
diameter and 101.6 mm in size applied on both ends with 
a safe working load limit of 24.8–44.7 lbs. (11.8–20 kg). 
The holder was designed to hold 60 mL standard syringes. 
In the case of the longer filaments, in the middle along the 
length of 30 mm, a cluster of pinholes were punched as 
it required more DCM to evaporate. Figure 5b shows the 
complete setup of the injection and drying mechanism. 
Figure 5c illustrates the synthesized 1.5 m long filament 
for big size 3D prints. It took 4 days for drying compared 
to 1–2 days of drying for the smaller filaments. This can 
be controlled by the pin holes or by implementing forced 
drying techniques. The forced drying techniques can also 
change the strength and properties of the formed filament. 
The fume hood used had a maximum exhaust flow of 645.5 
CFM and average face velocity of 131.5 FPM. The current 
technique in this paper illustrates the method of improving 
the properties of thermoplastic materials with nanoma-
terials as additives or fillers. The process can be scaled 
up for mass manufacturing by employing a good drying 
technique, because the current longtime requirement for 
longer filament is due to the need of cooling techniques. 
Another issue was the 3D printed connectors, which were 
made of ABS, eroded during drying due to DCM exposure 
for long hours and needed to be replaced several times to 
avoid leakages. This can be resolved using porcelain con-
nectors, as it does not react with DCM.

Fig. 4  a SolidWorks 2014 CAD model of the cutting apparatus for splicing the rubber mold that has initial pre-cut. b Assembled cutting appara-
tus when the rubber tube is pulled by hand
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Fig. 5  a The spring mechanism implemented in the holders for more load, b a 1.5 m long filament preparation using spring mechanism and c the 
prepared long filament

Fig. 6  Viscosity (mPa s) of carbon nanoparticles percentage for 1 g PLA and respective volumes of DCM from Table 2 at 25 rpm and at room 
temperature for 1:5 weight ratio
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3  Experimental results

3.1  Viscosity of PLA, NC and DCM solution

Figure 6 shows the typical viscosity range of 0–15 wt% of 
carbon nanoparticles in PLA in 5–10 mL DCM solution as 
shown in Table 2. These data were obtained from Brook-
field DV2T viscometer. The typical viscosity, that can be 
used for solution casting, is between 1400 and 2400 mPa s 
(or cP) shown in a transparent green box and the optimum 
range for proper filament samples was 1600–2200 mPa s 
shown in a transparent orange box. Beyond this, the solu-
tion is out of viscosity range for preparation of solid fila-
ment which is visually and experimentally observed. This 
phenomenon is controlled by increasing the DCM volume 
as shown earlier in Table 2. The 9 and 15 NC wt% have 
a higher amount of DCM to control the viscosity in the 
favorable range. The variation implies that the viscos-
ity increases as the percentage of nano-carbon increases, 
which matches with general observation as the volume of 
nanoparticles increases as percentage increases [52]. All 
the experiments were done under a chemical hood. If the 
optimum viscosity range is crossed, it will be too dry to 
suck through a syringe. If the solution is too viscous, after 
evaporation in the rubber tubing, it will reduce in volume 
leaving air cavities and eventually giving a hollow, brittle 
and weak filament which is unusable with the 3D printer.

3.2  Electrical property of the PLA and carbon 
nanoparticles composite filaments

Electrical conductivity tests of the composite filaments con-
sisting of PLA and carbon nanoparticles were done using 
radio shack voltmeter to find the resistance at 10 mm apart 
across the length of the sample and the average values were 
taken. The measurements were taken several times and on 
different dates as well. The average values and the standard 
deviations of both the resistivity and conductivity results 
are shown in Fig. 7. As expected, the conductivity of the 
filaments increases as the percentage of the carbon nano-
particles increases.

The relationship of geometrical properties and material 
constant can be expressed by the following simple equation:

where k is the conductivity, � is the resistivity, R is the resist-
ance, L is the length, and A is the area of the sample. In 
Fig. 7, the average electrical resistance of a filament with a 
diameter of 1.75 mm and measured at 10 mm distance along 
the longer filament made from at 15 wt% NC was 6 ± 2 kΩ. 
This resistance is equivalent to a resistivity of 1.44 ± 0.48 
Ω m and conductivity of 0.75 ± 0.26 S/m, which is sig-
nificantly lower from infinite resistance as PLA is a pure 
insulator. In Fig. 7, the comparison is done under the same 
conditions for different percentages of the NC. The incon-
sistencies are due to non-uniform formations of the filament 
because of human error. The major error is due to measure-
ment of the electrical resistivity which was done at different 

(1)k =
1

�
=

1

RA
,

Fig. 7  Resistivity and conduc-
tivity of the filaments made of 
various wt% of carbon nano-
particles in PLA. The samples 
were 1.75 mm in diameter 
and 100 mm long, where the 
resistances of each sample were 
taken at 10 mm distance along 
the filament, both the average 
and standard deviation of the 
measurement are shown
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segments in a long filament and taking the average and 
standard deviation. Since the distribution of the conductive 
part was not uniform for a different composition, the large 
deviation is prevalent in Fig. 7. The electrical conductivity 
at a low weight percentage of the filler carbon nanoparticles 
was observed at 6 wt%, which is low compared to the works 
presented by others.

The resistances shown by Nicholson [25] with graphene 
and PMMA composite were 1.5 ± 0.4 MΩ and 60 ± 7 kΩ 
for the 15 and 20 wt% filaments of length 25.4 mm and 
diameter of 1.75 mm, which is equivalent to 142 Ω m or 
7 × 10− 3 S/m for 15 wt% sample and 5.7 Ω m or 0.18 S/m 
for 20 wt% sample. The resistance of their sample at 15 
wt% is very high compared to the presented results. Zhang 
et al. [24] at 6 wt% graphene and PLA filament showed 
conductivity of 13 S/m, whereas our sample conductivity 
is 0.02 ± 0.01 S/m for 6 wt% NC and PLA. In a similar 
study, Wei et al. [26] showed electrical conductivity of 
1.05 × 10− 3 S/m at 5.6 wt% graphene and ABS composite, 
which is low compared to the presented work. The con-
ductivity of molded resin (not 3D printed) of Proto-pasta 
Conductive PLA is 6.67 S/m [34] which is better than 

the presented work, but the weight percentage of carbon 
black used is not specified. Functionalize Electric™ PLA 
[35], a commercially available conductive filament has a 
133.3 S/m which is better than the presented work, but 
as mentioned previously carbon nanotubes are expensive 
than carbon nanoparticles and the composition is also 
not specified. 3DXNANO™ ESD CNT-PETG [37] has a 
high surface resistivity of  107 to  109 Ω (tested using con-
centric ring test method) which is comparatively higher, 
but this is not compared as the volume resistivity is not 
specified. Graphene 3D Lab [27], a commercial plastic/
graphene composite filament used for 3D printing of gra-
phene-enhanced plastic structures has a conductivity of 
166.7 S/m which is better than the resistivity presented 
in this paper, but the composition and all properties are 
not disclosed. Similarly, Electrifi filament [36] is another 
commercially available conductive filament made with 
biodegradable polyester and copper with a conductivity 
of 16,667 S/m, but they do not disclose its composition. 
In Fig. 8, a comparison of the conductivity of nano-addi-
tives in host thermoplastic polymer compared with the 
work presented in this paper is shown. This figure is a 

Fig. 8  Comparison of the conductivity of nano-additives in host thermoplastic polymer [24–27, 34–36]. The commercially available filaments 
are shown in gray, the academically published filaments are shown in salmon color and the presented work is shown in mustard color
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summary of the discussion in this section, which will pro-
vide insightful information to readers.

3.3  Mechanical property of the PLA and carbon 
nanoparticles composite filaments

To study the mechanical strength of the filaments, Instron 
tensile tester (5960 dual column) was used to test their ulti-
mate tensile strength and compared with original PLA (com-
mercially obtained) and PLA samples prepared with DCM 
at various NC compositions (0, 0.5, 1.5, 9 and 15 wt% NC: 
PLA). In Fig. 9, tensile testing of (a) clear PLA (right) and 
15 wt% NC and PLA (left) samples are shown and in (b) 
clear PLA (left) and 15 wt% NC and PLA (right) test setups 
are shown, respectively. In Fig. 10, the tensile strength of 
NC1.5 is higher than that of NC0.5 which could be rein-
forcement provided by carbon at some small values and the 
role of DCM with plastic with NC filler needs to be further 
studied. The tensile test was quasi-static at a strain rate of 
1 mm/min. In Fig. 10a, the stress–strain curves of all the 
samples along with a 3D printed dog bone structure (NC15 
3D, printed with 15 wt% NC filament) is shown. The inset of 
stress–strain is also shown for all except PLA and 3D printed 
part. The pure PLA has the highest strength of 60 MPa, and 
most of the samples have below 15 MPa strength. However, 
the 3D printed structure using 15 wt% NC: PLA filament has 
the 25 MPa tensile stress. Using the presented manufactur-
ing process from Fig. 10b, the reader can see a small drop 
in the mechanical strength as more carbon nanoparticles 
are added in PLA. The 3D printed part is stronger due to 
the dog bone structure printed in layers. Table 3 shows the 
values of ultimate tensile stress and strain, respectively, for 

each sample. There is a significant loss of tensile strength 
when DCM is used for dissolving the PLA and adding the 
NC using the presented manufacturing process. Effect of 
strength using other solvents can be studied in future using 
this method. The 6 wt% filament was not tested because at 
this diameter the filament was non-uniform. Three samples 
from each composition were fabricated, but the tensile tests 
were done using the best samples from each (one sample) 
as most of them broke before reaching the maximum tensile 
load during testing (Fig. 10).

3.4  Microstructure of filaments

Scanning electron microscope (SEM) images of the samples 
were taken and shown in Fig. 11a. In Fig. 11a, the dark 
structures are mostly insulating PLA and the bright struc-
tures are the conductive carbon. In Fig. 11b, the reader can 
observe a bar graph of particle distribution of nanoparti-
cles in the respective SEM images that were processed in 
MATLAB image processing toolbox [53], where the num-
ber of the particles increases as the percentage of carbon 
nanoparticles in PLA increases. A similar representation of 
SEM imaging in particle distribution histogram was shown 
in another study of thermoplastic nanocomposites with car-
bon nanotubes [54]. A clear increase of the white formations 
is observed, as the percentage of the carbon nanoparticles 
increases in the sample. One more observation is that the 
carbon nanoparticles are seen coagulated and the surface has 
platelet formation with the increase of carbon nanoparticles.

Low-resolution images of samples at lower NC concen-
tration is observed. Figure 12a shows the streaked surface 
of clear PLA made through commercial hot extrusion and 

Fig. 9  Tensile testing of a Clear PLA (right) and 15 wt% NC and PLA (left) samples, b clear PLA (left) and 15 wt% NC and PLA (right) testing
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Fig. 12c shows the 15 wt% NC (NC15) at a lower resolu-
tion (bar scale = 100 µm) where one can clearly see the 
NC coagulated structures. Due to horizontal drying, the 
reader can also see more NC concentration towards the 
right of the picture representing the bottom of the tube 
due to the weight of NC and vice versa, and more PLA 
towards the left or top of the tube can be observed. The 
reader should not be confused with a bright glare as NC, 
as it just represents the reflection of the electron beam 
in the SEM machine. SEM images of PLA and Arlacel 
83 in a solvent of dichloromethane (DCM) and toluene 
were shown by Liu et al. [55], where PLA micro-capsules 

Table 3  Tensile test results of all the PLA/DCM/NC specimens of 
1.75 mm diameter

S. no. Specimen label Tensile stress 
(ultimate) [MPa]

Ultimate tensile 
strain [mm/mm]

1 Pure PLA 54.2 0.069
2 NC0 11.9 0.064
3 NC0.5 8.5 0.032
4 NC1.5 11.0 0.060
5 NC9 7.5 0.058
6 NC15 6.9 0.051

Fig. 10  Mechanical property 
of filaments made of various 
compositions of wt% NC in 
PLA a tensile stress–strain 
curve (diamond marker shows 
breakpoint) and b magnitude of 
tensile stress (MPa) and tensile 
strain (%) at the break for all 
samples with along with a 3D 
printed structure
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formation and variable distribution exist due to the 
solvents and compositions. Similar SEM image as in 
Fig. 11 is also presented by Haroosh et al. [56], where 
they showed for PLA: PCL blends in DCM: DFM except 

few fibrous structures due to electro-spinning and solu-
tion contents. Utilizing inkjet 3D printing, Jakus et al., 
also showed related SEM images of samples made of 
PLG–graphene using DCM [57]. The variation in texture 

Fig. 11  Microscopy and image analysis of various wt% of NC in PLA along the surface: (left) SEM images of the filaments of NC0.5, NC1.5, 
NC9 and NC15 at 10 µm resolution; and (right) bar graph of particle distribution of nanoparticles in the respective SEM images
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in the presented work samples is because of the horizontal 
drying process in a tube that resulted in a smooth surface.

In Fig. 13, one can see the SEM images of the cross-
section of the filament from NC0.5, NC1.5, NC9 and 
NC15 compositions at 100 µm resolution. The plasticity 
of NC0.5 and NC1.5 that bent the filaments while slicing 
them for SEM images can be observed in Fig. 13. The 
brittleness of NC9 and NC15 due to increased carbon 
helps in a cleaner cut. The SEM images are sharper as the 
NC percentage or conductivity of the filament increases.

4  Observations and discussions

Several methods and approaches were investigated to 
successfully synthesize a solid filament with various per-
centages of carbon nanoparticles using a DCM solvent. 
The most successful method is described earlier in the 
section. Then, the filaments are characterized for strength 
and electrical conductivity. As shown in Fig. 7 earlier, low 
percentage of NC (6 wt%) showed large standard deviation 

Fig. 12  SEM images of samples 
at the surface: a clear PLA and 
b SEM image of NC15 at lower 
resolution showing the effects 
of horizontal drying
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Fig. 13  Microscopy and image analysis of various wt% of NC in PLA: (left) SEM images of the filaments of NC0.5, NC1.5, NC9 and NC15 at 
100 µm resolution in cross-sectional view

Fig. 14  a MakerBot 3D printer test system and b 30 mm × 5 mm × 1 mm dog bone structure printed from a composition of 15 wt% carbon nano-
particles and polylactide fiber (PLA) using MakerBot 3D printer
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in resistivity due to the variation of carbon distribution 
across the surface. However, the variation decreases with 
a higher concentration of NC. Among the samples, the 
15 wt% NC filament was used to 3D print a dog bone 
structure for demonstration. Initially, several attempts with 
different filaments that have either void inside or not com-
pletely solid brought difficulty in 3D printing using com-
mercial 3D printers. The main issue was that the extrusion 
force between two gears damaged the filaments and cre-
ated difficulty in extruding out the new filaments. There-
fore, care was taken for fabrication of solid filaments. The 
15 wt% NC mixed in PLA solution was selected for 3D 
printing due to the relatively high conductivity of the fila-
ment as discussed previously.

The video of the printing is provided in the Supplemen-
tary File: S2 Video. The 15 wt% NC PLA filaments had 
an average resistivity of 1.44 ± 0.48 Ω m or conductivity 
of 0.75 ± 0.26 S/m, whereas clear PLA had infinite resist-
ance. Figure 14 shows the 3D printed dog bone structure 
of 30 mm in length, 5 mm in width and 1 mm in thickness 
(the measured resistance was 118 ± 64 kΩ). The deduced 
resistivity and conductance of the dog bone structure was 
slightly higher (20 ± 10 Ω m and 0.065 ± 0.04 S/m), as there 
was a rearrangement of carbon nanoparticles while 3D print-
ing. This is lower than 476 S/m at 6 wt% of reduced gra-
phene oxide (r-GO) in PLA after 3D printing is shown by 
Zhang et al. [24], but their filament conductivity was 13 S/m, 
whereas the presented work is 0.75 ± 0.26 S/m with the same 
3D printer in both cases, but different chemicals and param-
eters were used during synthesis. The cost of PLA filament 
per g is roughly 0.6 cents from MakerBot Inc. and the cost 
of mesoporous carbon from Sigma-Aldrich is roughly $30 
per g. Hence, the NC15 material cost would be roughly $5 
per g. Assuming for cost analysis that they purchased from 
same sources in 2018, reduced graphene oxide (r-GO) used 
by Zhang et al. [24] from Sigma-Aldrich roughly costs $750 
per g. Hence, NC15 costs 9 times lesser than the 6 wt% of 
reduced graphene oxide (r-GO) in PLA of Zhang et al. [24]. 
The authors synthesized their own reduced graphene oxide, 
but the cost analysis was done to get a good comparison 
based on the available material in the market. While 3D 
printing the sample, the filament was melted in the 3D 
printer head without a proper distribution of carbon nanopar-
ticles (uncontrolled) and resulted in a higher electrical resist-
ance. On the other hand, Wei et al. [26] at 3.8 wt% graphene 
in ABS composite showed a conductivity of 6.4 × 10− 5 S/m 
and after it was 3D printed into 10 mm x 10 mm x 1 mm 
rectangular model, the conductivity decreased to 2.5 × 10− 7 
S/m. Again assuming similar cost analysis, graphene and 
ABS cost roughly $1200 per g from Sigma-Aldrich and 0.5 
cents per g from MakerBot Inc., which brings their filament 
per g roughly 9 times more expensive than NC15 presented 
in this paper. This shows that the 3D printing process must 

be optimized for homogeneous melting for better conduc-
tive 3D printed parts. As mentioned before, the mechanical 
strength of the filaments is reduced as the amount of the 
carbon nanoparticles is increased, which has become a chal-
lenge when 3D printing using MakerBot 3D printer. The 
problem was that the filament having more than 15 wt% car-
bon nanoparticles was not strong enough to pass through the 
extruder head. This was also observed by Zhang et al. [24] 
and they could not go beyond 8 wt% in their case. The major 
difference is that they used hot melt extrusion using HAAKE 
twin-screw melt mixer, while in this work DCM solution 
blending is used. Solution blending may give more free-
dom of higher concentrations of the filler and more uniform 
distribution. As mentioned previously, carbon nanoparticles 
are 5 times cheaper than graphene, making the procedure 
presented in this paper more cost-efficient.

The approach in this paper could be a cheap alternative to 
regularly used gold-coated electrodes. This method provides 
an advantage such as the ability to get 3D printable complex 
shape electrodes. The only limitation of this method is the 
clogging of the 3D printer head due to successive printing 
with coated NC and PLA filament which leaves a residue 
that is very adhesive in nature and becomes very hard after 
drying. To unclog the nozzle, DCM was used and the nozzle 
can be used again after several hours of soaking. A nano-
lubricant inside the nozzle would solve this issue of clog-
ging. The first layer of the printed structure (Fig. 14b) did 
not stick to the base of the 3D printer, which left a dangling 
structure. This can be easily resolved using adhesive tapes 
available in the market for the 3D printers.

5  Application in humanoids

One application of the conductive filament is in the fabrica-
tion of robots and humanoids. Humanoids are robots, which 
look and perform like humans. They are often made of sev-
eral mechanical and electrical parts having complex electri-
cal wires running from the power sources, controllers and 
actuators. As the humanoids are expected to perform com-
plex tasks using complex manner like humans, these com-
plex network wires cause a major problem as they become 
dangled near the joints and along the whole body. In our 
experience, these wires end up tangled and detach during 
complex human-like movements causing failure and repeat-
able maintenance and low productivity. The work presented 
in this paper has high application in humanoids that use 3D 
printing as its major manufacturing technology. This can be 
implemented in the humanoids like Buddy [3, 58, 59] and 
HBS-1 [2] humanoid, which are mostly 3D printed using 
ABS plastic for various applications. As shown in Fig. 15, 
wires can be replaced by printing conductive filaments to 
complete the electrical circuits of components, which do not 
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interfere or be a hindrance during the complex maneuver of 
the robot. Wires can also run through the pipe segments to 
minimize tangling at the joints. NC printed wiring can solve 
the major problem of actuation, maintenance and connec-
tion issues, ultimately leading to advancement in humanoid 
manufacturing. This can be implemented on any 3D printed 
parts to avoid wiring and utilize the advantages of the con-
cept. Due to higher resistance than regular copper wires, 
there can be a decrease in power efficiency which is a limi-
tation. This can be solved by conducting more research in 
the fillers rather than carbon nanoparticles like gold, silver 
nanoparticles, etc., which have higher electrical conductiv-
ity, but this will increase the overall cost.

6  Conclusions

A composite material consisting of carbon nanoparticle 
(NC), dichloromethane (DCM) and polylactide (PLA) was 
made for use as filament material for application in additive 
manufacturing and the material was characterized exten-
sively. The electrical conductivity and mechanical properties 
of the filament material were experimentally measured for 
various weight percentages of mesoporous carbon nanopar-
ticles in polylactide matrix. It was found that the synthe-
sized filaments had a mechanical strength of 12 MPa than 
the original solid PLA filament (60 MPa), but the electrical 
resistivity was improved from infinite to a range of 64 ± 25 
to 1.4 ± 0.48 Ω m for 6–15 wt% NC: PLA composition. 
A sample structure of 30 × 5 × 1  mm3 was 3D printed and 
tested for mechanical strength and resistivity and found to be 
25 MPa and 20 ± 10 Ω m, respectively. SEM images showed 

a relatively large number of particles distributed across the 
filament for a higher concentration of NC. The method can 
be used to build the robot structures with electrical circuitry 
except at the joints. The connection at joints can be made by 
a jumper that maintains continuous contact as discussed in 
the paper. This approach reduces the problem of dangling 
and detachment of wires often encountered in many robotic 
systems. This work is easy to implement with any 3D printed 
structures that need electronic circuitry in an economical 
way using commonly used 3D printers. Future of this project 
is the implementation of the technique presented in robotics 
and other complex wiring applications.
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