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Abstract 

Some materials that constitute the fuselage and wings of an airplane allow it to behave like a 

Faraday cage. In this work, a preliminary study that explores the use of a conductive polymer 

compatible with additive manufacture, to create an alternate conductive surface to conductive 

meshes usually used when an aircraft is developed. 

For this type of application, it is crucial to know the behaviour of the electrical properties of the 

conductive polymer in use. Thus, the influence of the thickness of the polymer layer and 

orientation of deposition on the resistance and electrical resistivity of the material is studied, and 

how they vary when a tension is applied to the material is evaluated. A resistivity measurement 

standard is used to obtain values of electrical resistance of the material under conditions without 

voltage. Subsequently, encompassing the above procedure in a 4-point bending test, the variation 

of the electrical resistance of the material when subjected to a load was measured. 

This approach allowed to verify that for layers of conductive polymer with alternating orientations 

there is a tendency for the decrease of electrical resistance and variability of the measured values 

with the increase of the thickness, whereas the layers with equal orientations generally present a 

more unpredictable behaviour. However, in both cases, with the conductive layer being under 

tension, there is a tendency for increased electrical resistance with increasing deformation. 

Keywords: FDM, conductive polymers, conductive filaments, graphene, 4-point bending.

1. Introduction 

At this time, the developed conductive polymers are 

only associated with applications of electronic 

components. Therefore, it is of interest to analyze the 

feasibility of its use in other fields, such as in the 

aerospace industry. In the fuselage and wings of an 

airplane metal alloys are used as protection against 

lightning in the event of a storm, protecting the 

electronic devices, the airplane itself and its 

passengers. However, the use of composites, 

essentially non-metallic, obliges the inclusion of metallic 

meshes for the creation of a protective Faraday cage. 

Generally, these meshes are made of aluminum or 

copper. Aluminum is usually the first choice due to its 

low weight but presents a high risk of galvanic corrosion 

when in contact with the carbon fibers, so, a layer of 

fiberglass insulation is used, which increases the 

weight. By using a copper mesh, the risk of galvanic 

corrosion is eliminated, however, in addition to being 

more expensive, it weighs at least twice as much as the 

aluminum [1]. 
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This work explores the possibility of using a conductive 

polymer to replace the metallic meshes in the previously 

mentioned function. 

The main advantage in using a conductive polymer 

would be to reduce the weight of the aircraft. 

Furthermore, being a polymer compatible with the 

additive manufacturing process, the cost of 

manufacture will possibly be minimized and will allow 

freedom in its deposition both in orientation and in 

shape. 

In this work a preliminary study is elaborated that allows 

the consideration of a possible alternative to the 

conductive meshes used in an aircraft. 

During flight, the wing of an aircraft is subject to 

practically all kinds of forces (traction, compression, 

twist, shear and bending) and the materials that it is 

made of must support them and act as a Faraday cage 

whenever necessary. In this sense, it is fundamental to 

understand the behaviour of the electrical properties of 

the conducting polymer, namely its electrical resistance, 

when deformed by being subjected to stresses, this 

being the main objective of this study. 

However, in the first analysis one must understand if 

there are other factors that influence this characteristic.  

As the present study uses the FDM technique, another 

objective will be to evaluate if factors such as the 

thickness of the conductive polymer layer and the 

orientation of the deposition affect the conductivity of 

the material. 

2. Literature review  

Additive Manufacturing 

Additive manufacturing (AM), also known as the most 

common name for 3D printing, is the process that 

encompasses all manufacturing technologies that are 

based on overlapping layers of material. This process is 

often associated with rapid prototyping and enables the 

fabrication of objects with complex geometries that were 

previously impossible to obtain. 

The FDM process is an AM technology which is based 

on the extrusion of a material through a nozzle, laying it 

layer upon layer. 

The materials most used in printers that apply this 

process are Acrylonitrile Butadiene Styrene (ABS) and 

Polylactic acid (PLA). However, many others are used; 

the most common pure polymers available on the 

market are: Polyethylene Terephthalate (PET), 

Polyamide (PA, better known as Nylon), Thermoplastic 

Polyurethane (TPU) and Polycarbonate (PC) [2]. 

The FDM process consists of four main steps: 

modelling; slicing; printing and finishing. The slicing step 

contains some substeps, including the choice of printing 

parameters. 

The choice of printing parameters is one of the most 

important phases of the entire process, since they are 

the ones that will decide the quality of the part and the 

success or failure of its respective printing.  

The number of print parameters that can be changed 

depends on the software used to perform slicing. 

However, some of the parameters that usually change 

are print temperature, filling density, printing speed, 

layer thickness, orientation of filling structures and wall 

thickness. 

Conductive Polymers 

In a general sense, materials can be classified 

according to their electrical proprieties, and as such, are 

divided into three major groups: conductors or metals, 

semiconductors and insulators. 

Most polymers consist of long chains or molecular 

networks that are usually based on organic materials. 

Structurally, most are non-crystalline, however, some 

show a mixture of crystalline and non-crystalline 

regions. Due to the nature of the internal structure of 

these materials they are predominantly poor conductors 

of electricity [3].  

However, several studies have been conducted along 

the years that led to the development of conductive 

polymers. 
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Conductive polymers are organic polymers (with carbon 

and hydrogen atoms), which conduct electrical current 

when electrons jump between the polymer bonds. In 

these polymers, between the adjacent carbon atoms, 

we can have a single bond or a double bond, where a 

single bond is always a σ bond and a double bond 

consists of a σ bond and a π bond. Conductive 

polymers are polymers with conjugated bonds, which 

means that in a chain the double bonds are separated 

by a single bond, that is, the bonds between the carbon 

atoms are alternately single and double bonds [4]. 

The fact that the bonds are conjugated is not enough to 

render the polymer conductive. For some polymers the 

key to conductivity is the presence of a dopant. If the 

dopant creates a gap, it is filled when the free electron 

jumps from a neighbouring position, creating an empty 

space in that position, which allows the charge to 

migrate along the chain. 

By making a polymer into a conductive one, it is possible 

to conjugate the electrical properties of metals or semi-

conductors with the advantages associated with 

traditional polymers. Advantages such as: low cost, 

structural diversity, high flexibility and durability [5]. 

Therefore, the conducting polymers have been 

thoroughly studied in order to obtain the best electrical 

properties possible so that they can be useful to various 

applications, such as: electric devices, generators, fuel 

cells, computer monitors, micro-surgery tools and 

biomaterials [6]. 

There are some factors that influence the electrical 

conductivity of a material. According to [4], for 

conductive polymers, the factors with known significant 

influence are the temperature, the number of free 

electrons and the morphology of the polymer. 

Conductive Filaments 

With the advancement of FDM technology it has 

become common to include fillings in the filament such 

as wood, glass and carbon fibers, graphene and metals 

such as bronze and copper. The addition of thermally 

conductive carbons, including graphene, graphite, 

carbon powder, carbon fibers and metal or ceramic 

particles, has improved the thermal and electrical 

conductivity of the polymers [7].  

Some of these filaments result from the combination of 

a matrix and a filling of nanometric reinforcing particles, 

which are called nanocomposite filaments. 

Thus, it is the application of a certain number of 

electrical particles in a non-conductive matrix that 

causes a conductive polymer to emerge. The minimum 

amount of conductive particles required to turn the 

compound into a conductive material is defined by the 

percolation point. However, the filler particles do not 

need to be in direct contact for a current flow, 

conduction occurs from the tunneling effect [8].  

The implementation of conductive polymers in additive 

manufacturing technology is relatively recent, with the 

first conductive plastic polymer for 3D printing emerging 

in 2012 with conducting carbon filler dispersed in PLA 

[9]. As a follow-up, researchers and manufacturers have 

been working to develop carbon composite filaments 

compatible with common extrusion printers. 

Graphene is a revolutionary material that has a rich 

history spanning more than 40 years of research and 

experimental work, and these days it is used for some 

promising applications. This material attracted high 

attention due to its great mechanical, thermal and 

electrical properties. 

These excellent properties and the fact that it is 

necessary for the polymer to have a crystalline structure 

to be able to conduct electric current, such as graphene 

presents, are the main reasons for the introduction of 

graphene and its oxides in the world of additive 

manufacturing. 

Particular attention should be paid to the homogeneity 

of the graphene dispersion in a filament because in 

addition to influencing the conductivity, it affects the 

printing capacity of the compound, as well as its 

physical properties [10]. 

Numerous studies carried out with carbon and 

graphene have concluded that the amount of particles 

of these materials in a standard filament has an effect 
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on their properties at various levels and it would be 

expected that the higher the number of these 

conductive particles the greater the conductivity of the 

final filament. 

3. Methodology 

As previously mentioned, the main objective of this 

study is to evaluate the influence of deformation on the 

conductivity of a conductive polymer. Due to the 

manufacturing method used to obtain the specimens to 

be tested, some factors that may influence the 

conductivity of the material, such as the thickness and 

orientation of the deposited material, must be studied 

before applying any type of load. 

Since, in a real situation, the conductive filament is likely 

to be deposited on another material that is responsible 

for structural stability, two types of test pieces were 

studied.  

A specimen consisting entirely of conductive material 

and another having a layer of conductive material on 

non-conductive material. 

Thus, the thicknesses chosen for the conductive 

material are: 0.3, 0.5, 0.8 and 1 mm. The test pieces 

being 1 mm entirely of conductive material, while in the 

others the material of conductive material is deposited 

on non-conductive material. In relation to the orientation 

of the layers of conductive material, 5 combinations 

were chosen: 0/0; 45/45; 90/90; +45/-45 and 0/90. In the 

0/0 orientation the deposition of the material is made 

along the length of the specimen, in the 90/90 

orientation the deposition happens perpendicular to the 

previous one and in the 45/45 orientation the deposition 

is made at 45° with respect to the latter. The remaining 

orientations describe the deposition of the alternate 

material in each layer. 

Thereafter, each of the 20 possible combinations of 

parameters is repeated 5 times, leading to the 

production of a total of 100 test pieces. 

For test pieces consisting of two materials, the 

conductive layers are deposited on 1.6 mm of non-

conductive material. 

A test was performed to obtain the electrical resistance 

of the test pieces under static conditions, according to 

the ASTM D4496-87 standard, and a 4-point flexural 

test was performed to measure the variation of the 

resistance under tension, according to the ASTM 

D6272-17 standard. In this standard, the recommended 

dimensions for a thermoplastic material specimen are 

127 × 12,7 × 3,2 mm, resulting in a ratio of 16m to 1 

between the support extension (L) and the depth (p) of 

the sample. These were the selected dimensions for the 

specimens in this study, except for the depth, which 

varies since it is one of the studied parameters.  

Figure 1 Two types of test pieces used in the tests 

Material selection 

For the development of test pieces, it is essential to 

choose a filament that not only has the desired electrical 

properties but is also available on the market. Taking 

these criteria into account and since it was also used in 

other studies, the Black Magic 3D conductive filament 

was selected. In the manufacture of test pieces that are 

not only composed of conductive material, white PLA 

from RepRap was chosen. 

Static resistivity measurement  

The first procedure performed to execute electrical 

resistance measurements was to plan and construct the 

bench test. In order to complete this task, a choice of 

electrode materials, insulation parts and contact 

masses, and the design of all the constituents of the 

bench (considering the dimensions imposed by the 

standard and the dimensions of the test pieces 

produced) was required. 
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Figure 2 Test bench used 

The assembly was powered by a variable voltage 

source (3V - 12V) and with 2A of available current 

intensity. The two multimeters used were a FLUKE 77 

and a Beta 1760 / RMS, one with voltmeter function 

connected to the potential electrodes and the other with 

an ammeter function connected in series with the power 

supply and the assembly, respectively. These two 

multimeters allowed to obtain the necessary data to 

calculate the resistance offered by the material through 

Ohm's Law (1), since all measurements were made in 

the same laboratory under the same conditions.  

 𝑅 =
𝑉

𝐼
 (1) 

Where R is the electrical resistance in Ohms (Ω), V is 

the potential difference expressed in volts (V) and I is 

the current in Amps (A). 

Volume resistivity will be 

 𝜌𝑣 = 𝑅
𝐴

𝑑
 (2) 

Where 𝜌𝑣 is the volume resistivity in Ω. 𝑐𝑚, A is the 

cross-sectional area of the specimen in 𝑐𝑚2 and 𝑑 is 

the distance between the potential electrodes in 𝑐𝑚. 

Surface resistivity will be 

 𝜌𝑠 = 𝑅
𝑊

𝐿
 (3) 

Where 𝜌𝑠 is the surface resistivity in Ω𝑠𝑞 (Ohm per 

square), 𝑊 is the width of the specimen and 𝐿 is the 

length of the specimen between the potential 

electrodes. 

 

Measuring on the bench test, voltage and amperage 

values were withdrawn every 10s for a total of 50s, and 

the average resistance and resistivity value of the 

specimens was calculated. 

Resistivity measurement under stress 

To perform this test, a properly calibrated Universal 

Testing Machine is required. This machine has two ties 

where the supports of the four rollers are placed 

between which the test piece is placed. Although the 

machine recorded the displacement of the upper 

support and the load applied to the specimen, it was 

necessary to measure two more signals simultaneously 

(voltage and amperage). For this, a high-precision 

distance measuring laser and National Instruments data 

acquisition board connected directly to the computer 

were used. 

This test was performed in the elastic domain for the test 

pieces of two materials, allowing their repetition for the 

same specimen. Thus, for this type of test pieces two 

tests were carried out, one with the conductive layer at 

traction and the second with the conductive layer under 

compression. 

In a 4-point flexural test, only four rollers are used, two 

serving as supports on the fixed support and two other 

force-applying ones, which are in the moving support. 

Since in this modified test it is necessary that the 4 

rollers are in contact with the conductive layer of the 

specimen, in order to be possible to measure the 

resistivity along the flexion, 8 rollers are used. Of these 

8 rollers, 4 are disposed as usual, while the remainders 

are fitted using a spring, as shown in Figure 3. For this 

to be possible, M3x8 screws were welded to the top 

faces of the rollers. 

In this test, the arc length between the potential 

measuring rollers and the deformed cross-sectional 

area of the test pieces was considered for the resistivity 

calculation. 
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Figure 3 4-point bending test with resistivity measurement 

4. Specimen production 

The 3D printer chosen to produce test pieces that will 

be used to test the material mentioned above is the 

Lulzbot Taz 6. This printer comes equipped with a dual 

extruder head that allows you to extrude two different 

materials in the same print. However, with the use of a 

double extruder head, there may be problems such as 

oozing and the difficulty in having the same alignment 

in the two nozzles [11]. In addition, when one of the 

nozzles is inactive it remains hot, which may adversely 

affect conductive filament extrusion. 

A conductive filament should remain as little as possible 

inside the hot extruder without printing, in order to 

reduce the likelihood of expansion of the filament and 

consequent clogging of the nozzle. For this set of 

reasons and since the geometry of the test pieces does 

not require the use of double extruders, it was decided 

to replace the print head with a single extruder one, 

implying the exchange of material when necessary. 

Although with this choice we are preventing the 

situations described, the printing time will increase due 

to having to manually change the material. 

To make the slice of the test pieces, that is, convert the 

.STL file to a .gcode file, the Cura software provided by 

Ultimaker was used. 

 

Conductive PLA printing parameters 

After testing the printing parameters suggested by the 

manufacturer [12] and obtaining poor results, 

adjustments were made to the parameters as well as 

the printer’s nozzle (swapping a 0,4 mm diameter one 

with a 0,6 mm one). 

After several failed attempts, and frequent nozzle 

cleaning, the filament was observed under the 

microscope and measured using a micrometer to check 

for possible manufacturing defects. 

This made it easy to see that the filament has many 

irregularities and little homogeneity. As stated 

previously, a homogeneous distribution of graphene in 

the polymer is not always ensured, which can influence 

both the physical properties and the conductivity and 

affect the printing of the resulting filament.  

In order to produce the necessary number of specimens 

for this study, other modifications to the printer were 

necessary in order to minimize the inconsistency of the 

printing quality.  

These modifications consisted in: 

• Replacing the original extrusor with an E3D 

HotEnd v6 extrusor and adding a fan to cool it; 

• Isolating the printer with an acrylic box in order 

to create a controlled printing atmosphere; 

• Using a heated box filled with silica in order to 

minimize the filament roll’s moisture 

With the development of this setup the problems were 

reduced, and it was possible to obtain consistency and 

repeatability of prints. In the end, 100 test pieces were 

obtained. For the sake of quality control, it was decided 

to measure the density of the test pieces produced. To 

this end, the dimensions of each specimen were 

measured accurately through a pachymeter as well as 

its mass through a high precision scale. Observing the 

data obtained, it is verified that the test pieces all have 

similar densities. 
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After all the performed experiments, the parameters 

used for the test specimens are: 

Diameter of Nozzle (mm) 0,6 

Layer Thickness (mm) 0,1 

Thickness of Side Wall (mm) 0,8 

Print Speed (mm / s) 50 

1st Layer Speed (mm / s) 25 

Wall Speed Top / Bottom (mm / s) 25 

Exterior Side Wall Speed (mm / s) 25 

Interior Side Wall Speed (mm / s) 50 

Inflation (%) 100 

Flow (%) 100 

Retraction Off 

 

With specific parameters for the single and dual material 

specimens: 

1 mm (Conductive PLA) 

Printing temperature (ºC) 190 

Platform temperature (ºC) 50 

2 material (PLA + Conductive PLA) 

Printing temperature (ºC) 205 

Platform temperature (ºC) 65 

Quasi-isotropic lay-up 

 

5. Results 

Static resistivity measurement 

An increase of the conductive layer thickness gradually 

decreases the deviation of the measurements (except 

for the 90/90 orientation). It was also possible to 

establish that the volumetric resistivity does not always 

present a systematic behaviour. 

For the test pieces with layers of conductor PLA 

deposited with the same orientation, the electric 

resistance presents a more random behaviour than for 

the test pieces with the conductive PLA layers 

deposited with alternate orientations. As said, this 

randomization tends to decrease with increasing 

thickness. The samples with the 0/0 orientation of 

conductive PLA are an isolated case, since they have a 

similar behaviour to the test specimens with alternating 

orientations. 

As an example, the results for the 0/0 orientation are 

shown in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Results for 0/0 orientation of deposition  

 

The deviation decreases with a thickness increase 

because the probability of the current encountering an 

obstacle (printing defects) is smaller for greater 

thicknesses. The existence of defects and the irregular 

deposition (Figure 5) of the conducting filament can 

influence the behaviour of the electric current, causing 

a bigger impact in the results of test pieces with equal 

orientation layers. 

 

Figure 5 SEM images of a conductive PLA specimen 
deposited on non-conductive PLA. (a) longitudinal section of 
the specimen (50x); (b) longitudinal section of the specimen 
(100x); c) Top view of the PLA with graphene;  
d) Longitudinal section of the PLA with graphene (1000x) 
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The results are condensed in Figure 6. 

 

  

Figure 6 Interaction between the thickness and orientation of 

the deposition and its influence on the electrical resistivity 

 

Resistivity measurement under stress 

The 1 mm test pieces (test pieces made up of 

conductive PLA only) show practically constant 

resistance and electrical resistivity. This is because the 

tensile conductive fibers compensate for the 

compression conductive fibers, and vice versa, so as 

not to affect the conductive medium through which the 

electric current flows through. 

For the remaining specimens, it is found that most 

tensile strength often exhibits a slight increase in 

electrical resistance and practically constant resistivity. 

However, in some cases, a slight increase in electrical 

resistivity is noticeable, which is more noticeable for 

conductive PLA specimens with smaller thicknesses. 

When the conductive fibers are drawn, the graphene 

particles are assumed to move away (elongation of the 

polymer chain). When the distance between particles 

continues to provide the tunneling effect, little or no 

variation in resistivity is to be expected. As the increase 

in distance begins to affect this phenomenon between 

conductive particles, a more sensitive increase in 

resistivity occurs. If the conductive layer of the test 

pieces is compressed, the electrical resistance and 

resistivity present a significant increase, contrary to 

what would be expected. In the literature, no 

explanation was found for this phenomenon, yet a 

hypothesis was formulated to be explored in future 

works. When a polymer chain is subjected to a stress, it 

adapts unpredictably. The polymer used has dispersed 

conductive particles, and therefore, these must 

accompany the movements of the polymer chain of the 

base polymer. As such, upon compression, the 

conductive particles may undergo misalignment in such 

a way as to decrease the conductivity of the printed 

structure, although they may be closer together. The 

unpredictable alignment of the conductive particles may 

also explain different behaviours detected between test 

pieces. 

As an example, the results for the 0/0 and 0/90 

orientation are shown in Figure 7 and Figure 8. 

 

 

Figure 7 Results for 0/0 orientation of deposition under stress  



9 
 

 

Figure 8 Results for 0/90 orientation of deposition under 

stress 

6. Conclusions 

The development of this study allowed us to understand 

that the extrusion and printing of the conductive filament 

used is a delicate process that relies on the 

environmental conditions of the laboratory, as well as 

keeping the filament in a controlled atmosphere. 

It was also verified that the deposition of the Black 

Magic 3D filament is quite irregular, significantly 

affecting the resistance and measured electrical 

resistivity. In addition to the irregularities presented by 

the conductive material, the factors under study 

(thickness and orientation of layer deposition) influence 

the resistance and electrical resistivity.  

With this type of test, it was concluded that a conductive 

polymer deformed in the tensile or compression elastic 

domain may exhibit variations in its electrical properties. 

If the conductive polymer is subjected to tensile stress 

the electrical resistivity generally tends to remain 

constant, apart for some exceptions in which it 

increases. It was not possible to establish a relation of 

this phenomenon with the orientation of deposition. If 

the conductive polymer is subjected to compressive 

stress the electrical resistivity tends to increase as the 

printed conductive fibers compress, i.e. there is a 

decrease in the electrical conductivity. Normally the 

increase in electrical resistivity is more pronounced for 

specimens with lower conductive PLA thicknesses. 

The influence of these factors and the knowledge of the 

resistance values and electrical resistivity form an 

important starting point for the development of an 

aviation applied Faraday cage. The behaviour of the 

filament under tension was also studied, revealing that 

the variation of resistance and electrical resistivity while 

subjected to tensile stress is practically negligible and 

that while subjected to a compressive stress the 

increase is not significant. Therefore, with this study, no 

reasons were found for this conductive filament not to 

be used in the referred application. However, many 

other validation studies must be carried out ensure its 

usability. 
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