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• An innovative manufacturing route
combining fused deposition modelling
and laser writing was successfully developed.
• Laser writing was performed on FDM
samples to obtain “in situ” conductive
tracks on their surface.
• Tensile properties and track resistance
of FDM specimens were correlated to
the ﬁber orientation inside the layers.
• The lowest electrical resistance values
ever reached by laser writing on metal
free polymer composites were obtained.
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a b s t r a c t
An innovative manufacturing method, based on Fused Deposition Modelling (FDM) and Laser Writing (LW) technologies, was developed to integrate electrically conductive tracks within high strength 3D printed parts. Carbon
ﬁbers reinforced polyamide composites were processed by FDM according to three different printing architectures by varying the raster angle in the layer sequence. Laser writing was then performed to obtain conductive
tracks on the surface of the printed parts. The process-structure-property relationship of components before
and after the writing of conductive tracks was investigated. The tensile behaviour and the track resistance of samples were correlated to the direction of ﬁlament extrusion within the layers, and consequently to ﬁbers orientation. Tracks showing good aesthetic quality and the lowest electrical resistance were obtained on samples with
[±45] architecture. These tracks displayed the lowest electrical resistance ever reached by laser writing on
metal-free polymer composites (0.008 kΩ/cm). Samples with [±45] architecture also showed high strength
(72.9 MPa) and stiffness (7.7 GPa). The integration of FDM and LW emerges as a new approach to transform
the surface of high strength polymer composites parts into a highly valuable system. These multifunctional components can ﬁnd applications in several industrial ﬁelds such as automotive, aeronautics, and appliances.
© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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In recent years, the integration of electrical circuits into polymers
has attracted growing interest of both scientiﬁc and industrial communities because of its huge potential in several technological applications.

https://doi.org/10.1016/j.matdes.2020.108869
0264-1275/© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Moreover, smart, highly customizable and easily recyclable products are
increasingly required by industries, in compliance with stakeholder inputs. The combination of Additive Manufacturing (AM) technologies
and laser processing, such as laser writing (LW), could be a new
manufacturing approach able to face these challenges. In fact, laser systems ﬁnd many industrial applications thanks to their high speed, precision and energy-efﬁciency. On the other hand, AM has emerged as
one of the most rapidly growing research topics in both academia
and industry, and it is rapidly changing from a rapid prototyping
technology to an established method for manufacturing end-use
products [1].
The additive principle, based on a layer-by-layer manufacturing
strategy, offers an unprecedented design freedom and allows to produce complex shapes without the use of tools and moulds, thus reducing the time-to-market of new products [1]. In recent years, great
efforts have been made to expand the material palette to be processed
by AM technologies. In this frame, Carbon Fiber Reinforced Polymers
(CFRPs) have attracted increasing attention due to the combination of
their mechanical, electrical and thermal properties. Fused deposition
modelling (FDM), which is one of the most popular AM techniques for
the fabrication of plastic parts, is suitable for processing these composites. Moreover, it offers many advantages such as low-cost, high speed
and simplicity [2].
The use of ﬁber reinforcement in FDM ﬁlaments has been widely investigated in the literature; many studies mainly focused the attention
on the development of short ﬁbers composites [2]. Carneiro et al. [3]
studied glass ﬁber reinforced polypropylene composites and reported
an increase of 30% and 40% of elastic modulus and strength respectively
compared to pure polymer. Ning et al. [4] investigated the effect of carbon ﬁbers (CF) on FDM build CF/ABS parts. The highest tensile strength
and Young's modulus were obtained with 5 wt.% and 7.5 wt.% of carbon
ﬁbers respectively; higher loadings negatively affected the performance
of the material due to higher void formation.
Brenken et al. [5] reviewed the FDM process of discontinuous ﬁber
reinforced polymers and compared the mechanical properties of different composite material systems. The addition of carbon ﬁbers to ABS or
PLA increases both their tensile strength and Young's modulus. Generally, strength values ranging between 30 MPa and 70 MPa can be
achieved when the applied load is parallel to the printing direction.
Several studied reported that the mechanical properties of FDM
parts greatly depend on the adopted process parameters, particularly
raster angle and building orientation [6–9]. This effect is more pronounced in 3D printed ﬁber reinforced composites due to the alignment
of ﬁbers along the printing direction; the biggest improvement of mechanical performances is observed when tensile loading direction is
parallel to the extruded beads [2,5].
Tekinalp et al. [10] studied the inﬂuence of ﬁber orientation and porosity on the mechanical properties of 3D printed CF/ABS parts. These
composited show very high ﬁber orientation in the printing direction
(up to 91.5%) as a result of the high shear stresses inside the printer nozzle. The preferential alignment of ﬁbers compensates the negative effect
of porosity: an increase of 115% and 700% in tensile strength and
Young's modulus was reported for 30 wt.% CF/ABS composites. Jiang
et al. [11] investigated the effect on beads orientations on ABS, PLA
and PETG reinforced with chopped carbon ﬁbers and reported the
highest tensile modulus and strength at 0° printing orientation. Liao
et al. [12] observed a signiﬁcant improvement of mechanical properties
and thermal conductivity in CF/PA12 composites compared to the unﬁlled polymer. These results are explained by the uniform dispersion
and preferential orientation of ﬁbers along the extruded beads direction. Similar observations were carried out on several carbon ﬁber reinforced polymers processed by FDM [13–16].
Recently, high performance polymers, such as PPS [5], PEEK [17] and
PEI [18], were also investigated for producing CFRPs through additive
manufacturing. Moreover, co-extrusion and dual-nozzle FDM systems
have been successfully introduced to manufacture continuous ﬁber

reinforced composites, offering great improvement of mechanical properties compared to discontinuous ﬁbers ones [19–21].
However, current applications of polymer composites, such as embedded sensing systems, frequently require multifunctional properties
such as high speciﬁc strength and conductivity along selected directions
[1]. Although conventional composites manufacturing processes are
able to align conductive ﬁllers within the polymer matrix, the electrical
signal can pass through the entire material only in one direction [22]. To
overcome this limit several methods have been developed to produce
printed circuits on polymers surface, such as laser direct structuring,
screen printing, inkjet printing and direct writing. Among them, electric
functionalization of polymer composites via laser writing offers the possibility to create metal-free conductive tracks directly embedded in an
insulating material. In fact, during laser writing a space resolved conductive path is produced within the irradiated lines. The laser exposure
induces the pyrolysis of the polymer matrix. This leads to a local increase of the ﬁller content over the percolation threshold within the
track, thus retaining the insulating behaviour of the entire part
[23–25]. Therefore, this technology shows important advantages in
terms of process simplicity, resource efﬁciency and environmental impact over competing techniques. Laser writing prevents the use of copper wirings or conductive inks for electrical transmission, which are
expensive and difﬁcult to recycle. Therefore, it enables the design of
smart components in a sustainable way and greatly simpliﬁes their
end-of-life disposal [26].
The use of laser writing to create conductive tracks was ﬁrstly described in a patent [23]; track resistance in the range from 0.9 to
1.3 kΩ/cm on carbon nanotubes (CNT)/polyethylene composites were
reported. Liebscher et al. [25] found track resistances as low as 1.5 kΩ/
cm in injection moulded CNT/PP/PC composites. Colucci et al. [26] reported low values of resistance in 2 wt.% CNT/PP composites (b1 kΩ/
cm). However, the authors stated that a compromise between electrical
properties and material integrity is required. Lastly, Caradonna et al.
[27,28] studied several ﬁller/polymer systems processed through different technologies. A systematic optimization of the laser writing parameters through a DOE approach allowed to obtain tracks with resistances
of 0.02 kΩ/cm in CNT/PP/PC composites. However, to the best of our
knowledge, no studies have been performed on laser functionalization
of polymers reinforced with carbon ﬁbers and processed by additive
manufacturing.
The present paper deals with the laser writing of conductive tracks
on a carbon ﬁber/polyamide composite manufactured by fused deposition modelling. The main objective of the research was to develop an innovative method to address the challenge of integrating electrical
circuits within 3D printed parts, combining the advantages of both processes. For this purpose, a complete investigation was carried out to
evaluate the microstructure and mechanical performance of 3D printed
parts and to assess the inﬂuence of FDM and LW process parameters on
the resulting electrical and morphological properties of the tracks. Because of several requirements have to be fulﬁlled for the industrial application of laser writing technology; the following guidelines are
deﬁned:
• The electrical resistance per length unit inside the tracks must be
lower than 1 kΩ/cm.
• Very high resistance between not in contact adjacent tracks is required (i.e. at least four orders of magnitude higher than track resistance).
• Good aesthetic quality, which means no morphological defects and
absence of deformation after laser processing, is needed.

2. Materials and methods
The experimental methodology used in this work consisted of three
steps: characterization of the ﬁlament; investigation of microstructure
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and mechanical properties of FDM printed parts; optimization of laser
writing process parameters in terms of electrical behaviour and aesthetic quality of the tracks.
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Table 1
Process parameters used for carbon PA 3D printing.
T nozzle
(°C)

T bed
(°C)

Inﬁll speed
(mm/min)

Layer height
(mm)

Object
inﬁll

300

45

3000

0.20

100%

2.1. Material processing
A ﬁlament of polyamide reinforced with short carbon ﬁbers (commercial name “Carbon PA”, diameter of 1.75 mm) was purchased from
Roboze SpA (Bari, Italy). According to the supplier, the material is specifically designed for the production of industrial components through
FDM. The ﬁlament was printed using a Roboze One FDM printer
(Roboze SpA, Bari, Italy), which was equipped with a 0.60 mm diameter
stainless steel nozzle in order to avoid nozzle clogging and damage due
to the abrasiveness of carbon ﬁber (Fig. 1A).
Dog-bone samples and rectangular plates were built-up in the xy
plane, using three printing architectures (Fig. 1B), which differ in
terms of bead orientation (i.e. raster angle) within the stacked layers.
All samples were fabricated according to the printing parameters recommended by Roboze, that are reported in Table 1. A raft was used to
improve bed adhesion and avoid warping. Dog-bone specimens were
produced for microstructural and mechanical characterization according to ISO 527-4 standard (specimens of type 1B), while rectangular
plates (100 × 100 × 3 mm3) were used to perform laser writing treatment and evaluate the electrical properties of the tracks.
[0], [±45] and [0, 45, 90, −45].
Laser writing was carried out by a Towermark XL machine (Lasit,
Italy), equipped with a pulsed CO2 laser emitting in IR range (10.6 μm
wavelength, maximum power of 100 W), scanning heads and focusing
optics. The treatments were performed under N2 atmosphere to avoid
polymer oxidation. The surface of the tracks was gently cleaned with a
jet of compressed air to eliminate carbonaceous residues and detached
ﬁbers. Plates produced with different raster angles (Fig. 1B) were
treated with the same process parameters in order to identify the printing architecture that grants the best electrical properties of the tracks.
The selected architecture was then adopted for the optimization of
laser writing process parameters. To this purpose, parallel tracks were
produced by changing the laser power (P) as percentage of the maximum power, the writing speed (v) and the number of repetitions (N).
Frequency and defocusing were not considered because previous
works showed that they did not inﬂuence the ﬁnal properties of the
tracks [27,28]. The repeatability of process was evaluated though the
measurement of the electrical resistance of tracks produced on different
plates. Moreover, the inﬂuence of track length (3, 6 and 9 cm) was also
assessed. Laser writing was also performed on plates produced by injection moulding in order to compare the effect of laser functionalization
on parts manufactured though different processing technologies. Carbon PA material including pristine ﬁlament and scraps from FDM plates
(i.e. raft used to improve the adhesion of the ﬁrst layers of component to
the building plate) by using a EuroLab 16 mm XL twin-screw extruder

Fig. 1. (A) Conceptual sketch of the FDM manufacturing process and (B) schematic
representation of 3D-printed specimens with different printing architectures:

Raster angle used in
printing
architectures (°)
[0], [±45], [+45, 0,
−45, 90]

(Thermo Fisher Scientiﬁc, Waltham, MA, USA) with 40:1 L/D ratio and
a ﬁnal pelletizing unit. Rectangular plates with dimensions of
100 × 100 × 3 mm3 were then fabricated through a Babyplast 6/10P
micro injection moulding machine (Cronoplast ST, Barcelona, Spain)
with parameters shown as below: melting temperature of 280 °C, injection time of 10 s at 90 bar and total time cycle equals to 20 s. Laser writing was ﬁnally carried out on injection moulded plates using the process
parameters previously optimized for 3D printed samples.
2.2. Characterization techniques
The thermal properties of the ﬁlament were investigated using a
PerkinElmer Pyris 1 differential scanning calorimeter (PerkinElmer
Inc., Waltham, MA, USA). The sample was tested with a heatingcooling cycle in the temperature range from 25 °C to 250 °C at a rate
of 10 °C/min under nitrogen ﬂow (50 mL/min). The glass transition,
melting and crystallization temperatures and the crystalline fraction of
the polymer matrix were evaluated. The crystalline fraction XC was calculated according to Eq. (1):
XC ¼

ΔHm
100%
ΔH0m ð1−f Þ

ð1Þ

where ΔHm is the melting enthalpy, ΔH0m is the melting enthalpy of fully
crystalline PA6, equals to 240 J/g [29]), and f is the weight fraction of
ﬁller.
Thermal gravimetric analysis (TGA) was performed with a MettlerToledo TGA/SDTA 851e instrument in order to evaluate the thermal stability and the ﬁber content of the ﬁlaments. The temperature proﬁle
used in the experiment consisted of a complex thermal cycle based on
the modiﬁed ISO 9924-3 standard [30]. The ﬁrst part of the experiment
was carried out in argon atmosphere and consisted of heating the sample from 25 °C to 600 °C at a rate of 10 °C/min, followed by a cooling step
to 400 °C and staying at this temperature for 2 min. The sample was
then heated in air from 400 °C to 800 °C with a rate of 10 °C/min; the
maximum temperature was ﬁnally maintained for 20 min.
In order to investigate the carbon ﬁber length distribution, the ﬁlament was treated in a (Elite Thermal System Limited BSF 11/22, Italy)
at 800 °C in an inert gas atmosphere, thus decomposing the polymer
matrix. A small portion of the carbon ﬁbers was transferred onto a microscope glass slide and images of ﬁbers were taken using a Leica DMI
5000 M optical microscope (Leica Microsystems GmbH, Wetzlar,
Germany). Low magniﬁcation micrographs (100×) were then analysed
using Image J® software. Approximately 150 ﬁbers were measured in
order to obtain reliable results.
The microstructure of the ﬁlaments and 3D printed samples was investigated by optical microscopy. Cross sections of pristine ﬁlament and
dog-bones (one for each printing architecture) were obtained by cutting them with Buehler IsoMet® 4000 precision saw (Buehler, Lake
Bluff, IL, USA). The samples were then mounted in epoxy resin and
polished using standard metallographic preparation techniques. Optical
images were taken at different magniﬁcation to observe the layered
structure, the porosity and the ﬁber orientation. Void fraction analyses
were performed with Image J® software. X-Ray Diffraction (XRD) measurements were performed on the 3D printed specimens, using a
PANalytical PW3040/60 X'Pert PRO diffractometer (Cu-Kα radiation at
40 KV and 40 mA, 2θ range from 10° to 70° with a step size of 0.013°).
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The tensile properties of the FDM samples were determined by testing four dog-bone samples for each studied printing architecture using a
universal testing machine (MTS Criterion Model 43, MTS Systems S.r.l.,
Italy) equipped with a 5 kN load cell. Tensile tests were carried out according to ISO 527-4 standard with a strain rate of 1 mm/s; a 25 mm
gage-length extensometer was used for strain measurements.
The morphology of the fracture surfaces of tensile specimens and
cryo-fractured ﬁlament was investigated by using a ﬁeld emission electron scanning microscope FESEM Zeiss MERLIN (Carl Zeiss Microscopy
GmbH, Jena, Germany) at an acceleration voltage of 15 kV. FESEM analyses were also performed to examine the morphology of the conductive
tracks after laser writing, and to compare the characteristics of carbon ﬁbers networks between tracks produced on samples with different architectures. In order to avoid charging, all samples were coated with
platinum. The topography of the tracks was studied by means of a Leica
DCM8 confocal proﬁlometer (Leica Microsystems Gmbh, Germany);
MountainsMap software was used to perform the image analysis.
Electrical resistance measurements were carried out using a twopoint probe digital multimeter Keithley 2700 (Keithley Instruments
Inc., Cleveland, OH, USA) with a full scale of 120 MΩ. A small amount
of silver paint was deposited at the beginning and the end of each
track to improve contacts. The resistance values were normalized on
track length, thus obtaining the surface electrical resistance per unit
length (R). Similar tests were also performed on 3D printed samples
to determine their electrical behaviour before laser functionalization.

3. Results and discussion
3.1. Filament characterization
The thermal, physical and microstructural properties of the feedstock ﬁlament were investigated to assess the validity of the process parameters adopted during the 3D printing process. Moreover, the
characterization of the ﬁbers (in term of quantity, length and orientation within the ﬁlament) is useful to understand the microstructure
and mechanical properties of FDM build part.
The DSC curve of Carbon PA ﬁlament is shown in Fig. 2A, while thermal transition temperatures and crystalline fraction are listed in Table 2.
The melting peak can be clearly observed in the heating curve, while an
exothermal peak which corresponds to polymer crystallization was detected during sample cooling. The ﬁrst part of the DSC heating curve is
highlighted in the inset of Fig. 2A. The glass transition temperature
(Tg), measured as the inﬂection point of the curve, was 52 °C. The thermal transition temperatures obtained from DSC analysis (Table 2)
clearly indicated that the matrix used in the composite is a polyamide
6 [31,32].

Table 2
Thermal properties of the composite measured with DSC and TGA techniques.
DSC
(heating)

DSC (cooling)

TGA
(matrix pyrolysis)

Tg (°C)

Tm (°C)

ΔHm (J/g)

XC (%)

TC (°C)

Tonset (°C)

Tmax(°C)

52.3

232.9

43.4

22.6

183.1

352.6

410.5

The thermal stability and ﬁber content of the ﬁlament were investigated by thermal gravimetric analysis using the procedure described in
Section 2.2. The weight loss and ﬁrst derivative curves are depicted in
Fig. 2B. Three main degradation steps are clearly visible: the ﬁrst one occurs above 350 °C (ﬁrst step of heating under argon ﬂow) and can be attributed to the main-chain degradation of polyamide matrix in inert
atmosphere; the onset temperature for polyamide degradation (Tonset)
and the temperature of maximum weight loss rate (Tmax) respectively
are reported in Table 2.
The second step occurs at around 400 °C in air atmosphere and it is
associated to the oxidation of the residual carbonaceous species left
after matrix pyrolysis [33,34]. The last one is due to carbon ﬁber oxidation that usually takes place in air between 500 °C and 900 °C, depending
on their graphitic structures [35]. These results show that the ﬁber content in the ﬁlament is about 15 wt.%, while 4 wt.% of another inorganic
ﬁller is also present. The results of the thermal analysis demonstrate
the validity of the process parameters used during FDM printing. The
relatively high extrusion temperature (300 °C) is justiﬁed by the high
melting temperature of polyamide 6 and the presence of carbon ﬁbers;
however, the value is lower than the onset of thermal degradation of
the ﬁlament (Table 2). The bed temperature (45°) was set just below
the glass transition to avoid thermal distortion at the end of the print.
X-Ray diffraction of the ﬁlament showed the presence of an intense
peak belonging to γ- crystalline form at 2Ɵ = 21.5° and two less intense
peaks characteristic of the α-crystal form at 2Ɵ of approximately 20°
(200) and 23.7° (202/002) respectively [36]. Additional peaks at 2Ɵ
equals to 18.3°, 30.1°, 35.5°, 43.1°, 57.0° and 62.6° were observed in
the XRD pattern; they can be attributed to magnetite (ICDD card number 01-088-0866). SEM-EDS analyses performed on the starting ﬁlament and on the residue coming from heating samples at 800 °C in
inert atmosphere (Section 2.2) evidenced the presence of particles
with size close to 1 μm. The semi-quantitative EDS analyses displayed
that these particles were rich in iron and oxygen (Fe = 31 wt.% and
O = 24 wt.%). These outcomes conﬁrmed that magnetite was used as
a ﬁller for the processing of Carbon PA ﬁlament. The presence of this
compound is not common in polymeric materials; however, it can be
added as multi-functional ﬁller to process high-density components to
be used for aesthetic purposes, sound and vibration damping. This ﬁller

Fig. 2. Characterization of Carbon PA ﬁlament: (A) heating/cooling DSC curves and (B) TGA (straight line) and Derivate-TGA (dashed line) curves.
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Fig. 3. (A) Optical micrograph of the polished ﬁlament cross-section and (B) FESEM micrograph of the cryogenically fractured ﬁlament, showing pores and carbon ﬁbers aligned in the
extrusion direction.

is also used with the aim of improving thermal, electrical and radiation
blocking properties [37].
Optical and FESEM micrographs showing the cross section of FDM
ﬁlament, are reported in Fig. 3. From the optical micrograph (Fig. 3A),
it is possible to see the round-shaped ﬁlament (nominal diameter of
1.75 mm) and some pores located in the middle of the cross section.
The presence of these voids (the image analysis revealed a porosity of
4.8 ± 0.2%) is probably related to gas evolution during the extrusion
process [4].
The fracture surface of the ﬁlaments (Fig. 3B) shows the pull out of
the carbon ﬁbers, and their fairly good alignment to the ﬁlament length.
This preferred orientation is likely further strengthened during the
printing process of the components, because of the shear stress occurring during ﬁlament extrusion and deposition enhances the ﬁber orientation. This phenomenon is referred as ﬂow-induced orientation [5].
Small circular cavities, caused by ﬁber pull out, are clearly visible on
the fracture surface. The brakeage of pulled out ﬁbers is responsible
for the presence of ﬁber fragments lying on the fracture surface. Larger
voids attributable to matrix porosity can also be seen.
Fig. 4A shows an optical micrograph of the carbon ﬁbers after polymer pyrolysis, that allows to evaluate their diameter (about 6.5 μm).
The ﬁbers present a slightly asymmetric length distribution (Fig. 4B)
with an average length of 94 μm. It is worth noting that these ﬁbers
are similar or slightly longer than the ones successfully used to enhance
the tensile modulus and strength of ABS, PLA and PETG 3D printed parts
(50–100 μm) [4,11].
3.2. 3D printed parts characterization
The mechanical properties and the porosity of 3D printed specimens
produced with [±45], [0] and [45, 0, −45, 90] architectures are

compared in Table 3. Signiﬁcant differences in tensile modulus and
strength were observed; the highest values, 11.7 GPa and 105.8 MPa respectively, are reported by setting a raster angle of 0°. Different printing
architectures, such as [±45] and [45, 0, −45, 90] ones, should be
adopted to improve the mechanical isotropy of the components; however, in both cases stiffness and strength are lower.
In order to compare the mechanical properties of Carbon PA samples
with existing literature, tensile strength and Young's modulus values for
several discontinuous CFRPs printed through FDM are summarized in
Table 4. These data show that Carbon PA parts have superior mechanical
properties compared to other discontinuous CFRPs; this conﬁrms the
potential applications of this material for the manufacturing of loadbearing components through FDM.
The differences in stiffness and tensile strength between [0], [±45],
[0, 45, 90, −45] printed specimens (Table 3) can be easily explained
by analysing the orientation of the ﬁbers within the parts with respect
to the loading direction (i.e. sample axis). The optical micrograph of
the polished cross-section of [+45, 0, −45, 90] sample (Fig. 5A) clearly
shows the effect of different ﬁber orientation on the microstructure. In
fact, the layered structure of the sample and the cross section of the ﬁbers can be clearly observed. The latter changes from a rectangular
shape in layers printed at 90° raster angle to elliptical and circular
ones, observed in layers with ﬁlaments placed at ±45° and 0° respectively. It has been reported that the analysis of the elliptical footprints
left by ﬁbers on a polished surface gives qualitative and quantitative indications on their orientation in composite [10,39]. Therefore, it can be
concluded that the FDM process promote the alignment of ﬁbers
along the printing direction, that varies from one layer to another in a
regular fashion in the [45, 0, −45, 90] architecture (Fig. 5A).
This peculiar microstructure was already observed in CF/ABS and CF/
PLA composites processed through FDM [10,13–16]. In fact, during the

Fig. 4. (A) Optical microscope images of carbon ﬁbers after matrix removal through pyrolysis and (B) ﬁber length distribution obtained with Image J® software.
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Table 3
Tensile properties and porosity of 3D printed specimens with different architectures.
Printing
architecture

Elastic modulus
(GPa)

Tensile strength
(MPa)

Strain at
break (%)

Porosity
(%)

[±45]
[0]
[+45, 0, −45, 90]

7.73 ± 0.06
11.71 ± 0.55
7.98 ± 0.07

72.9 ± 12.2
105.8 ± 4.0
67.6 ± 1.3

1.37 ± 0.37
1.16 ± 0.07
0.92 ± 0.05

13.8 ± 0.9
11.3 ± 0.5
10 ± 1.1

Table 4
Summary of the highest tensile strength and modulus values reported to date for
discontinued CFRPs printed with [0] and [±45] architecture.
Material

Filler
loading (%)

Printing
architecture

Elastic modulus
(GPa)

Tensile strength
(MPa)

Ref.

CF/PA12
CF/PA6
CF/ABS
CF/PLA
CF/PETG

10
20
40
13
18

[0]
[0]
[0]
[0]/[±45]
[0]/[±45]

3.6
6.2
13.7
9.3/5.2
8.5/4.2

93.8
52.0
67.0
68.4/54.6
68.3/50.9

[12]
[38]
[10]
[11]
[11]

printing process the thermoplastic matrix melts down inside the extruder. As a result, of the shear stress and velocity gradients within the
melt, the ﬁbers tend to align along the extrusion direction. Numerical
simulations [40] also demonstrate that ﬁbers maintain a good alignment outside the nozzle, in spite of die swelling phenomenon that
only slightly affects their orientation. The FESEM examination of the
fracture surface of a [±45] sample further highlights the preferred orientation of the ﬁbers (Fig. 5B and C). In addition, the high magniﬁcation
micrograph (Fig. 5C) shows that the pulled out ﬁbers are frequently
covered with a thin polymeric layer. This indicates that a mechanical
interlocking was established between ﬁbers and matrix, and an effective
stress transfer can be expected.
The reported results reveal that processing ﬁber reinforced polymers
through FDM allows to tailor the mechanical properties of the composite by changing the direction of extruded paths in the part. It is thus possible to control ﬁbers orientation, differently from traditional
manufacturing techniques such as injection or compression moulding.
It can be concluded that the FDM-printed material has similar

mechanical behaviour compared to unidirectional ﬁber reinforced laminates. In fact, samples printed at 0° beneﬁt from a greater reinforcement effect as carbon ﬁbers are preferentially aligned in the tensile
loading direction. This strengthening effect decreases as a function of
the angle between the extruded beads and the applied load.
Fig. 5A also reveals the presence of a signiﬁcant number of pores.
Voids represent common defects in FDM build parts and their morphology and formation mechanisms are deeply discussed in the literature for
unreinforced and reinforced polymers [4,10,14]. Various authors recognized several types of voids in 3D printed composite parts:
• Inter-beads voids: physical gap at layer/layer interfaces or triangular
gap among ﬁlaments, generated by die-swelling and incomplete
sintering of adjacent beads.
• Inner-beads voids: smaller pores inside the extruded ﬁlaments caused
by gas escaping [4] or partially independent movement of ﬁbers and
matrix during printing [10].
• Cylindrical voids attributed to ﬁbers pull-out.
These kinds of voids can be easily observed in the FESEM micrographs of samples with [±45] architecture (Fig. 5B and C). Inter-beads
voids which consist in large pores among layers are indicated as pore
of type 1 (Fig. 5B); on the contrary, triangular gap among adjacent
beads are not present because the addition of ﬁbers decreases the die
swell and increases the thermal conductivity of the material. This
helps the surrounding beads to soften and improve their coalescence
[10]. In addition, smaller inner-beads voids showing the same morphology of the pores found in the feedstock ﬁlament (Fig. 3B) were observed
(pore type 2 in Fig. 5B). The size and shape of these voids suggest that
their formation mechanism is related to gas escaping during the extrusion experienced both in ﬁlament production and FDM processing.
The polished cross-sections of the 3D printed dog-bones showed porosity volume fractions varying in the range from 10% to 14% (Table 3),
depending on the building architecture. These variations can be attributed to differences in inner-beads void distributions (i.e. size and
shape) [16,41], but their effect on the mechanical behaviour should be
negligible with respect to ﬁber orientation.
The electrical properties of the 3D printed plates were moreover
assessed. The specimens, independently from their printing

Fig. 5. (A) Optical micrograph of the polished surface of dog-bone cross-section printed with [+45, 0, −45, 90] architecture and (B,C) FESEM micrographs of the fracture surface of tensile
samples printed at [±45°]. In ﬁg. (A) the cross sections of the ﬁbers observed within the layers are schematically sketched. In (B) different type of voids are highlighted: (1) inter-bead
voids, (2) inner-beads voids and (3) cavity caused by ﬁber pull-out.
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Table 5
Inﬂuence of printing architecture and laser writing direction on surface electrical resistance of tracks processed with the same laser parameters (P = 10%, v = 100 mm/s, N = 10). Average
track resistance is reported as median value of all writing directions.
Printing architecture

[±45]
[0]
[+45, 0, −45, 90]

R (kΩ/cm)

R (kΩ/cm)

R (kΩ/cm)

R (kΩ/cm)

LW direction 0°

LW direction 90°

LW direction 45°

LW direction −45°

1.37 ± 0.09
3.33 ± 1.95
2.50 ± 0.58

3.52 ± 2.00
46.51 ± 21.71
6.12 ± 1.18

1.87 ± 0.16
12.94 ± 3.30
3.54 ± 1.56

1.32 ± 0.24
17.64 ± 3.22
3.65 ± 0.23

architecture, showed very high surface electrical resistance (N120 MΩ/
cm). Therefore, the insulating behaviour of Carbon PA parts allows the
exploitation of laser writing to obtain conductive tracks preventing
any risk of short circuit.

3.3. Laser writing of conductive tracks
3.3.1. Effect of sample architecture on track resistance
Table 5 reports the surface electrical resistance of conductive tracks
produced on 3D printed plates fabricated with different printing architecture. Tracks were produced by using the same laser parameters and
varying the writing direction with respect to x-axis. The deﬁnition of
writing direction of a printed track is schematically depicted in
Fig. 6D. Four writing directions were considered in order to assess the
variability of resistance values as a function of track orientation. The
laser parameters (P = 10%, v = 100 mm/s, N = 10) adopted were previously used for obtaining conductive tracks on CNTs reinforced polymer composites [27,42].
The results can be easily explained studying the morphology of the
tracks obtained at 0° writing direction (Fig. 6A, B and C). As described
in the previous sections, the samples were processed by FDM varying
the printing architecture. This leads to different orientations of beads
and ﬁbers within the stacked layers. When [0] architecture is adopted,
the ﬁbers are aligned in the same direction. On the contrary, their orientation changes layer by layer when [±45] or [+45, 0, −45, 90] architectures are used. FESEM micrographs indicate that the ablative action of
the laser involved at least two layers of the material (Fig. 6A and B). As
a consequence of laser irradiation, carbon ﬁbers form percolative networks with different morphology depending on the speciﬁc layered architecture of the 3D-printed plates (Fig. 6). These morphological
differences entail a dissimilar arrangement and entanglement of ﬁbers,
and should result in greater or lesser probability of electrical conduction.
Samples printed according to ±45° raster angle exhibit a denser and
more interconnected network of ﬁbers (Fig. 6B) and thus they show the
lowest surface electrical resistance. Moreover, the electrical behaviour
of this sample is only limited inﬂuenced by LW direction (Table 5).

R average (kΩ/cm)

2.02 ± 0.08
20.11 ± 3.26
3.95 ± 1.65

The tracks produced on plates with the more complex [+45, 0, −45,
90] architecture exhibit a similar interconnected network of ﬁbers
(Fig. 6B), but the electrical resistances are slightly higher (Table 5).
The sample printed at 0° raster angle (Fig. 6C) displays no visible network in the middle of the track, although ﬁbers are present on the
walls of the tracks. This unexpected morphology is probably a result of
the [0] printing architecture. In fact, it seems that the ﬁbers in the middle of the track can be easily removed after laser writing because they
are no more embedded in the polymer matrix. Despite the absence of
an interconnected network, the ﬁbers placed on the track walls can provide some electrical conductivity. However, resistance values are one
order of magnitude higher compared with the other architectures
(Table 5).
Therefore, the samples printed with ±45° raster angles provided the
best performances in terms of track conductivity and reproducibility
along different writing direction. For this reason, this printing architecture was selected to optimize the laser writing process.

3.3.2. Optimization of laser writing process
The ﬁrst objective of the process parameters optimization was to obtain conductive tracks with surface electrical resistance lower than
1 kΩ/cm. In fact, this is the threshold value for the transmission of
low-power electrical signals.
A systematic study was carried out to investigate the inﬂuence of
laser parameters on the electrical resistance of the tracks. Laser
defocusing and frequency were set at a constant value of 0 mm and
20 Hz respectively. The curves depicted in Fig. 7 display the effect of
laser power (Fig. 7A), writing speed (Fig. 7B) and number of repetitions
(Fig. 7C) on the resistance of tracks produced on plates printed with [±
45] architecture.
The graphs show a progressive reduction of track electrical resistance with increasing laser power and number of repetition or decreasing the writing speed. These ﬁndings conﬁrm the results of previous
studies on CNTs/polymer composites [26–28,42]. The conductive tracks
reached low electrical resistance values (~0.02 kΩ/cm) for samples
treated by using 15% of maximum laser power and 150–100 mm/s

Fig. 6. FESEM micrograph showing ﬁber arrangement inside the tracks produced on plates with different printing architectures: (A) [+45, 0, −45, 90], (B) [±45] and (C) [0]. (D) Deﬁnition
of writing direction of a printed track. A sample with [±45°] printing architecture (grey pattern) and a single track at 0° writing direction (red line) is schematically sketched. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 7. Electrical resistance of conductive tracks obtained on carbon ﬁber/polyamide plates as a function of: (A) laser power, (B) writing speed and (C) number of repetitions.

writing speed for 25–30 times. Lower values of resistance (b10 Ω/cm)
were found using more severe laser treatments, but the samples revealed unacceptable aesthetic quality. Negligible values of inter-track
conductivity were recorded (R N 120 MΩ).
Good aesthetic quality, deﬁned as absence of morphological defects
and distortion of the sample after laser processing, is an essential requirement to qualify the parts for industrial applications. The conductive
tracks are usually written on the internal surface of the component and
therefore they are not visible; in fact, only the not treated side is directly
exposed. However, the use of not optimized laser parameters can result
in a too deep tracks which can damage the exposed surface.
Therefore, new trials were performed setting a ﬁxed power of 15%.
Several writing speeds (from 50 mm/s to 250 mm/s) were tested and
the track resistance was measured at increasing number of repetitions.
For each combination of power and writing speed the trial was
interrupted when the track did not show acceptable aesthetic quality.
Two main aspects need to be considered to evaluate the quality of the
surface which is opposite with respect to the laser treated one: morphological modiﬁcations such as alteration of colour or of surface ﬁnish, and
the occurring of deformation of component due to the laser action. A visual inspection of the surfaces after the writing of tracks was performed;
samples were classiﬁed into one of the following aesthetic categories:
• Excellent”: no morphological defects and no distortion were observed.
• “Good”: minor morphological defects were reported, but the part kept
its planarity.
• “Acceptable”: minor morphological defects accompanied with a slight
deviation from planarity were observed. However, the distortion of

the part can be prevented by ﬁxing the sample through a clamping
system during the laser treatment.
• “Not acceptable”: signiﬁcant variation of morphological properties
and deformation were observed.
The results, depicted in Fig. 8, highlight the inﬂuence of number of
repetitions and writing speed on electrical resistance and aesthetic
quality of the tracks.
On the base of these outcomes, it is possible to establish the processing conditions which grant the lowest resistance within each aesthetic
category. These sets of laser parameters, labelled as T1, T2 and T3, are reported in Table 6.
Because of T1 treatment did not allow to reach electrical resistance
lower than 1 KΩ/cm, the other sets of laser parameters (T2 and T3)
were identiﬁed as the best processing conditions for obtaining conductive tracks on Carbon PA plates. These tracks exhibited extremely low
resistance per unit length, equal to 0.15 KΩ/cm and 0.008 KΩ/cm for
T2 and T3 laser treatment respectively. These values are among the lowest ever obtained by laser writing on metal-free polymeric composites.
Particularly, they are comparable or even better than those reported
for polymers reinforced with nanoﬁllers with very high intrinsic conductivity (from 7.0 to 0.9 KΩ/cm) [28]. However, also the nature of polymeric matrix seems to exert some inﬂuence on the track conductivity,
as a resistance of 0.02 kΩ/cm was obtained by laser treatment on
injection-moulded PC/ABS blends reinforced with CNT [27].
3.3.3. Characterization of laser printed tracks: topography and
reproducibility
Because of tracks produced by using T2 and T3 set parameters
showed higher conductivity with respect to the target value and aesthetic features suitable for the realization “in situ” of electrical circuits
by laser scribing, their characteristics were more deeply investigated
in terms of morphology and resistance reproducibility. Fig. 9A shows
the fractures cross section of the track produced by using T2 parameters
set. The FESEM micrograph shows that the track depth is about 300 μm,
therefore laser ablation involved the ﬁrst two layers of the material;
moreover, a regular track proﬁle with an interconnected network of carbon ﬁbers placed on the track walls can be observed.
Topographic images of the conductive tracks allow to measure their
width and depth. The sample treated by using a writing speed of
Table 6
Sets of laser writing parameters granting the best electrical performances of conductive
tracks with “excellent”, “good” and “acceptable” aesthetic quality.

Fig. 8. Electrical resistance of conductive tracks as a function of writing speed, number of
repetition and aesthetic quality. Columns with a darker top highlight the best treatments
for “Excellent” (blue), “Good” (green) and “Acceptable” (yellow) aesthetic categories. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)

Laser
treatment

Power Writing
(%)
speed
(mm/s)

Number of
repetitions

Resistance
(kΩ/cm)

Aesthetic
quality

T1
T2
T3

15
15
15

10
20
20

1.08 ± 0.25
0.15 ± 0.03
0.008 ± 0.001

Excellent
Good
Acceptable

150
150
50
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Fig. 9. (A) FESEM micrographs showing the cross section of the track obtained with T2 set of parameters and (B,C) surface topography (3D micrographs) of two conductive tracks printed
with different laser parameters: (B) T2 and (C) T3. The colour map shows the depth of the track along the z-axis.

150 mm/s, 20 repetitions and 15% of maximum laser power shows a
track with a mean depth of 228 μm and a width of 1 mm (Fig. 9B),
The sample treated at the lowest writing speed (50 mm/s) reveals a
wider track (1.7 mm) with an average depth of 334 μm (Fig. 9C), as a result of the higher laser energy input. Experimental and theoretical results reported by Ruan et al. [43] conﬁrmed that laser power and
irradiation time strongly affect the size and morphology of features created by direct laser writing on polyimide.
In order to qualify laser writing for industrial applications the reliability of the process entails great importance. The variation of electrical resistance between tracks written on different plates is depicted in
Fig. 10A. Maximum variations of 0.147 kΩ/cm and 0.010 kΩ/cm were observed for samples processed according to T2 or T3 treatments respectively. Anyway, the resistance values were always signiﬁcantly lower
than 1 kΩ/cm. These differences probably arise from an inhomogeneous
voids distribution, resulting from the local and time-dependent variations of temperature occurring during the printing process. This effect is
particularly evident when large batches are printed in a single build [44].
The inﬂuence of track length on the resulting electrical resistance is
reported in Fig. 10B; a moderate increase of the electrical resistance
with the increase of the track length was observed. The resistance increase as a function of the track length was 0.010 kΩ/cm and
0.075 kΩ/cm for T2 or T3 sets of samples respectively; this increment
is due to the presence of defects: longer is the track, higher is the possibility to detect porosity or a local decreasing of ﬁber concentration
which lower the resistance values. However, in all the cases the resistance was much lower than the threshold value of 1 kΩ/cm.
Inter-track resistance was always four order of magnitude higher
than the track resistance (values higher than 120 MΩ, namely outside

of the measurement range were collected); therefore, any risk of short
circuits can be excluded.
3.4. Comparison of laser tracks obtained on samples fabricated by fused deposition modelling and injection moulding
In order to compare the effect of laser functionalization on components processed by innovative additive manufacturing and more traditional processing routes, Carbon PA plates were processed by injection
moulding. These latter were obtained by using starting ﬁlament and
scraps; this allow the total reuse of production wastes. Despite the
FDM process involves the melting of the ﬁlament, the extrusion temperature was lower than the onset degradation temperature of Carbon PA
(Table 2). Therefore, the experienced thermal cycle did not signiﬁcantly
affect the properties of the material. On the base of previously obtained
results (Section 3.3.1) the track resistance is mainly affected by the morphology of ﬁbers network after laser irradiation.
The results of laser writing of conductive tracks on samples produced by FDM and injection moulding (IM) are summarized in
Table 7. The treatments were performed using T2 and T3 sets of parameters as they provided the best compromise between electrical functionality and aesthetic quality. The electrical performances of
conductive tracks realized on injection moulded plates are similar or
even worse than those achieved on the 3D-printed samples. It was previously observed that the ﬁber orientation inﬂuences the electrical conductivity of FDM samples. Therefore, the obtained results can be
explained by considering the different arrangement of ﬁbers within
the tracks produced on FDM and IM samples respectively. In components produced by injection moulding the ﬁbers are generally aligned

Fig. 10. Electrical resistance (logarithmic scale) of tracks treated according to T2 and T3 laser parameters: (A) reproducibility between different plates and (B) resistance of track with
different length (3, 6 and 12 cm).
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Table 7
Surface electrical resistance of tracks obtained on both FDM and injection moulded plates
using T2 and T3 set of laser parameters.
Laser
treatment

Power Writing
(%)
speed
(mm/s)

Number of
repetitions

R FDM
(kΩ/cm)

R injection moulding
(kΩ/cm)

T2
T3

15
15

20
20

0.152 ± 0.026
0.008 ± 0.001

0.245 ± 0.031
0.008 ± 0.001

150
50

to the ﬂow direction [39], while in FDM parts their orientation changes
as a result of the adopted printing strategy. This leads to the formation of
interconnected networks of ﬁbers within the track (Fig. 6A and B). Although IM process involves the preferential orientation of ﬁller in the
extrusion direction, this effect is less signiﬁcant in IM samples with respect to FDM ones. This results in resistance values for IM specimens
which are comparable or lower with respect to those observed for
FDM ones. Therefore, it can be safely concluded that FDM does not compromise the effectiveness of laser functionalization.
3.5. Comparison between laser writing and competing techniques
A direct comparison of the electrical properties between laser writing and existing method for processing multifunctional composites
with embedded conductive tracks is reported in Table 8.
Most of the literature is focused on the electrical behaviour of conductive tracks in terms of resistivity, although data regarding resistance
per unit length are also reported. The resistivity of laser written tracks
was determined using the Eq. (2):
ρ ¼ R∙A

ð2Þ

where R is the resistance per unit length and A is the effective area of
carbon ﬁbers network inside the track, which was measured by image
analysis (Fig. 9A). The obtained values (~10−4 Ω·m) are in good agreement with the resistivity of chopped carbon ﬁbers (~10−5 Ω·m) [52].
Table 8 shows that laser written tracks have inferior electrical performances than copper wirings, metal paste or conductive inks used to produce printed circuit on polymeric substrate. However, the resistance per
unit length achieved after laser writing is comparable to that of conductive ﬁlaments speciﬁcally developed for 3D printing of electronic sensors.
These values allow the transmission of low power signal in simple electric devices, such as sensors, buttons or antennae [23,24]. Moreover, laser
writing reveals important advantages over these competing techniques:
• Process complexity and environmental impact are reduced. In fact,
copper wirings and conductive inks are not required to produce electrical circuit. The parts can be easily recycled since the same thermoplastic polymer composite act both as insulating substrate and
active electronic components.
• Unlike ink jet printing and direct writing, post-treatment of the tracks
(i.e. sintering of conductive inks at temperature up to 200 °C), are not

Table 8
Summary of reported resistivity data for conductive tracks embedded in polymeric substrate produced using different technologies.
Technology

Material

R (Ω/cm)

ρ (Ω·m)

Ref.

Laser writing
FDM
Wire embedding
Ink jet printing
Ink jet printing

None
Conductive ﬁlament
Copper wire
Silver ink
Silver ink
Silver ﬁller epoxy
adhesive

8
9
5 × 10−3
–
–

3.2·10−4
2.2·10−2
1.7·10−8
9·10−8
3·10−7

Table 6
[45]
[46]
[47]
[48]

–

4·10−6

[49]

Direct writing
Liquid metal paste
ﬁlling
Hybrid AM system

3.5·10

−6

Silver suspensions

0.18

Silver paste

0.05–0.22 1–3·10−6 [51]

[50]

required to obtain the desired conductivity [47–49]. Therefore, engineering and commodity polymers, such as ABS, nylon or polypropylene, can be safely used as dielectric substrate without constraint on
their thermal properties (i.e. high heat deﬂection and glass transition
temperature) that would greatly limit the material choice.
• Laser writing is particularly effective for fabricating embedded electronics components in FDM substrate. The inherent porosity and
roughness of FDM parts prevent the direct use of conductive inks on
untreated surfaces. In fact, the inks will spread into surface beads
and across stacked layers throughout the void, thus causing electrical
short circuits [46]. Alternatively, it is possible to leave hollow channels
or use sacriﬁcial materials in desired area during FDM printing. However, post-printing integration processes, such as metal wires embedding or liquid metal paste ﬁlling, are needed to obtain the conductive
pattern [46,50].
• Laser writing was also exploited to improve the piezoresistive response of polymer nanocomposites. Distinct conductive tracks and
piezoresistive areas could be created, thus developing a “touch sensitive integrating switch” material [24,28,42].
It is also worth noting that 3D printing of continuous carbon ﬁber reinforced composites by using FDM systems is promising for the development of multifunctional parts, due to the higher strength and
conductivity of continuous ﬁbers. However, these systems do not provide suitable resolution for obtaining conductive paths within the part
and allow the deposition of the ﬁbers only along selected patterns,
such as concentric or unidirectional ones [21]. On the contrary, laser
writing creates tracks according to paths that can be modiﬁed as desired; therefore, it represents a more accurate and versatile method
for the production of electrical circuits with complex geometries [26].
An alternative approach was developed to embed continuous carbon
ﬁber tows into PLA parts during the FDM process [53]. In these components, carbon ﬁbers serve as structural reinforcement and sensory
agents thanks to their piezoresistive behaviour. However, the extensive
pause required to manually place the ﬁber tows during the printing process may cause weaker interlayer bonding, thus inducing structural
weak points.
4. Conclusions
An innovative manufacturing process, based on fused deposition
modelling and laser writing technologies, was successfully developed
to produce metal-free conductive tracks embedded on the surface of
carbon ﬁber/polyamide composite parts.
The microstructural analyses of 3D printed samples revealed that
FDM induces the alignment of carbon ﬁber along the printing direction;
inter-beads and inner-beads voids were also observed. The preferred
orientation of carbon ﬁbers, is responsible for the variation of mechanical properties among samples processes with different printing architectures. In fact, samples printed using a 0° raster angle show the
highest tensile strength and elastic modulus because the ﬁbers are
aligned along to the loading direction. The reinforcing effect of the ﬁbers
decreases in other printing architectures.
The effect of laser writing process on 3D printed carbon ﬁber/polyamide composites was widely investigated though the measurements
of tracks electrical resistance and the evaluation of samples morphology. The characteristics of percolation networks that carbon ﬁbers
form inside the tracks ARE affected by the printing architecture of
FDM samples. The highest conductivity was obtained when ﬁlaments
are deposited with alternating angles of ±45°, leading to an interconnected networks of carbon ﬁbers. This printing strategy, and the
resulting [±45] architecture also guaranteed small variations of track
conductivity as a function of laser writing direction.
Moreover, the resistance of the tracks greatly depends on the
adopted process parameters. The electrical conductivity increases as a
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function of laser pulses energy increase. However, excessive energy inputs give rise to unacceptable aesthetic quality (alteration of surface ﬁnish or colour and deformation of exposed surface can be observed);
therefore, a compromise between parts integrity and functionality
needs to be achieved. Processing parameters which results in good aesthetic quality combined with very low electrical resistance (from 0.152
KΩ/cm to 0.008 KΩ/cm) and no conduction between adjacent tracks,
were established. To date, these values are among the lowest ever obtained by laser writing on metal-free polymer composites; moreover,
they are comparable to those achieved using nanoﬁllers with very
high intrinsic conductivity.
The electrical performance of the tracks obtained on injection
moulded plates is slightly lower compared with laser treated FDM samples. Therefore, it can be concluded that the inherent microstructure of
FDM built parts in terms of ﬁber orientation and porosity do not compromise the effectiveness of the laser functionalization.
The main advantages and drawbacks of the proposed method were
assessed by comparing the results obtained with existing literature.
For this purpose, the mechanical properties of polymer composites
processed through FDM and the electrical performances of conductive
tracks embedded in dielectric substrate by using different technologies
were reviewed.
The achieved conductivity values demonstrate the possibility of integrating conductive tracks obtained via laser writing into high-strength
polymer composite parts produced by FDM. The tracks, created according to desired computer-controlled paths, can be used to produce simple
electric devices (such as buttons, sensors, antennae, etc.). The latter can
be directly embedded in polymeric components used in automotive,
aeroplanes and in domestic appliances. Moreover, the conductive tracks
are easily integrated into the substrate without the use of copper connections, thus offering signiﬁcant weight reductions and simplifying both
the production process and the end-of-life disposal of the component.
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