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Abstract: This work consists of the development of an easy strategy to transform any structure into
an efficient surface heater by the application of a low voltage over 3D printed nanocomposite circuits.
To this end, the electrical conductivity and self-heating capabilities of UV-Assisted Direct Write 3D
printed circuits doped with carbon nanotubes were widely explored as a function of the number of
printed layers. Moreover, an optimization of the printing process was carried out by comparing the
accuracy and printability obtained when printing with two different configurations: extruding and
curing the ink in the same stage or curing the extruded ink in a second stage, after the whole layer
was deposited. In this regard, the great homogeneity and repeatability of the heating showed by the
four-layer printed circuits, together with their excellent performance for long heating times, proved
their applicability to convert any structure to a surface heater. Finally, the deicing capability of the
four-layer circuit was demonstrated, being able to remove a 2.5 mm thick ice layer in 4 min and 4 s.

Keywords: nanocomposites; 3D printing; direct write; carbon nanotubes; self-heating; joule effect

1. Introduction

In recent years, 3D printing is becoming a strong alternative to traditional manufac-
turing techniques, especially for small production batches or fully customized parts since
it reduces the initial cost due to the fact that it does not require tooling [1]. Moreover,
there are other additional advantages, such as the almost total freedom regarding part
geometry complexity, the ability to shorten the supply chain or the rapid prototyping
capabilities, among others [2—6]. However, the lack of available 3D printing inks doped
with nanofillers, which provide multifunctional capabilities, is still a significant drawback
to establishing itself as a leading technology in its field [7]. Some interesting and recent
examples of nanodoped inks use zeolite fillers to enhance mechanical properties and shape
memory capabilities [8], boron nitride nanoparticles for enhancing thermal conductiv-
ity [9] or nano-hydroxylapatite filled polycaprolactone nanocomposites for drug-eluting
purposes [10]. Nevertheless, there is still an extensive field of research regarding the devel-
opment of new 3D printed polymers and nanocomposites with enhanced properties and
new functionalities.

There are several 3D printing techniques that can be used depending on the material
type [11]. Some examples are Fused Deposition Modelling (FDM), Stereolithography (SLA),
Binder Jetting (B]), Selective Laser Sintering (SLS) or Direct Write (DW), among others.
More specifically, Direct Write technique, which consists of extruding a viscous paste
through a pressurized syringe, layer by layer, until the whole three-dimensional part is
completed, is an interesting 3D printing technology commonly used for high viscosity
thermoset polymers or nanocomposites [12]. In addition, Direct Write technology presents
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some advantages with regard to other additive manufacturing techniques, as Binder Jetting
or Material Jetting, since there is no need for using neither piezoelectric nor thermal printing
nozzles, which lowers the costs and maintenance [13]. Some interesting research studies,
which use Direct Write technology to develop new and different multifunctional printed
materials, are the one of Alexander D. Valentine et al. [14] based on hybrid 3D printing
of soft electronics, the study of A Asghari Adib et al. [15] based on the development of a
biomaterial for intracorporeal tissue engineering or the one of Fanli Yang et al. [16], who
optimized the food printing with lemon juice gel.

Moreover, UV-Assisted Direct Write technology is an excellent alternative for printing
thermoset polymers and nanocomposites since it allows for curing of each printed layer
within a few seconds due to the fast photopolymerization of the extruded paste [17]. Some
interesting studies of UV-Assisted Direct Write 3D printed composites are the study of Alan
Shen et al. [18] based on polymer-bonded permanent magnets of arbitrary shapes, the study
of Aditya Thakur et al. [19] related to printing multifunctional composites by depositing
continuous carbon fiber simultaneously with functional photopolymer resin and the study
of Honggqiu Wei et al. [20], based on iron oxide doped shape memory composites.

Regarding Direct Write 3D printing technology, Carbon Nanotubes (CNTs) are excel-
lent fillers for developing smart and functional composites since they enhance printability
due to the increase in the viscosity of the ink in around one order of magnitude by adding
relatively low CNT contents (below 1 wt.%) and, in addition, allow for obtaining electri-
cally conductive parts [17,21]. Moreover, the CNT addition above the electrical percolation
threshold allows for exploitation of different capabilities of these nanocomposites as the
strain is self-sensing [22,23] or self-heating by Joule’s effect [24,25]. Some interesting stud-
ies of CNT doped UV-Assisted Direct Write printed nanocomposites are the studies of
Yihui Luo et al. [26] and R Farahani et al. [27] regarding strain-monitoring sensors or
the one of B Aissa et al. [28] about carbon nanotube/polyurethane composite based field
effect transistors.

Regarding the outstanding self-heating capabilities of CNT doped nanocomposites,
it is possible to use them in many different applications, avoiding the need for using
external heating sources as conventional ovens, blankets or complex duct systems for
hot airflow [29]. Some interesting applications are self-heating foams [30] and wearable
fabrics [31] that can be used for comfort purposes, or self-heating pavements with deicing
capabilities [32]. Moreover, there are some other interesting studies about using CNT doped
nanocomposites for anti-icing and deicing purposes in big structures with an aerodynamic
profile as aircraft wings or wind turbine blades [33,34]. In this context, one of the main
advantages is the relatively low power consumption, while the current deicing techniques
have a power consumption up to 1 to 4% loss of annual energy production, depending on
icing severity [29].

In the present paper, the self-heating capabilities of CNT doped nanocomposites by
UV-Assisted Direct Write 3D printed technology were deeply explored to develop surface
heating devices. First, a study of printability was carried out for different configurations
regarding the location of the UV light guide during the printing process. This allows
for optimizing the 3D printing manufacture of photocured resins doped with CNTs and
analyzing the printing and curing steps, simultaneously or in consecutive steps. Then,
the electrical conductivity and the Joule’s heating capabilities were characterized as a
function of the number of printed layers. The main goal of this work was the design and
optimization of a low cost and easy to manufacture system, able to convert the surface of
any structure into a heater with high efficiency for many future applications. Finally, a
deicing test was carried out to prove the applicability of the printed circuits.

2. Materials and Methods
2.1. Materials

The 3D printing ink used was based on a commercial photocurable resin doped with
CNTs. The matrix, HR Resin supplied by Iridium HiTech, was an acrylate-based resin
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with a Shore hardness of 80D. On the other hand, CNTs were supplied by Nanocyl with
the commercial name NC7000, which presented an average diameter of 9.5 nm and an
average length of 1.5 uM. The substrate was a 2 mm thick fiberglass 0/90 woven fabric
with the commercial name of Durostone EPC 203 and provided by Rochling with a gel-coat
surface finish.

2.2. 3D Printing of Electrically Conductive Circuits

Prior to the 3D printing stage, nanocomposite conductive inks were prepared by
a calendering dispersion process, based on a previously optimized 7-cycle method [35].
Here, the gap distance between rollers was reduced each cycle, keeping the speed of the
rollers constant. Nanofiller content added was 0.5 wt.%. This CNT content, which was
above the electrical percolation threshold, was high enough to ensure an efficient Joule’s
heating by applying a relatively low voltage. Moreover, this content was low enough to
reduce, or even avoid, the UV shielding effect by CNTs, which hinders the photocuring
reaction [24,36,37]. In this regard, an increase in the CNT content could cause a reduction in
curing degree due to the increase in the UV-shielding effect, whereas a lower CNT content
would induce a lower electrical conductivity of the nanocomposite and, therefore, a lower
temperature reached by Joule’s heating.

After the dispersion process, the mixture was 3D printed by UV-Assisted Direct
Write technology, using a BCN3D Plus 3D printer by BCN3D Technologies with the Paste
Extruder module, modified to allow the use of disposable syringes instead of the original
container. Direct Write technique consists of extruding a viscous paste through a printing
nozzle, depositing the material layer by layer until the 3D geometry is completed. Moreover,
two different devices for adapting the UV lamp to the 3D printer were designed and tested.
First, Figure 1a shows the 1-stage printing design, where the UV light guide was pointing
directly to the extrusion nozzle. Here, the UV lamp was turned on during the material
extrusion. In this regard, ink extrusion and curing took place in the same stage. On the
other hand, Figure 1b shows the 2-stage printing design, where the UV light guide was
not pointed directly to the extrusion nozzle. Here, the material was extruded in the first
stage without UV irradiation and then, once the whole layer was extruded, a second stage
was carried out where the UV light guide was placed perpendicularly to the printed circuit
and irradiated the specimen, following the same path that the syringe did in the first stage.
In this regard, ink extrusion and curing occurred in different stages. Both devices were
3D printed on PLA by Fused Filament Fabrication (FFF) with a BQ Witbox equipment
supplied by BQ.
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Figure 1. Alternative designs for housing the UV curing lamp to the 3D printer: (a) 1-stage printing device and (b) 2-stage

printing device.
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The UV lamp used was the LC8 model supplied by Hamamatsu, whose wavelength
ranges from 240 to 400 nm. The UV lamp was equipped with the A10014-50-0110 light
guide and the E5147-04 condenser lens, also supplied by Hamamatsu. The intensity was
set to 100% and a distance between substrate and UV light of 10 mm was established since
the maximum irradiance can be obtained with these parameters, allowing a faster curing
of the printed ribbons during the 3D printing process.

The most relevant 3D printing parameters, defined with Slic3r software, are shown
in Table 1.

Table 1. Experimental parameters of 3D printing.

Parameter Value
Layer height (mm) 0.34
Number of skirt loops 2
Printing speed (mm/s) 7
Travel speed (mm/s) 25
Extrusion multiplier 0.6
Nozzle diameter (mm) 04
Retraction (mm) 0.5

The geometry of the printed specimens was based on a 4 parallel lines circuit (Figure 2)
constituted by 1 to 4 printed layers. Each layer was printed as a single continuous line in order
to avoid flow disruption in the 3D printer and, therefore, possible dimensional distortions in
the printed circuits.

=3
~
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Figure 2. 3D printed circuit.

2.3. Characterization
2.3.1. Optimization of 3D-Printing Method

In order to compare the printability of the two alternative devices designed for housing
the UV light guide (Figure 1), a morphological characterization was performed by image
analysis with Image] software. The images were taken from the cross section of the printed
ribbons with a Leica DMR Optical Microscope equipped with a Nikon 990 camera. The
relevant parameters measured for the morphological characterization were the average
height, width and cross-sectional area of the printed ribbons.

2.3.2. Electrical Conductivity

Electrical conductivity tests were carried out for the 3D printed circuits by obtaining
the electrical resistance, R, from the V-I (Voltage-Intensity) slope using a voltage range
from 0 to 50 V with a Keithley 2410 source-meter unit, supplied by Keithley Instruments.
Then, the electrical conductivity was obtained based on the geometry of the specimens
by the following expression (1), where L is distance between electrodes and A the cross-
sectional area of the specimen.

L
Electrical conductivity = AR 1



Appl. Sci. 2021, 11, 7534

50f13

(a)

Power source

The two main objectives of the electrical conductivity tests were to evaluate the electri-
cal conductivity of the circuits as a function of the number of printed layers (1 to 4 layers)
and, on the other hand, to study the influence of the interface between printed layers on
the electrical conductivity. Regarding the last objective above mentioned, the electrical
conductivity was measured for the ribbons with 2 to 4 layers by comparing two different
electrode configurations, as shown in Figure 3. Figure 3a shows an electrode configuration
within the same printed layer, while Figure 3b shows an electrode configuration with the
electrodes placed in the first and the last printed layers, to evaluate the effect of the interface
between printed layers on the electrical conductivity. A minimum of three measurements
were carried out for each test in order to determine the mean value and the standard
deviation between measurements.

(a)

Printed
ribbons

(b)

Electrodes

Substrate

Figure 3. Scheme of electrode configuration for studying the effect of the interface between layers on
the electrical conductivity of printed circuits. (a) electrodes placed in the same layer and (b) electrodes
placed in the first and last printed layers.

2.3.3. Self-Heating by Joule’s Effect

The self-heating capability of 3D printed circuits was characterized by Joule’s heating
tests, as shown in Figure 4a. Here, a power source (Keithley 2410 by Keithley Instruments)
applied 200 V to the circuit with the 4 lines connected in parallel in order to heat the
specimen by Joule’s effect. In this regard, a thermal camera, FLIR E50 supplied by FLIR
Instruments, measured the maximum and average temperature increments with regard to
room temperature (ATmax and ATy, respectively). The region of thermal measurement was
determined with FLIR Tools+ software, this being a rectangular area covering the whole
circuit, as shown in Figure 4b. The Joule’s heating tests were carried out in two different
stages: first, the specimen was heated for 5 min by applying the above mentioned voltage
with the power source and, then in the second stage the power source was turned off and
the cooling of the specimen was also recorded for 5 min.

Thermal Camera ( b)

Specimen

lcm

s 3D printed nanocomposite
=== Thermal analysis region (circuit)

Figure 4. Self-heating tests. (a) Scheme of Joule’s heating tests where a thermal camera is pointing to the specimen when
heating by applying 200 V with the power source and (b) region of thermal analysis used with FLIR Tools+ software.
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Moreover, a cycling test consisting of 5 heating and cooling cycles was carried out in
order to demonstrate repeatability in self-heating. Furthermore, a heating test was carried
out for 2 h to prove the stability of the system for long heating times.

2.3.4. Deicing Test

The deicing capability of the 4-layer circuit was tested. First, two circuits were coated
with an approximately 2.5 mm thick ice layer by freezing deionized water at —16 °C for
2 h. Then, one of the circuits (heating circuit) was connected to the power source at 200 V,
whereas the other circuit acted as a reference (reference circuit). The deicing time was
measured by IR thermography by registering the temperature on specimen surface. A FLIR
E50 thermal camera was pointing over the specimen surface placed in a vertical position to
improve water removal.

3. Results and Discussion
3.1. Study of 3D Printing Quality

The results of the morphological characterization for comparing the two alternative
designs for housing the UV light guide are shown in Figure 5.

(b) 1600
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(c) 2500
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W 2-stage printing device +

1

3
Number of printed layers

Figure 5. Morphological characterization as a function of the number of printed layers and the printed device used
for housing the UV light guide. (a) Cross-section of the printed ribbons, (b) average height, (c) average width and

(d) cross-sectional area.
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First, Figure 5a shows the cross section of the 3D printed ribbons. Here, a significantly
higher accuracy and a better distribution of the ribbons printed with the 2-stages printing
device compared to the 1-stage printing device was observed when increasing the number
of printed layers. In addition to this, the average height, width and cross-sectional area
are analyzed in Figure 5b—d, respectively, as a function of the number of printed layers
and the printed device used for housing the UV light guide. In this regard, the circuits
printed with the 2-stage printing device showed a substantially higher height and a lower
width compared to the circuits printed with the 1-stage printing device. The different
quality of 3D printed circuits is explained by the different configuration and geometry of
the device for housing the UV light guide used during the printing process. When using
the 1-stage printing device, the UV light was pointing directly to the printing nozzle during
the extrusion process. This may have totally or partially blocked the conductive ink flow
due to the photopolymerization of the ink, which may have caused misalignment when
extruding the ribbons. Moreover, the partial or total block of the printing nozzle due to the
UV light can also cause substantial changes on the ink flow or even flow disruptions, which
can be observed as a slight decrease in the cross-sectional area when using the 1-stage
printing device. In this regard, the printability when using the 2-stages printing device was
better, due to less misalignment that led to higher and narrower printed ribbons. Moreover,
the cross-sectional area was not affected by partial or total clogs in the printing nozzle
caused by UV light since the photopolymerization process occurred at a different stage
than the extrusion process as the UV light was not pointed directly to the printing nozzle.
Furthermore, the printing process was more robust and consistent, as the error bars of
Figure 5b—d were wider for the 1-stage printing device as a result of higher differences
between different measurements. For all these reasons above mentioned, it is highly
recommended to select the 2-stage printing device for housing the UV light guide, in
spite of the printing time, which is twice the printing time compared to using the 1-stage
printing device.

3.2. Electrical Conductivity

Once the device for housing the UV light guide was selected due to the better distri-
bution of the printed ribbons shown by the circuits made with the 2-stages printing device,
electrical conductivity tests were performed (Figure 6).

First, Figure 6a shows the electrical conductivity of the circuits as a function of the
number of printed layers. Here, the electrical conductivity values obtained for the spec-
imens with different number of printed layers were in the same order of magnitude, in
the range of 0.03-0.05 S/m, demonstrating the homogeneity of the printing ink and the
reproducibility of the manufacturing process. However, when analyzing in detail, a slight
increase in the electrical conductivity was observed when increasing the number of printed
layers. Electrical conductivity is an intrinsic property of the material, so the value should
not change when increasing the number of printed layers. However, the relatively small
cross-sectional area of the printed ribbons makes them very sensitive to changes in the
electrically conductive network formed by CNTs, which can be caused by presence of
voids, changes in the ink flow through the printing nozzle, CNT aggregates or local hetero-
geneities, among others (Figure 6b). In this regard, the circuits which presented the highest
cross-sectional area also presented the highest electrical conductivity due to the lower
probability of containing critical defects that hindered the formation of the electrically
conductive network. An ohmic behavior of the 3D printed nanocomposites was confirmed
as there was a linear V-I correlation in the electrical test performed (see Figure S1).
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Figure 6. Electrical conductivity tests. (a) electrical conductivity of the circuits as a function of number of printed layers,

(b) local heterogeneities that can hinder the formation of the electrically conductive network, (c) electrical conductivity of

the ribbons as a function of

electrode disposition and the number of printed layers and (d) scheme of air trapped between

printed layers and trapped gases from the photocuring process.

Figure 6c shows the electrical conductivity of the ribbons as a function of the electrode
configuration used for measuring (Figure 3), allowing us to study how the interface
between layers affects the electrical conductivity. Here, a slight decrease in the electrical
conductivity was observed for the tests carried out with the electrodes positioned in the
first and last layers, which can be caused by some heterogeneities of trapped gases from
the photopolymerization process or air trapped when depositing a new layer, as it is
schematically shown in Figure 6d. Moreover, the decrease in the electrical conductivity
observed in the specimens with the electrodes positioned in the first and last layers,
with regard to the specimens with the electrodes positioned within the same layer, was
higher when increasing the number of printed layers. These results support the statement
above mentioned, regarding the negative effect of the printing defects when increasing
the number of printing layers on the electrical conductivity. Furthermore, it has been
proven that, despite the volumetric conductive network, the electrical current is able to
flow through different pathways depending on the placement of the electrodes in the 3D
printed circuits. Nevertheless, the electrical conductivity results evince that the interface
between layers do not significantly affect the electrical conductivity of the circuits since the
decrease in the electrical conductivity values was under 10% for the four-layer circuit.

Therefore, the electrical conductivity increased with the number of printed layers
in spite of the evidence that there were structural defects at the interface between them.
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Moreover, the electrical measurements have proven to be efficient and easy indirect tests to
determine the quality of the printed circuits.

3.3. Self-Heating by Joule’s Effect

Figure 7 shows the results of the self-heating test. First, Figure 7a shows ATmax and
AT,y reached by Joule’s heating of the 3D printed circuits as a function of the number of
printed layers. Here, an increase in both the maximum and the average temperatures with
the number of printed layers can be observed, which can be explained by the previously
mentioned expression for the electrical conductivity (1). Here, the higher cross-sectional
area (Figure 5d) and the higher electrical conductivity when increasing the number of
printed layers (Figure 6a) are related to the lower electrical resistance of the printed circuits.
Furthermore, according to Ohm’s law (2), a decrease in the electrical resistance is related to
an increase in the intensity, I, for the same applied voltage, V, and, according to Joule’s
heating law (3), the heat generated during Joule’s heating test, Q, is related to the square of
the intensity.

V=1IR )
Q=I*Rt (3)
(a) 100 3.5x10* (C)100
90 A CATav . 90 4 ATav
F3.0x10% <
20 | === ATmax X ME 20 | ATmax
—e— Printed circuit volume £
70 A F2.5x10%= 70 4
£
s 1 F20x1045 T 60 1
E 50 A 4_§ '<_] 50 A
- 4O
20 4 1.5x10 £ 20 4
el
30 1 r1ox10¢g 30 7
20 A & 20
F0.5x10*
10 + I_I_I 10 A
0 T T T 0.0 x 10° 0 - T T T T T T T T T
1 2 3 4 0 1 2 3 4 5 6 7 8 9 10
Number of printed layers Time (min)
(b) 1 layer 2 layers 3 layers 4 layers

At 5 minutes At 30 seconds

22,8|$FLIR

Figure 7. Self-heating tests by Joule’s heating. (a) Average and maximum temperature increment with respect to room

temperature (left axis), and printed circuit volume (right axis) as a function of the number of printed layers, (b) IR images at

different heating times during self-heating tests as a function of the number of printed layers and (c) self-heating test of a

4-layer circuit showing average and maximum temperature increments of the circuit as a function of time.

In this regard, the higher amount of printed material the circuit presents, the higher
temperature it reaches by Joule’s heating. Furthermore, by increasing the number of layers,
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the specific area of the printed circuit decreases (Figure 5d), thus minimizing heat losses. On
the other hand, the difference observed between ATyax and AT,y values is explained because
of the non-heated substrate. The standard deviation between different measurements can
be caused by homogeneity issues in the printed circuits. Nevertheless, the self-heating tests
showed great results in terms of heating capability with the relatively low applied voltage in
comparison with previous studies performed with thermally cured resins and much higher
carbon nanoparticle contents [24,38]. In this context, the four-layer circuit would be suitable
for deicing purposes even in —30 °C conditions since it is capable of reaching an average
temperature increment with respect to room temperature above 30 °C [39].

On the other hand, the IR images shown in Figure 7b demonstrate the fast and
homogeneous heating achieved by the printed circuits. Here, the slight temperature
differences along the circuit can be caused by local heterogeneities of the nanocomposite,
such as CNT aggregates, that could lead to the presence of high and low electrically
conductive areas.

Moreover, Figure 7c shows an example of the ATmax and AT,y as a function of time
during a self-heating test carried out for a four-layer circuit. Here, the fast heating of the
circuit can be noticed since it was able to reach a temperature increment with regard to
room temperature of around 30 °C within 1 min.

Figure 8a shows a cyclic self-heating test. Here, a great repeatability in the temperature
reached by Joule’s heating can be observed among the five cycles of heating and cooling,
since the deviation in the temperature reached was below 3%. Moreover, the self-heating
test carried out for 2 h of continuous heating (Figure 8b) showed an ever-increasing tem-
perature with time due to the ever-higher electron mobility promoted by the temperature
increase. In addition, it has been proven that the temperature homogeneity in the printed
circuits does not vary (see the IR images taken at 15 and 120 min), proving their excellent
performance when heating for long periods of time.

(a) 90 (b) 0
ATav ATmax ATav ATmax
80 A 80 A
70 A 70 A
60 - 60 -
S 50 A U 50 -
- =
5 40 - < 40 -
30 30 -
20 - 20
10 - 10 A
O T T T T T ! 0 - T T T T T T T
0 10 20 30 40 50 0 15 30 45 60 75 90 105 120
Time (min) Time (min)

Figure 8. (a) Cyclic self-heating test and (b) continuous self-heating test carried out for 2 h.

In summary, 3D printing of nanodoped circuits has emerged as an easy procedure to
convert any structure in an efficient surface heater with low power consumption.

Figure 9 shows the deicing test carried out for the four-layer circuit. Here, it can be
observed that the heating circuit (right), which was connected to the power source at 200 V,
was able to remove an approximately 2.5 mm thick ice layer in 4 min and 4 s, whereas the
ice layer on the reference circuit (left) remained almost unaltered. The deicing time was
set as the time when the ice layer slides off the circuit (see IR images), correlated to the
increase in the temperature of the circuit’s area above 0 °C.
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Figure 9. Deicing test with IR images taken at different times.

4. Conclusions

The electrical and electrothermal capabilities of 3D printed circuits by UV-Assisted
Direct Write technology have been extensively studied as a function of the number of
printed layers. First, an analysis of printability by comparing two alternative designs
for housing the UV light guide was carried out. Here, the two-stage printing device,
which allows curing of the circuit in a separate stage to the material extrusion, showed a
significantly higher printability and reproducibility compared to the one-stage printing
device since the printed ribbons showed a higher height and a lower width. In this regard,
the one-stage printing device, which simultaneously extrudes and cures the ink, may cause
a total or partial block of the conductive ink flow due to the photopolymerization of the ink
inside the syringe, leading to misalignment and a reduction in the ink flow when extruding
the ribbons.

On the other hand, electrical conductivity tests showed a slight increase in electrical
conductivity with the number of printed layers. Despite the electrical conductivity, which is
an intrinsic property of the material, the relatively small cross-sectional area of the printed
ribbons makes them very sensitive to changes in the electrically conductive network
formed by CNTs as the presence of voids or CNT aggregates. In this regard, the higher
the cross-sectional area, the lower probability of finding a critical defect that hinders the
formation of the electrically conductive network. In addition, the interface between layers
slightly reduced the electrical conductivity of the printed ribbons due to printing defects
caused by gas trapped during photopolymerization or air trapped when extruding an
additional layer.

The self-heating tests showed a significant increase in the temperature reached by
Joule’s effect with the number of printed layers due to the decrease in the electrical re-
sistance when increasing the cross-sectional area. This led to a higher electrical intensity
and thus to a higher heat generated during Joule’s heating test. Furthermore, the great
homogeneity and repeatability of the heating showed by the printed circuits, together with
their excellent performance for long heating times, proved their applicability to convert
any structure in an efficient surface heater with low power consumption.

Finally, the deicing capability of the four-layer circuit was demonstrated, being able to
remove a 2.5 mm thick ice layer in 4 min and 4 s.
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