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Abstract: Electromechanical sensing devices, based on resins doped with carbon nanotubes, were
developed by digital light processing (DLP) 3D printing technology in order to increase design
freedom and identify new future and innovative applications. The analysis of electromechanical
properties was carried out on specific sensors manufactured by DLP 3D printing technology with
complex geometries: a spring, a three-column device and a footstep-sensing platform based on the
three-column device. All of them show a great sensitivity of the measured electrical resistance to
the applied load and high cyclic reproducibility, demonstrating their versatility and applicability
to be implemented in numerous items in our daily lives or in industrial devices. Different types
of carbon nanotubes—single-walled, double-walled and multi-walled CNTs (SWCNTs, DWCNTs,
MWCNTs)—were used to evaluate the effect of their morphology on electrical and electromechanical
performance. SWCNT- and DWCNT-doped nanocomposites presented a higher Ty compared with
MWCNT-doped nanocomposites due to a lower UV light shielding effect. This phenomenon also
justifies the decrease of nanocomposite Ty with the increase of CNT content in every case. The
electromechanical analysis reveals that SWCNT- and DWCNT-doped nanocomposites show a higher
electromechanical performance than nanocomposites doped with MWCNTs, with a slight increment
of strain sensitivity in tensile conditions, but also a significant strain sensitivity gain at bending
conditions.

Keywords: multifunctional composites; smart materials; sensing; 3D printing; carbon nanotubes

1. Introduction

Structural health monitoring (SHM) refers to a set of technologies that allow one to
detect, locate and quantify strain or damage appearance in a monitored structure [1]. There
are several different techniques classified as active or passive methods depending on the
requirement of an external stimulus. One of the most promising technologies is the use of
self-sensing materials since the material itself is capable of acting as a sensor, which enables
strain or damage detection throughout the whole material [2]. Self-sensing materials are
commonly based on an insulating matrix doped with electrically conductive fillers. The
changes on the load state of the material induce changes in the filler morphology and in the
electrically conductive network as well. Thus, it is possible to detect these changes through
a continuous measurement of the electrical resistance of the composite [3]. In this regard,
carbon-nanoparticle-doped composites are widely studied for SHM purposes due to their
excellent mechanical, electrical, thermal and piezoresistive properties [4]. In fact, there
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are several research studies about this topic with carbon nanofibers [5], carbon black [6],
graphene nanoplatelets [7] and carbon nanotubes (CNTs) [8], among others.

More specifically, CNTs allow for increasing the electrical conductivity of the nanocom-
posite by several orders of magnitude by adding low filler contents (below 1 wt.%) [9].
There are different kinds of CNTs depending on their morphology, which are commonly
classified as single-walled (SWCNTs), double-walled (DWCNTs) and multi-walled carbon
nanotubes (MWCNTs) [10]. CNTs” morphology could influence the electromechanical
behavior of nanocomposites since they present different aspect ratios, which directly affect
the electrically conductive networks created by CNTs, so the conductive mechanism may
vary [11]. In this context, the tunneling conductive mechanism presents better strain-
sensing properties than the intrinsic or contact-conductive mechanism between adjacent
CNTs. Thus, it is important to obtain a well-dispersed material with low nanofiller content,
i.e., near the percolation threshold region, the upper bound region, to reach maximum
sensitivity. This is attributed to the predominant effect of tunneling resistance in govern-
ing piezoresistivity near the percolation threshold region [11]. Moreover, the addition of
CNT to polymers also allows for other interesting functionalities, such as their Joule’s
heating capability, which enables using them as anti-icing and de-icing systems [12,13], for
self-healing [14-16] or for shape memory [17-19] purposes, among others.

On the other hand, 3D printing is receiving more and more attraction from the scientific
community in the last few years due to the advantages it presents in comparison with
traditional manufacturing techniques. The main advantages are the ability to manufacture
unique pieces or limited batches at low cost, as well as allowing for the manufacture of
pieces of great geometric complexity [20]. However, there are still important technological
limitations with the 3D printing of nanocomposites with enhanced properties, such as
electrical and thermal conductivity and self-heating, self-healing or self-sensing capabilities,
among others. One of the main challenges is the UV light shielding effect caused by CNTs.
CNTs are black, so they absorb part of the UV curing radiation. In fact, the increment of
CNT percentage added and their dispersion degree on the mixture implies that less UV
radiation is received by the photoinitiator, thus leading to a lower curing degree of the final
nanocomposite [21-23].

In this paper, different complex geometry devices have been evaluated by applying
different load requests to confirm their high self-sensing capabilities and therefore their
wide applicability. The complex geometry sensors studied are a spring and a three-column
device, while a footstep platform has been developed by using the three-column devices
to confirm their applicability as useful in daily uses. These sensing devices are based
on nanocomposites doped with three different types of CNTs (SWCNTs, DWCNTs and
MWCNTs) and manufactured by digital light processing (DLP) 3D printing technology. In
this regard, the present paper is a follow-up of previous work conducted with MWCNT-
doped nanocomposites [24] to study how the addition of different CNT types (DWCNT
and SWCNT) affect electrical and electromechanical properties and the strong relation of
these properties to the dispersion state of the nanoparticles into the matrix.

2. Materials and Methods
2.1. Materials

The nanocomposite material used in this study is based on a commercial resin for stere-
olithography 3D printers doped with CNTs to provide electrically conductive pathways
throughout the material.

The matrix, High Temp Resin supplied by Formlabs, is an acrylate-based resin de-
signed for high temperature applications since it presents a heat deflection temperature
using a 0.45 MPa load of 298 °C. Three different kinds of CNTs were added into the matrix
in order to compare the effect of their morphology on the electrical and electromechanical
properties of the printed nanocomposites: single wall carbon nanotubes with 3.96 wt.% OH
content (SWCNTs), HDPlas single-wall/double wall carbon nanotubes (DWCNTs) from
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Cheaptubes and multi wall carbon nanotubes NC7000 (MWCNTs) from Nanocyl, whose
main properties are shown in Table 1.

Table 1. Properties of CNTs.

CNT Type Supplier Length (um) Diameter (nm) Purity (wt.%)
SWCNTs Cheaptubes 10-30 1-2 >98.5
DWCNTs Cheaptubes 3-30 1-2 >99
MWCNTs Nanocyl 1.5 9.5 90

2.2. DLP Printing of Nanocomposites

A complete scheme of the manufacturing process of the nanocomposite specimens
is shown in Figure 1. First, CNTs are added into the resin and manually mixed prior to
performing a calendering dispersion process (Figure 1a) with an Exakt 80E machine by
Exakt Technologies. In this three-roll milling dispersion technique, a seven-step procedure
was applied, reducing the gap distance between rolls during each step, according to a
previous study [25].

Tensile test specimen

Copper wires
Silver ink Pe

Three-point bending test specimen

Figure 1. Manufacturing process of the nanocomposite specimens: (a) calendering dispersion process, (b) DLP 3D printing

process and (c) electrode placement on 3D printed specimens.

After completing the calendering stage, the mixture is poured into the resin vat of the
3D printer. This 3D printer, B9Creator by B9Creations, is based on DLP technology; the
bottom surface of its resin vat is exposed to the light source from a digital projector with
the desired 2D geometry, curing the first layer of the 3D model. Then, the build platform is
raised to allow the uncured resin to fill the gap between the previously cured layer and the
resin vat before curing the second layer. This process is repeated until the full part with
the desired geometry is obtained (Figure 1b). The printing parameters used were 30 um of
layer thickness and 5.12 s of exposure time per layer. The exposure time was set to avoid
sub- or overexposure, which could lead to geometrical distortions.

Specimens with different contents (0.050, 0.075 and 0.100 wt.%) of the three different
CNT types (SWCNTs, DWCNTs and MWCNTs) were manufactured with different ge-
ometries, fulfilling the corresponding test standards: electrical conductivity (ASTM D257),
tensile (ASTM D638) and three-point bending (ASTM D790) tests.

Once the test specimens are 3D printed, a UV post-curing treatment is performed
for 30 min in a B9A-LCB-020 oven by B9Creations. Finally, copper wires are placed on
the specimens as electrodes to perform the electromechanical tests, applying silver ink to
reduce the electrical contact resistance between the electrodes and specimen. As shown
in Figure 1c, in the case of tensile test specimens, the electrodes are placed all around
the perimeter, while they are only placed on the tensile face for the three-point bending
specimens.
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2.3. Characterization
2.3.1. Electrical Conductivity

DC volume conductivity tests were performed according to the ASTM D257 stan-
dard using a source-meter unit, Keithley 2410 From Keithley Instruments. The electrical
conductivity was determined from the I-V slope, applying voltages from 0 to 50 V.

2.3.2. Electromechanical Tests

The electromechanical behavior of the nanocomposite specimens was studied by
performing tensile and three-point bending tests according to the ASTM D638 and D790
standards, respectively, in a Zwick Z100 universal test machine. In this regard, tensile
tests were conducted at a 5 mm/min rate, while bending tests were carried out in two
stages: the first at 1 mm/min up to 0.7 % strain in order to obtain the flexural modulus
and the second at 10 mm/min up to specimen failure in order to determine the flexural
strength. Electrical characterization was conducted simultaneously with the mechanical
tests by monitoring the specimens’ electrical resistance changes between two copper wire
electrodes (see Figure 1c) using an Agilent 33410A instrument. The strain sensitivity was
calculated at low strain levels, up to 0.01 mm/mm, and was obtained by dividing the
normalized electrical resistance by the applied strain, as shown in Equation (1):

AR/Rg
£

Strain sensitivity = €))]
where Ry is the initial electrical resistance, ¢ is the strain in the sample and AR is the
instantaneous electrical resistance increment with respect to the initial electrical resistance.

2.3.3. Analysis of CNT Dispersion

Droplets of uncured CNT/resin dispersions were analyzed with a Leica optical micro-
scope in transmitted light mode (TOM) equipped with a Nikon 990 camera in order to study
the state of the nanoparticle dispersion. The area occupied by CNTs and the individual
agglomerate size distribution were measured by digital image analysis to evaluate quanti-
tatively the dispersion degree of each sample. These parameters allow us to understand
how the dispersion state affects the curing process of the material and, furthermore, the
electrical and electromechanical properties.

2.3.4. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) tests were carried out with a Mettler Toledo
882e instrument, with non-isothermal DSC test conditions, from 0 to 300 °C at a rate of
10 °C/min in order to measure the glass transition temperature (Tg) of the final cured
specimens.

3. Results and Discussion
3.1. Electrical Conductivity

Electrical conductivity values of nanocomposites doped with different CNT types—
SWCNTs, DWCNTs and MWCNTs—are summarized in Figure 2. Here, several interesting
factors can be observed. The electrical percolation threshold is different as a function of
CNT geometry: below 0.050, around 0.050 and 0.075 wt. for nanocomposites doped with
DWCNT, MWCNT and SWCNT, respectively. In addition, the final electrical conductivity
of the nanocomposites at a higher CNT content where the electrical network is saturated is
lower for the nanocomposites doped with SWCNTs.

This is directly related to the dispersion state of the material, the study of which will be
developed in the next sections. As a summary, the electrical percolation threshold strongly
depends on the dispersion state and the aspect ratio, which is inversely proportional
to the percolation threshold [11], the aspect ratio of the different CNTs being 12,000 for
SWCNTs, 10,000 for DWCNTs and 150 for MWCNTs. Therefore, the highest percolation
threshold of the nanocomposite doped with SWCNTs is explained by the lowest dispersion
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degree, with large CNT aggregates. This means that they tend to form clusters of very
entangled nanotubes. This entanglement leads to a reduction of effective aspect ratio due to
a higher CNT waviness, as observed in previous studies [26,27]. This negatively affects the
percolation threshold and the electrical conductivity, as there are not effective conductive
pathways inside the material.

This means that the dispersion quality significantly affects the final properties. In this
case, the poorer dispersion of SWCNTs induces a higher percolation threshold and a lower
electrical conductivity of nanocomposites.

10
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Figure 2. Electrical conductivity as a function of the type and content of CNTs.

3.2. Structural Health Monitoring

First, Figure 3a,b show some examples of the electromechanical tests under tensile
and three-point bending load conditions, respectively. Here, a gradual increase in the
normalized electrical resistance with the applied strain on 3D printed specimens caused
by the increase of the interparticle distance between adjacent CNTs can be observed. It is
reflected in an increase of the electrical resistance associated with this effect, also known as
tunneling resistance [28]. The sudden increase of the normalized resistance at the end of
the test corresponds to the final failure of the sample.

On the other hand, Figure 4a,b summarize the values of the strain sensitivity for the
tensile and three-point bending tests, respectively. It can be observed that the bending load
gives significantly lower sensitivities with regard to tensile tests. This is explained by the
combined effect of both tensile and compressive subjected faces in the case of the specimens
subjected to a bending load. Here, the effect of compressive areas induces a decrease in the
variation of electrical resistance due to applied strain, inducing a lower sensitivity when
compared with tensile tests, where all the specimens are subjected to tensile strain [27,28].
Furthermore, a decreasing trend in the strain sensitivity can be observed when increasing
the CNT content in every case. This is justified because near the percolation threshold,
the tunneling effect is the most prevalent mechanism, as there is a high interparticle
distance between nanofillers [27,28]. For this reason, every sample exhibits the highest
sensitive response at these contents (here, it can be observed that MWCNT samples at 0.050
wt.% do not have high enough electrical conductivity to be monitored with the Agilent
33410A equipment). However, when increasing the content of the nanofiller, there are other
mechanisms, such as contact between adjacent nanoparticles or even the intrinsic resistance,
that can play a very dominant role in the electrical properties of the nanocomposite. The
electrical resistance associated with the last phenomenon remains constant with applied
strain, explaining the lower electrical sensitivities [29]. In this regard, the dispersion state
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plays a crucial role. Therefore, a better dispersed nanocomposite around the percolation

threshold shows a prevalence of tunneling electrically conductive mechanisms among the
CNTs leading to a higher sensitivity, whereas the electrical properties of a poorly dispersed

nanocomposite are dominated by contact and intrinsic electrical resistances between CNTs

inside the clusters, resulting in less sensitivity.
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Figure 3. Examples of electromechanical tests for specimens doped with 0.1 wt.% CNTs in tensile (a) and three-point

bending (b) load conditions.
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Figure 4. Strain sensitivity as a function of CNT content under tensile (a) and bending (b) load conditions.

3.3. Sensitivity of Different Complex Geometry Sensors

An analysis of the electromechanical properties in complex elements manufactured by
DLP technology is shown in the graphs of Figure 5. The main objective is to evaluate the
applicability of these printed sensing materials for any device, tool, structure or item. Here,
the most favorable condition regarding the electrical conductivity and strain sensitivity has
been selected. In this regard, all the elements are made from resin doped with 0.100 wt.%
DWCNTs. In addition, different types of loads are applied to analyze the performance and
reproducibility of these sensing materials.
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Figure 5. Self-sensing printed complex devices: (a) cycling compression load of the three-column device, (b) cycling

compression load of the spring, (c) footstep platform and (d) manual compression of spring device.
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The electrical response under cycling loading of a three-column device (Figure 5a)
and a spring (Figure 5b) is explored. In these examples, the 3D printed devices were
subjected to compression loads, so a decrease of the electrical resistance is observed due to
the reduction of the tunneling distance between adjacent nanoparticles. In addition, it can
be observed that the electromechanical behavior is repeatable, reaching similar peak and
valley values of the normalized electrical resistance in each cycle. The slight variations can
be explained by the possible buckling of the structure at high load levels.

Furthermore, the sensitivity to load detection was investigated by a proof-of-concept
under manual deformation. On the one hand, a footstep-sensing platform (Figure 5¢c) was
developed to confirm the high applicability of these sensors in many daily uses. In this
context, three three-column devices were placed below a metal platform and the sensitivity
under different footstep configurations was analyzed. A total agreement between the varia-
tion of the electrical resistance of each sensor with the footstep performance was observed.
For example, sensors 2 and 3 showed a drastic decrease of the electrical resistance when
subjected to heel pressure, whereas sensor 1 was not affected. The different sensitivities
among sensors depended on the applied force by the feet. In this regard, when comparing
the initial and final situations, it can be concluded that the sensors were not damaged as
they reached the same initial values.

Similarly, the spring configuration was tested with manual compression in order to
prove its sensitivity (Figure 5d). It was observed that a drastic decrease of the electrical
resistance was recorded when subjected to manual compression.

Therefore, the potential and applicability of the proposed materials as a pressure
sensor have been proved. In this regard, the DLP technique could be a promising solution
for the easy manufacturing of more complex devices, such as those shown in this section.

3.4. Morphology and Properties of Nanocomposites

All results previously shown confirm that the dispersion degree of CNTs in the
nanocomposites significantly affects their electrical behavior and strain sensitivity. For this
reason, a deep study of CNT dispersion state was carried out to optimize an experimental
procedure to quantify the nanocomposite dispersion and morphology by digital image
analysis of optical microscopy in transmitted light mode (TOM).

Figure 6 shows the results obtained by image analysis of optical microscopies for the
non-cured dispersions. First, in the micrographs of Figure 6a, it can be observed that the
dispersion homogeneity is generally greater for the MWCNTs, followed by DWCNTs and
SWCNT5, for each CNT content. This statement can be confirmed by image analysis, the
results of which are summarized in Figure 6b, where the percentage of area occupied by
nanotubes is shown, and Figure 6¢, which collects the histograms of CNT aggregate size.
In Figure 6b, it can be clearly observed that the area occupied by CNTs is much higher in
the case of MWCNTs, followed by DWCNTs and SWCNTs. This behavior is explained by
the fact that the CNT aggregate size is the lowest in the case of MWCNTs and the highest
for SWCNTs, following the opposite trend. As expected, the formation of larger CNT
aggregates induces a lower dispersion quality, reducing the percentage of area occupied,
as occurs with SWCNTs. In contrast, the high dispersion degree obtained for the mixtures
containing MWCNTs is confirmed by measuring a lower number of aggregates with a
large size, thus showing a higher area occupied by CNTs. In this regard, the quality of
the different studied dispersions is explained, considering the geometry of the individual
CNTs. Other authors [26,30] have previously confirmed that SWCNTs and DWCNTs
possess higher specific surface area (SSA) and larger aspect ratios compared to MWCNTs,
inducing a higher tendency to aggregate. In this regard, the samples doped with CNTs with
higher SSA and larger aspect ratios (around 10,000 for SWCNTs and DWCNTs) present
poorer dispersions with larger CNT aggregates compared with the MWCNT doped ones,
which present an aspect ratio of around 150.
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The poor dispersions obtained for the samples doped with SWCNTs and DWCNTs
are enhanced when increasing CNT content by decreasing the aggregate size. This can
be explained by the effectiveness of three-roll milling method. It is widely known that,
for the calendering process, a higher viscosity of the mixture allows for obtaining a better
dispersion since the shear forces applied to the CNT aggregates are more effective [31,32].
On the other hand, in the case of MWCNT mixtures, which are already well dispersed
even for the lowest content, an increase in the CNT content slightly increases the aggregate
size [24].

Moreover, the dispersion state plays a crucial role in the final properties of the
nanocomposites, especially for photocurable formulations. In this context, the area occu-
pied by CNTs has a prevalent effect on the curing degree of the material. As mentioned
before, CNTs are black-colored, so they absorb part of the UV radiation from the light
source. This hinders photoinitiator UV absorption, leading to a lower curing degree. For
this reason, the Ty of thermosetting resins decreases when increasing CNT content (Figure
6d), which is directly related to the increase in the area occupied by CNTs (Figure 6b). In
addition, when comparing the different CNT types, the mixtures with the lowest degree
of dispersion (SWCNT) also present the highest T, values followed by the DWCNT and
MWCNT ones, respectively, due to the same reason previously mentioned.

Figure 7 confirms that there is a direct correlation between the T, values of nanocom-
posites and the fractional area occupied by CNTs. The samples with a higher dispersion
degree, measured by a higher percentage of area occupied by CNTs, present lower Tg
values due to the hindering of the photocuring reaction. Therefore, this confirms that
the CNTs’ geometry has an important influence on their dispersion, and this significantly
affects the crosslinking degree for photocured resins. In this context, it is confirmed that the
analysis of the CNT dispersion is essential in these systems to explain the final properties of
nanocomposites. In this work, an easy experimental procedure, based on an image analysis
of TOM micrographs, has been optimized to determine quantitatively the quality of CNT
dispersions.

50
49 A o = SWCNT 0.050 wt. %
48 A ® SWCNT 0.075 wt. %
47 - ¢ ” A SWCNT 0.100 wt. %
. 46 - DWCNT 0.050 wt. %
O "
E 45 + = DWCNT 0.075 wt. %
44 H DWCNT 0.100 wt. %
43 A A = MWCNT 0.050 wt. %
42 - ® MWCNT 0.075 wt. %
41 + A MWCNT 0.100 wt. %
40 T T T T T
0 10 20 30 40 50 60

Fractional area occupied by CNTs (%)
Figure 7. Ty as a function of fractional area occupied by CNTs.

4. Conclusions

The self-sensing capabilities of nanocomposites obtained by digital light processing 3D
printing technology using different types of CNTs were deeply studied. The strain-sensing
tests revealed that the strain sensitivity is slightly higher for SWCNT and DWCNT doped
nanocomposites than MWCNT doped ones, which depends on the dispersion state of
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the nanoparticles into the matrix and the number of effective electrical pathways that are
created. In this regard, the strain sensitivity decreases when increasing the CNT content.
Near the percolation threshold, the prevalence of a tunneling conductive mechanism
over contact and intrinsic conductive mechanisms induces a higher strain sensitivity.
Furthermore, the lower strain sensitivity showed by the specimens subjected to three-point
bending load conditions compared with those tested in tensile conditions is explained
by the effect of compressive areas, which induces a decrease of the variation of electrical
resistance due to applied strain. Therefore, the role of nanofiller geometry and dispersion
state on the electromechanical properties of DLP 3D printed nanocomposites has been
determined.

The analysis of the electromechanical properties in more complex geometry parts also
shows a great correspondence of electrical resistance to applied load, which demonstrates
the versatility of DLP 3D printing technology for self-sensing devices.

It has also been confirmed that the analysis of CNT dispersion quality is essential to
explain the behavior of printed nanocomposites since the dispersion degree, and thus the
area occupied by CNTs, strongly affects the crosslinking degree of photopolymerized resin
due to the UV absorption by graphitic nanofillers. In particular, the dispersion state of
DWCNTs and SWCNTs is much more heterogeneous than in the case of MWCNT5, due to
the higher aspect ratio of DWCNTs and SWCNTs compared with MWCNTs. In this regard,
the better the dispersion, the higher the area occupied by CNTs, and thus, the lower the Tg.
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