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Flexible 3D Printed Acrylic Composites based on
Polyaniline/Multiwalled Carbon Nanotubes for
Piezoresistive Pressure Sensors
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M. Sonia Dopico-Garcia, N. Pereira, P. Costa, S. Lanceros-Mendez, and Maria-José Abad*

1. Introduction

The development of tunable UV-curable polymeric composites for func-

tional applications, taking into consideration environmental issues and
additive manufacturing technologies, is a research topic with relevant chal-
lenges yet to be solved. Herein, acrylic composites filled with 0-3 wt.%.

In the last decade, society demands the
development of smart and multifunc-
tional materials in order to satisfy the cur-
rent digitalization paradigm in the scope

polyaniline/ multiwalled carbon nanotubes (PANI/MWCNT) are prepared
by Digital Light Processing (DLP) in order to tailor morphology, thermal,
mechanical, and electromechanical properties. Viscosity, real-time infrared
spectroscopy, and cure depth tests allow optimizing resin composition

for suitable DLP printing. 2 wt.% is the maximum filler content reproduc-
ibly embedded in the polymer matrix. The advantages of PANI/MWCNT
(50/50 wt.%) compared with single-component composites include safety
issues, enhanced printability, increased electrical conductivity and thermal
stability, and lower electrical percolation threshold (0.83 wt.%). Above

this threshold the composites display excellent piezoresistive response,
no hysteresis, and stability for over 400 compression cycles. The pressure
sensibility (PS) of 2 wt.% composites decreases with applied pressure
from PS = 15 to 0.8 Mpa~' for maximum pressures of 0.02 and 0.57 MPa,
respectively. A proof-of-concept of the functionality of the novel materials
is developed in the form of a tactile sensor, demonstrating their potential
for pressure sensing applications as cost-effective, sustainable, and flexible

of industry 4.0 and Internet of Things
(IoT).03) In this context, increasing atten-
tion has been focused on flexible and wear-
able sensing devices due to the large array
of possible applications such as smart
interiors, human health monitoring, and
wearable electronics,*¥ among others.
Specifically, pressure and strain sensors
are among the most demanded types of
sensors. Based on the transduction mech-
anism, three main types of sensors can be
developed: piezoelectric, piezoresistive,
and capacitive sensing mechanisms.>7-]
Piezoresistive sensors are among the
most used ones, being usually composed
of electrically conductive films coupled
with flexible substrates. When composite
structures are stretched, microstructural

materials for printed electronics.

changes lead to the modification of the
electrical resistance as a function of the
applied strain. Further, they combine great
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sensitivity and fast frequency response with a simple sensor
structure.l

The manufacture and materials used in the production of
a given sensor are key factors in its performance and applica-
bility. The use of 3D printing technologies in electronics has
great potential since it allows the integration of sensors, con-
ductors, and devices with different electronic functions in the
manufacturing process of the 3D object,'''% and has boosted
the development of diverse photocurable flexible materials.!!3!
Nowadays, stereolithography (SLA) and digital light processing
(DLP) can be considered among the most important and novel
Additive Manufacturing technologies. The methods are based
on the layer-by-layer solidification of a liquid photosensitive
resin via ultraviolet (UV)-light exposure.[*

In general, polymer-based piezoresistive sensing films are
composed of a polymer matrix and conductive fillers. Among
the frequently used fillers, the following stand out: multi-walled
carbon nanotubes (MWCNTSs), graphene,'® and polyaniline
(PANT).P8 Electrical, mechanical, thermal, and electrome-
chanical properties are affected by the filler type, content, and
aspect ratio.”] Regarding the matrix, the typical ones are ther-
moplastics, elastomers, and hydrogels.”) Research into new
materials enables the implementation of new features as well
as increases the range of applications but it also leads to signifi-
cant challenges in the choice of structural design and material
compatibility.

Among conductive fillers, PANIs are increasingly being
used, due to their electrical response, environmental stability,
simple synthesis, and low cost.'®l However, the amount of pure
PANI that can be embedded in a photocurable resin is insuf-
ficient to obtain a high electrical conductivity,®!>2% in the range
of semiconductor materials, needed to fabricate piezoresistive
sensors. In this context, modifying the synthesis of PANI with
the introduction of another conductive filler, such as MWCNT5,
allows to increase the electrical properties of the composites,
as well as the thermal stability with respect to neat PANT;[?1-2]
on the other hand, this strategy facilities the handling of
MWCNT, avoiding the risk of inhaling the toxic dust aerosols
which might be set free due to their tiny size and ultralight
weight;? it further avoids aggregation and favor dispersion
in the photocurable resin. Therefore, PANI/MWCNTs hybrid
materials could be considered as an excellent candidate for the
fabrication of sensor devices, energy conversion systems, and
storage or supercapacitors due to their specific electrical proper-
ties.>827-2%1 Up to now, there are some studies dealing with the
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incorporation of PANIs[39-32 and MWCNTSs,3-3¢ separately,
in light-curing matrix, but no reports have been found focusing
on the addition of PANI/MWCNTS to UV curable resins.

The main target of this work is the design of novel acrylic
conductive resins filled with PANI/MWCNT to be printed by
DLP, suitable for the manufacture of piezoresistive sensors.
First, 50/50 wt.% PANI/MWCNT composites were obtained
through in situ polymerization of aniline in a suspension
of MWCNT and fully characterized. Then, a complete print-
ability study of the novel conducting composites was carried
out, including an analysis of the microstructure and physico-
chemical properties of printed samples. The electromechanical
response of the developed materials has been evaluated and
a proof of concept touch device demonstrated, showing the
potential of the 3D printed materials for sensing applications.

2. Results and Discussion
2.1. Characterization of PANI/MWCNT Filler

The morphological and structural differences between PANI/
MWCNT and its constituents have been studied. TEM and
SEM images were obtained to analyze the morphology of the
MWCNTs, PANI/MWCNT, and PANI (Figure 1 and Figure S1,
Supporting Information).

The TEM image of MWCNTSs (Figure 1A) shows a long fiber
shape of about 11 nm of thickness. Similarly, SEM photographs
confirmed a highly entangled network structure (Figure S1,
Supporting Information), which is responsible for the difficulty
in dispersing the MWCNTs in the polymer resin and the rela-
tively low dispersion of the conductive filler in most solvents.*’]

Concerning PANI-HCI, individual PANI nanorods of about
130 x 35 nm are interwoven and stacked together in disordered
and densely packed aggregates!®) (Figure 1B). When PANI
is synthesized in the presence of MWCNTs to obtain PANI/
MWCNT composite, a deposition of PANI on the MWCNTs
surface occurs,?! increasing the fibers' thickness to 21 nm
(Figure 1C). The coated MWCNTs (Figure 1C) show a well dis-
cernible internal cavity, confirming that PANI interacts exclu-
sively at the outer surface of the MWCNT. This is an expected
result since the polymerization of aniline inside the CNT is
hindered by the restricted access of reactants to the interior of
the CNT.2Y Similar behavior of the PANI deposition has been
reported in the literature in the presence of MWCNTS, varying

Figure 1. TEM images of A) MWCNT, B) PANI, and C) PANI/MWCNT.
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the PANI coating as a function of the ratio of aniline/MWCNT
in the reaction medium.?¥ PANI/MWCNT tends to present a
fiber smooth surface with a size from 20 to 28 nm.>*l

The elemental analysis of MWCNT revealed the presence
of a high atomic concentration of oxygen 13%.wt.’%! Further,
the elemental analysis of PANI/MWCNT leads to 5.28 wt.%
N; 66.74% C; 2.55% H; 1.51% S. The C/N atomic ratio derived
from these data, 12.64, is nearly twice the value of the ratio of
pristine PANI, 5.97H The experimental wt.% of PANI in the
PANI/MWCNT composite was determined, taking as refer-
ence the elemental composition of the pure PANI, according
to Equation (1). The calculated experimental PANI content is
49.7 £ 0.7 wt.%, whereas the expected theoretical content was
54.5% considering the yield of the reaction; hence, the com-
posite is a mixture of 50:50 PANL:MWCNT.

The X-ray powder diffraction scans display the typical powder
diffraction patterns for MWCNTs*! and semicrystalline PANI
emeraldine salt*?! (Figure S2A, Supporting Information). In the
diffractogram of the PANI/MWCNT composite, the peaks of
both components are superposed, although the strong peak at
260=26°, related with the average interlayer spacing within each
nanotube, dominates the spectrum. Due to peak overlapping, it
is difficult to confirm that any additional order in the molecular
arrangement in either PANI or MWCNT has been introduced
as a result of the interaction of both components,?>234I nor the
opposite situation.??

Concerning the Raman spectrum, the profile of PANI/
MWCNT is similar to the spectrum of MWCNT with some con-
tributions of PANI absorption in the region between 1700 and
1100 cm™ (Figure S2B, Supporting Information). The intensity
ratio Ip/I¢ for the D-band and G-band is widely used for char-
acterizing the defect quantity in graphitic materials. The Ip/Ig
ratio of pristine MWCNT, 1.30, is indicative of a highly defective
functionalized outer surface.! In relation to PANI/MWCNT,
as the PANI bands overlap with the nanotubes G and D bands,
caution must be taken on assessing the Ip/I values decrease to
1.15. Nonetheless, there is also a neat decrease in the D" band
intensity, which may imply that PANT on the MWCNT surface
improves the graphite degree of PANI/MWCNT composites.*]

Opposite to the Raman and XRD analysis, distinct shifts and
intensity changes of PANI bands are clearly discernible in the
FTIR spectrum of PANI/MWCNT, revealing that the electronic
behavior differed from the one of pristine PANI (Figure S3,
Supporting Information). The modifications, discussed in
detail in the Supporting Information, point to conformational
changes of PANI, from a coil-like structure to an extended one,
as a result of strong 77 conjugated interactions between the
quinoid rings and carbon nanotubes, and enhancement of all
the bands related with electron delocalization, suggesting that
carbon nanotubes may function as a chemical dopant for PANI
conductivity, thus enhancing the conductivity of the polymer
chains.!?”! Further, the FTIR spectrum confirms the functionali-
zation of the MWCNT with carboxyl and OH groups, predicted
by elemental analysis,*” allowing additional H- bond interac-
tions with the N-H groups of PANI. Briefly, as suggested by
Wu and Lin*! 77 interactions together with hydrogen bonding
take place between the amino groups of PANI and the carbox-
ylic groups of functionalized MWCNT, rather than electrostatic
interactions.
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Figure S4, Supporting Information, shows the UV-vis
spectra of PANI and PANI/MWCNT. Both PANIs exhibit
two bands at 470 and >800 nm in the visible region, due to
m-polaron and polaron-7* bands transitions, corroborating that
PANI deposited on the MWCNT surface is in the form of emer-
aldine salt.’l Nevertheless, the presence of MWCNTs in the
PANI/MWCNT composite increase the absorptivity at 405 nm
(DLP wavelength) with respect to pure PANI from approxi-
mately 5.2 to 8.4 1. g™! em™ (see Section S1.1, Supporting Infor-
mation). Hence, the maximum amount of PANI/MWCNT that
can be incorporated into the acrylic resin during the printing
process is expected to decrease with respect to previous studies
with PANT,P#%] due to its higher blocking effect of UV light
retarding the polymerization.[*®]

The thermal properties of PANI and PANI/MWCNT are
described in Section S1.3 and Table S1, Supporting Informa-
tion. As the MWCNT are stable over the whole investigated
temperature range, the thermal stability of PANI/MWCNT
is greatly increased with respect to pure PANI®! (Figure 4A).
The additional weight loss detected at 786 °C in the DTG ther-
mogram of PANI/MWCNT, has been ascribed to the decom-
position of a thin layer of PANI deposited directly on the
surface of the MWCNTsPY and more than 70 wt.% of PANI/
MWCNT mass remains as a residue, in contrast with the
44 wt.% of pristine PANI. Thus, better thermal stability sup-
ports the strong bonds between PANT and MWCNT described
by FTIR.[2538]

2.2. Characterization of Acrylic 3D Printed Composites
2.2.1. Prepolymerization Studies

Viscosity is a key parameter in a photocurable 3D printable
resin to ensure the adhesion of the photoresin to the printing
platform and the subsequent adhesion between layers.?3#! To
begin with, the effect of PANI/MWCNT filler on the steady
shear viscosity of the liquid resin as a function of shear rate vis-
cosity was studied at room temperature (Figure S5, Supporting
Information). In addition, the viscosity values at 1 s for all
tested formulations are summarized in Table 1.

The viscosity of the loaded polymer increased from 0.011
to 0.103 Pa s at 1 s! as the conductive loadings augmented
from 0 to 3 wt.%. The rise in viscosity with increasing filler
concentration is due to the higher interactions between the
dispersed PANI/MWCNT, which inhibit the normal flow
of polymeric chains.33 The viscosity values achieved for 2
and 3 wt.% PANI/MWCNT are comparable to the viscosity
obtained in previous studies for 3.5 wt.% PANI-HCI sus-
pended in the same acrylic formulation (0.078 Pa s at 1 s7}).
Under the circumstances, PANI/MWCNT conductive filler
slightly raises the viscosity of the photoresin and limits the
quantity that can be added to the formulation to 2 wt.%, to
achieve good printability and electrical conductivity. This
level is well below reported values which used PANI (up to
6 wt.%)[19204047] or graphene (5 wt.%),>! but it is enough to
obtain successful properties. However, regarding previous
studies using only MWCNTs, the amount of filler introduced
in 3D photopolymerizable resins was only 0.5 wt.% since it

© 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Table 1. Samples formulation, 3D printer exposure times, viscosity at 1 s7, induction period, maximum rate of polymerization (Rp) and ultimate
degree of double bond conversion (%DBC) at 9 m\W cm™2 obtained from kinetic of polymerization.

Sample Filler Exposure Bottom Viscosity Induction Max. rate of polymerization Ultimate DBC [%]
[wt.%] time [s] exposure [s] [Pas]1s™ period [s] (Rp) [mol L7 s7]

T7PCO 0 1 15 0.011 <8 62.0+0.6 98.0+0.2
T7PCO5 0.5 2 20 0.033 <13 244104 98.6 £0.7
T7PC1 1 2 20 0.036 <13 87+£15 97.9+0.8
T7PC125 1.25 4 30 - - - -

T7PC15 1.5 5 30 0.074 67+3 41+0.1 95.0+£0.7
T7PC175 175 15 45 - - - -

T7PC2 2 15 60 0.110 732 38+1.1 93.1+1.6
T7PC3 3 40 100 0.103 - - -

was limited by their viscosity values of 1252 and 37 Pa sP**!
at 1 s7. Commercial formulations (zABS and zDENTAL from
UNIZ TECHNOLOGY LLC) showed viscosity values at 1 s7*
of 0.4 and 0.8 Pa s, respectively; therefore, the corre-
sponding values of the in-house formulated resins are in the
same order of magnitude.

The effect of the amount of PANI on the photocuring rate
of the acrylate copolymer has been investigated by in situ
ATR-FTIR spectroscopy. The experiments were carried out
on dispersions of acrylic resin with 0, 0.5, 1, 1.5, and 2 wt.%.
PANI/MWCNT exposed to UV light. The degree of double
bond conversion (%DBC), calculated with Equation (2), was
plotted versus irradiation time (Figure 2). The maximum rate
of polymerization(Rp), determined with Equation (3), together
with the induction period and ultimate degree of double bond
conversion, are compiled in Table 1.

Minor variations in the induction period and no changes
in the ultimate degree of conversion are observed for PANI/
MWCNT contents <1 wt.%. Nevertheless, longer retardation in
polymerization initiation and slightly lower final conversions

T T T T
T7PC05
100 ~ T7PC1
et T7PC15
T7PC2” |
80
_ i
S J
O
m 1 -
O 40+
20 4 I
1
0 PANI/MWCNT (wt.%)
T T T T T T ' T
0 100 200 300 400

Time (s)

Figure 2. Conversion curves versus irradiation time for acrylic disper-
sions with 0.5, 1, 1.5, and 2 wt.% PANI/MWCNTs. The experimental data
(symbols) were fitted with Boltzmann sigmoidal equation (lines). (For
clarity purposes the conversion curve for neat acrylic resin is not shown
because it overlaps that of T7PCO5).
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are seen for higher filler contents. By contrast, there is a pro-
nounced exponential decrease in the rate of photopolymeriza-
tion as shown in Figure 2 inset (r> = 0.995) upon increasing
the PANI/MWCNT content from 0.5 wt.% onwards. This is a
very well-known phenomenon mainly due to the strong absorp-
tion of UV light by both the MWCNTs filler®¥ and PANI, which
strongly compete with the light adsorption of the photoiniti-
ator.®¥l The long induction period observed for PAN[/MWCNT
composites could also be due to the reported role of PANI as a
free radical scavenger.>’l

2.2.2. Morphological Properties of the 3D Printed Samples

The morphological differences between the 3D printed samples
of pure acrylate resin and the PAN[/MWCNT composites were
evaluated by SEM (Figure 3).

Horizontal lines corresponding to the individual layers
formed during the 3D printing process can be observed in
the cryo-fractured cross-section of the pure acrylate film
(Figure 3A). Upon increasing filler loading, the individual
layers can still be perceived together with an increase in the
features of crack-propagation and porosity. At filler contents
lower than 1 wt.%, small and dispersed filler clusters, well
embedded in the polymer matrix, can be observed (Figure 3B);
but above this content, together with this segregated and well-
dispersed network, larger filler aggregates randomly appear
protruding from cracks and pores (Figure 3C-E), revealing
segregation from the polymer matrix. This increase in the
aggregates’ size with filler content is due to the strong aggre-
gation between PANI/MWCNT or its individual components
related to 77 interactions, hydrogen bonding, dipole-dipole,
and London forces between the PANI chains and MWCNT,
whereas the lack of interaction between the matrix and the
filler has been confirmed by Raman and FTIR spectroscopy
(results not shown). These images are consistent with the
sharp increase in printing time to achieve adhesion to the
platform and the increase in the viscosity values observed
in the resin formulations upon 1% (Table 1, Figure S5, Sup-
porting Information). Briefly, this result reveals that the inter-
layer porosity of the samples may cause weak interfaces and
can affect the viability of the 3D print, as well as the overall
strength of the printed object.[>#:>4
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Figure 3. Representative SEM images of A) pure acrylic resin, B) T7PC05, C) T7PC1, D) T7PC15, and E) T7PC2 with magnitude amplification of 500x

for the main image and 10 000x for the insets.

2.2.3. Thermal, Mechanical, and Electrical Properties of 3D Printed
Samples

The thermal behavior of the acrylate composites was evaluated
by TGA. The results are displayed in Figure 4A and Table S1,
Supporting Information, and detailed in the Supporting Infor-
mation. In accordance with previous papers dealing with a
similar polymer matrix, the pure acrylic resin can be con-
sidered thermally stable up to 375 °C (Tyo) and leaves a very
small residue of 2.9 wt.% at 700 °C.[ Likewise, acrylic com-
posites display very similar degradation profiles with respect
to neat polymer with the exception of TPC3, which shows an
additional weight loss of 14.5 wt.% ascribed to the evapora-
tion of volatiles and PANI dopants, HCl o H,SO,. These are
expected results due to the addition of fillers that absorb UV
light, which at higher contents hinder the photopolymerization
reaction.>#4:35 From another point of view, some composites
show an additional step at temperatures 2700 °C in the DTG
thermograms (not shown), assigned to the decomposition of
a thin layer of PANI deposited directly on the surface of the
MWCNTsPY and the ash residues increase upon raising the
content of Pani/MWCNT.

To evaluate the practical application of the 3D printed com-
posites, mechanical uniaxial tensile tests till rupture were
performed according to ISO 527 with at least five dog-bone-
shaped specimens. From the stress—strain curves, depicted in
Figure 4B, the modulus, stress at break, and elongation at break
of the printed composites were calculated and presented in
Table S2, Supporting Information.

No significant differences are observed in the Young mod-
ulus of PANI/MWCNT composites compared to pristine acrylic
resin, within experimental error. By contrast, both the tensile
strength and the elongation at break decreased around 50%
for 1.5 and 2 wt.% PANI/MWCNT, reducing ductility. At any

Adv. Electron. Mater. 2022, 8, 2200590 2200590 (5 of 13)

rate, although a more brittle behavior is produced the samples
retained flexibility. Similar results were obtained in a previous
paper for PANI-HCI composites using the same acrylic matrix.
These results are attributed to the cracks and pores observed by
SEM, mainly located at the interface between layers, as is often
observed in tray polymerization, especially in heterogeneous
compounds with poor filler dispersion and lack of interaction
between the matrix and the filler¥l In line with these expla-
nations, Joo and Cho?% did not observe significant variations
in the stress-strain curves between DLP-3D printed samples
of the pristine polyurethane matrix (PU) and the PU/PANI
composites, in contrast to the reinforcing effects obtained
with PU-graphene sheet composites. They suggested that the
formation of PANI clusters retards the reinforcing effects on
the ultimate strength of the PANI composites.?”) Furthermore,
the addition of MWCNT contents between 0.3 and 0.6 wt.% to
acrylic or polyurethane acrylated resins lead to a 50% reduction
in Young modulus,”® which was explained by the decrease of
crosslinking density due to the negative influence of the filler
in the photopolymerization reaction®*l and agglomeration or
MWCNT clusters act as defects with respect to the mechanical
response.3]

Regarding the electrical properties, the PANI/MWCNT filler
has an average electrical conductivity of 15.0 + 1.8 S cm™!, which
duplicates the value of pristine PANI¥! and is in the range
of good semiconductors and analogous to PANI/MWCNT
composites synthesized by a similar procedure.’!! The elec-
trical conductivity value of the pure acrylic resin is lower than
1.0 X 107® S cm™, which is the limit of detection of the measure-
ment equipment. This value increases as the PAN[/MWCNT
content increases in the composites, as depicted in Figure 4C.
The electrical percolation threshold of the PANI/MWCNT
acrylic resin is graphically observed in the range of 0.5-2 wt.%
PANI/MWCNT content, with an electrical conductivity
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Figure 4. A) TGA curves of PANI, PANI/MWCNT, and the acrylic composites T7P0, T7PC15, T7P2, and T7PC3. B) Stress-strain behavior of acrylic com-
posites (representative curves). C) Electrical conductivity of acrylic composites as a function of PANI/MWCNT content (curve for guiding the eyes).
Inset: log-log plot of electrical conductivity versus p-p, and D) working curves of T7PC15 and T7PC2 composites exposed to 405 nm light (9 mW cm™2).

increment from the detection limit of the equipment
(1.00 + 0.01) x 1078 to (76 £ 0.3) x 10™* S cm™, respectively.
Further, within experimental error, the electrical conductivity
tended to a plateau above 2 wt.% (reaching the maximum
values) in accordance with the rheological results. Hence,
these values are in the range of semiconductors and suggest
the existence of a continuous network of PANI across the film.
The data are slightly higher than those obtained in photocur-
able acrylic resins for DLP 3D printing employing only carbon
nanotubes®*-3" or PANI2047] a5 conductive fillers. Until now,
there are no data on electrical conductivity in DLP 3D printed
composites using PANI/MWCNT filler.

The critical concentration of the conductive photoresin was
mathematically determined using the percolation theory, where
the electrical conductivity is given by the percolation threshold
(p)following Equation (4) (Section 4.2.2). Therefore, the critical
exponent related to the dimensionality of the system (t) can be
determined from the slope of the log (o) versus (p-p.) repre-
sentation.®! From the data fit, shown in the inset of Figure 4C,
the measured percolation threshold was close to p, = 1.12 vol%
(0.83 wt.%) and t is around 3.89. The percolation threshold
is lower than the value calculated for neat PANI in the same
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polymer matrix in a previous work (p, = 2.9 £ 0.6 vol%).1 Fur-
ther, typically, t = 1.6-2.0 and ¢ = 1.1-1.3 are found for 3D and 2D
conductive networks, respectively. The ¢ value of PANI/MWCNT
is actually higher than the theoretical prediction, which might
arise from the specific structure and properties.’® Specifically,
values of t above 3.75 suggest the existence of a strongly intercon-
nected network, directly assembled between the fillers.®!

The conductivity values achieved are higher than those
reported for printable photocurable resins using other fillers
such as nanoparticles of Ag (10°-10"" S cm™)B%%% or reduced
graphene oxide (rGO) (107 S cm™).°l By contrast, some
authors have reported higher conductivity® values in the order
of 1072-1073 S cm?, although using a much higher amount of
fillers such as 6% of rGO®} or 20% of PEDOT.> The use of
high amounts of filler is not desirable considering their cost
and the negative effect on the performance of the material.[®3]

2.3. Printable Composites for Force Sensor Devices

Taking into account the electrical results, PANI/MWCNTs/
acrylic composites above the electrical threshold could be
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considered excellent candidates for electromechanical sen-
sors under pressure stimulus.®® To prove this assertion, the
cure depth and the electromechanical properties of T7PC15
and T7PC2 were evaluated. Besides, a proof-of-concept was
developed using a 3D printed sample with an appropri-
ated electronic system to detect finger touch in a matrix of
5 X 5 sensors.

2.3.1. Jacobs Working Curves

This section characterizes the feasibility of the developed for-
mulations for 3D DLP printing technology. Jacobs working
curves, corresponding to T7PC15 and T7PC2, were created
(Figure 4D). The correlation coefficients (R?) of the logarithmic
regression lines were 0.996 and 0.972, respectively. As previ-
ously stated, the light intensity of the 3D printer was 9 mW cm™2
and layer thickness (z) was set at 25 um for all compositions.
The exposure time for each formulation was set based on some
preliminary tests and is shown in Table 1.

Based on Equation (5) (Section 4.2.3), the E., D,, and C4
parameters were calculated. E, is the starting point for the
transition from liquid to solid (m] cm™), D, is the penetration
depth (um) of the light source into the resin and Cy is the cured
depth (um). Regarding T7PC15, the E, D,, and Cy parameters
were 15 m] cm™2, 56 pum, and 68 pum for a light irradiation
dosage, E,, of 45m] cm™. In the case of T/PC2, the E, D,, and
C, parameters were 44 mJ cm™2, 73 um, and 82 um, calculated
for a layer exposure of 135 m] cm™2. E, values correspond to the
products of the light intensity of the printer 9 mW ¢cm™2 and
an exposure time per layer of 5 and 15 s for T7PC1 and T7PC2,
respectively.

As expected, increasing the amount of PANI/MWCNTSs,
greatly augmented the critical exposure (E) to induce polym-
erization with an increase of threefold E. with only 0.5% more
filler. These results are explained by its high UV absorption as
previously shown by UV spectrometry. The same effect has been
described for the addition of lignin, ! carbon nanotubes,?* and
neat PANLH0#4] Moreover, the value of E, obtained for T7PC2
(45 m] cm™?) is higher than the values reported for commercial
non-conductive resins by Bennet et al.l®l (<13 m] cm™2), which
is explained by the presence of a large amount of filler. How-
ever, the E, value (15 m] cm™2) for the T7PC15 sample is similar
to commercial non-conductive resin values, which proves that
this formulation, with semiconducting properties, could be
easily used for the elaboration of complex 3D printed structures.
Compared to previous formulations developed with 3.5% PANI-
HCI* in a similar acrylate resin (E, = 45 m] cm™ 107 S cm™!
conductivity), the use of PANI/MWCNTs facilitates printability
by diminishing or maintaining E. while improving the level of
conductivity (107* S cm™).

The D, values (56 and 73 pm for TPC15 and T7PC2, respec-
tively) lie within the low range of commercial resins without
conductive fillers tested by Bennet et al. (53-568 um).l®l Low
D, values have the advantage to allow accurate control of the
polymerization process and minimal over-cure, although the
disadvantage of higher building times.[*’]

In DLP 3D printing, to obtain good adhesion between layers
it is necessary that Cy > z, since the stiffness of a polymer below
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the gel point is not enough to endure the printing process.* %%l

Following this criterion, both formulations, T7PC15 and T7PC2
(Cq = 68-73 um; z = 25 um), are good candidates for satisfac-
tory 3D printability of semiconductive objects.

2.3.2. Electromechanical Properties

Electromechanical compression tests (Figure 5) were performed
for T7PC15 and T7PC2 in order to evaluate their sensitivity and
linearity. The electromechanical response was calculated under
10 compressive loading-unloading cycles at a high range of
loads between 1 to 300 N (equivalent to the pressure range from
2 kPa to 0.57 MPa).

Figure 5A,B shows the relative variation of resistance
during 10 loading-unloading cycles for pressure changes up
to 0.02 MPa at a strain rate of 1 and 5 mm min~' for PANI/
MWCNT composites with 1.5 and 2 wt.%, respectively. Electro-
mechanical tests show the linearity between electrical resist-
ance variation and applied pressure for both amounts of filler
with a small hysteresis effect. Similar electromechanical line-
arity and cycling performance have been reported in compos-
ites with PANIB® and MWCNTs.64

The experimental loading-unloading cycles as a function of
applied force for T7PC2 formulations (similar performance
for T7PC15) have been depicted in Figure 5C. The electrome-
chanical performance for both composites as a function of the
applied pressure is shown in Figure 5D, showing the pressure
sensibility, PS, for several forces. Both composites present good
linearity during the compression cycles and PS exponentially
decreases with increasing applied pressure. T/PC15 composite,
which lies just above the electrical threshold, shows a piezore-
sistive response near 3 MPa! for low pressures, which gradu-
ally decreases with applied pressure, owing to variations of
filler-filler distance caused by compression of the filler network
leading to its permanent deformation. This behavior has also
been observed in CNT-based composites under compression
electromechanical tests.”*Y On the other hand, the T/PC2 com-
posite, which has a higher electrical conductivity than T7PC15,
also displays higher piezoresistive sensitivity throughout
the tested pressure range; notwithstanding, the differences
between both compositions are greater for the low-pressure
range. T7PC2 achieves the maximum value of PS, 15 MPa’},
when the applied force is 10 N, being 5 times higher than the
PS value of T7PC15.

As expected, these values are lower than the sensitivities of
previously reported sensors based on porous materials coated
with PANIP®70 or multilayer fibrous structures coated with
PANI-nanospines;® notwithstanding, they are comparable
to bulk piezoresistive pressure sensors filled with CNT./6471]
These results demonstrate that additive manufacturing pro-
cesses can be employed to design 3D printed materials for
sensor applications. Even though the sensitivity is lower com-
pared to foams, the sensitivity and linearity are compatible with
a wide range of applications.

Further, the cycling stability of the T7PC2 sample is dem-
onstrated by the small relative resistance changes for 400
loading-unloading cycles at 0.02 MPa of pressure, proving
excellent durability and reliability (Figure 5E). The minimum
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Figure 5. Electromechanical response of A) pressure and relative resistance variation as a function of time (up to 10 N or 0.02 MPa) for T7PC15
and B) T7PC2 composites. C) Time-dependent resistance changes of T7PC2 under different repetitive forces (1 to 300 N). D) Pressure sensibility
up to 300 N (=0.6 MPa) for T7PC15 and T7PC2 composites. E) Stability of T7PC2, potential piezoresistive pressure sensor, during 400 loading—
unloading cycles at a force variation up to 10 N (0.02 MPa). Insets display the enlarged relative resistance changes, over 20 cycles, within 100-150
and 750-80 s, respectively.

and maximum electrical resistance remains similar throughout  2.3.3. Proof-of-Concept: Touch Sensing Device

the cycles; hence, it is concluded that the mechanical stability of

these composites is excellent and, therefore, they can be used = The 3D printed composites based on the T/PC2 sample were
as potential sensor materials. used to fabricate a resistive matrix with 5 x 5 sensors for force
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Figure 6. Diagram of the A) fabrication process with a 50 x 50 mm square pattern and B) electronic schematic of the connection of the resistive matrix
with the microcontroller. Force detection with C) one finger and D) two fingers, with respective sensitivities of the system to the finger touch (E).

sensing. Commercial conductive silver nanoparticle ink (Met-
alon HPS-021LV from Novacentrix) was screen-printed on
two commercial PET sheets with 100 um of thickness from
Dupont Teijin company (Figure 6A). The square pattern with
dimensions of 50 x 50 mm (with circles of 5 mm), was screen
printed to create an interdigitate system in volume, placing the
sample between the conductive interdigitates. The developed
3D printed resistive film based on T7PC2 was placed and glued
between the two PET sheets, controlling the air gap between the
electrodes and the resistive film. The force sensors were con-
nected to a microcontroller, Teensy -LC from PJRC, where the
electrodes were connected to an internal voltage divider com-
posed of the internal pull-up resistors in the analog-to-digital
(ADC) pins. The firmware reads the resistance value between
the column and the line of the matrix with the 12-bit ADC for
all the 25 sensors (Figure 6B). The data is gathered and sent
via serial port to a laptop. A graphic user interface (GUI) was
developed to display and acquire the variation in resistance
when a tactile force is applied. Figure 6C,D shows the varia-
tion in resistance when touching with one finger or two-finger
simultaneously. In the chart, the variation of the color gradient
from blue to red dictates the percentage of force that is being
applied (low to high force, respectively).

In short, the proof-of-concept perfectly works when force is
applied, and the signal can be observed and processed by the
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electronic system (Figure 6E), as can be appreciated in a Sup-
porting Information video. Using this system, the printed com-
posites can be used as sensors for detecting the tactile force
exerted over the material.

3. Conclusion

Conductive acrylic composite resins filled with up to 3 wt.%
PANI/MWCNTs have been prepared and printed by DLP to
assess the influence of the filler content on the microstructure
and physicochemical properties and, hence, their performance
for pressure sensor applications. The viscosities of PANI/
MWCNT filled acrylic composites are in the range of com-
mercial resins, enabling adequate 3D printed settings in terms
of D, and E. values. A maximum amount of PANI/MWCNTs
around 2 wt.% can be successfully and reproducibly embedded
in the photocurable resin, with important benefits in relation
to single component composites. Compared with neat PANI,
the use of PANI/MWCNTs facilitates DLP printing of conduc-
tive acrylate resins with lower filler content, as it increases their
electrical conductivities by several orders of magnitude and
lowers the electrical percolation threshold from 2.90 to 1.12 vol
% (0.83 wt.%). Most importantly, from the point of view of envi-
ronmental friendliness and occupational health, it avoids the
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toxicity of handling the inhalable dust raised during the han-
dling of MWCNTSs. Further, although the ductility of the PANI/
MWCNT composites is reduced with respect to the pristine
polymer, they still maintain suitable flexibility for compression
sensor devices.

The piezoresistive response demonstrates good reproduci-
bility during cyclic loading without hysteresis with high piezore-
sistive sensitivities of =2-3 and =13-15 MPa™! at pressure values
between 1 and 10 N (0.002-0.02 MPa) for PANI/MWCNT filler
contents of 1.5 and 2 wt.%, respectively. Further, the sensitivity
of the latter is still as high as =7-3 MPa™! in the medium pres-
sure range (10 to 100 N or 0.02-0.2 MPa) with excellent repeat-
ability over compression cycling solicitation, which proves that
this formulation is suitable for sensing applications. Overall,
the results confirm that composites based on PANI/MWCNT
exhibit excellent piezoresistive responses, demonstrated by
the implementation and testing of a force sensor, capable of
detecting single and multiple tactile events in real-time.

4. Experimental Section

Materials and Samples Preparation: Aniline (ANI, 99.5%) and
ammonium persulfate (APS, 99%) were obtained from Sigma-
Aldrich (St. Louis, MO, USA) and Acros (Geel, Belgium) respectively.
Hydrochloric acid (HCl, 37%) and methanol (MeOH) were purchased
from Scharlau (Sentmenat, Spain). MWCNT was provided by Nanocyl
(reference NC7000, purity of 90%, 1.5 mm length, and an outer mean
diameter of 9.5 nm). Water was purified with an Elix 3 system (Millipore,
Molsheim, France). Ethylene glycol phenyl ether acrylate (EGPEA,
molecular weight = 192.21 g mol™); crosslinker 1,6-hexanediol diacrylate
(HDODA, molecular weight = 226.27 g mol™), and the photoinitiator,
diphenyl (2,4,6- trimethylbenzoyl) phosphine oxide (TPO, molecular
weight = 348.37 g mol™") were purchased from Sigma-Aldrich (St. Louis,
MO, USA). 2-Propanol obtained from Scharlau (Sentmenat, Spain) was
employed to clean the samples after 3D printing.

Preparation of PANI/MWCNT Filler. MWCNT were coated with
PANI in situ adapting the method described by Konyushenko et al.?!
and Stejskal et al.”? for the oxidative polymerization of aniline. Aniline
hydrochloride (5 g) was dissolved in 100 mL ethanol. 4 g of MWCNT
were added to the monomer solution in the reactor and stirred for
60 min. The oxidant ammonium peroxydisulfate (APS, 11,4 g) was dissolved
in 100 mL water and added dropwise to the monomer/MWCNT mixture
to initiate the reaction. The polymerization reaction was carried out
under mechanic stirring (150 rpm) with a refrigeration system (<6 °C)
for 24 h. The resulting product was filtered under vacuum and washed
with three 100 mL portions of 0.2 m HCl and 100 mL of acetone. PANI/
MWCNT was obtained as a very dark green powder after drying for
24 h at 60 °C in a vacuum oven. The yield recovered was 8.8 g. For
comparison, neat PANI has been prepared as above but in the absence
of MWCNT.

Preparation and  Printing of Acrylic Composites: Samples were
formulated taking as reference previous studies.l*o#l A fixed quantity of
the HDODA crosslinker (15 wt.%) and the TPO photoinitiator (7 wt.%)
were mixed with the EGPEA, as monomer. Different amounts of PANI/
MWCNT were added. Composite formulations are denoted by T7PCX
where 7 indicates the amount of TPO and X is the PANI/MWCNT
concentration by weight (Table 1).

The components were placed into vials and sonicated for 45 min
using a Digital Sonifier at 10% of intensity (Branson 450) to promote
homogeneous dispersion. Just before their use, samples were further
mechanically stirred in a Vortex mixer for 2 min at 1000 rpm (VELP
Scientific). The formulations were printed with a 3D printer (Elegoo mars
PRO). The printer settings were adjusted based on the printer’s technical
requirements and the kinetics of polymerization of the formulations
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tested. The light intensity of the 3D printer was 9 mW cm™ and the
exposure time per layer was adjusted for each formulation (Table 1).
Bottom exposure, corresponding to the first 5 layers, was always
subjected to a longer exposure time, to ensure that the sample adheres
to the metal platform. The layer thickness (z) was set at 0.025 mm.
It was noteworthy the printing difficulties of the T7PC3 formulation,
due to its long curing times and adhesion problems to the printing
platform. After multiple printing attempts, it was only possible to print
three circles of 25 mm diameter to measure the electrical percolation
threshold and thermal properties.

After printing, the samples were soaked in isopropanol for 10 min
in order to remove the non-cured resin. A post-curing process was
performed with a post-curing lamp (Form Cure, Formlabs) for 10 min at
35 °C. Flexible circular films of 25 mm diameter and dog-bone-shaped
specimens according to ISO 527 were prepared to carry out the different
tests.

Characterization of PANI/MWCNT Filler: The morphology of PANI/
MWCNT powder and its individual constituents was evaluated by
Transmission Electron Microscopy (TEM) (JEOL JEM 1010 (80 KeV),
after applying 10 mL of the aqueous powder dispersions to a copper
grid) and by Scanning Electron Microscopy (SEM) (JEOL JSM-7200F
Field Emission Scanning Electron Microscope at an accelerating voltage
of 10 kV).

The elemental analysis of C, H, N, and S was conducted in triplicate
using ThermoFinnigan FlashEA1112 elemental analyzer (Conquer
Scientific, Poway, CA, USA). The %PANI in the PANI/MWCNT
composites was determined by Equation (1):

exp %N in PANI/MWCNT

O, —
exp % PANI = exp %N in pure PANI

-100 0

X-ray patterns were recorded in step-scan mode from 2° to 50°
with a 26 step of 0.05° using a D5000 diffractometer (XRD, Siemens-
Bruker) with CuKe line irradiation (A = 1.541 x 10-10 m). 40-point
smoothing protocol using a Savitzky—Golay filter has been applied to the
diffractograms (Origin 8.0 graphical software).

Raman spectroscopy analyses were carried out by Confocal Raman
microspectroscopy, using a Thermo Scientific DXR3 spectrometer
with a CCD camera, coupled to an Olympus confocal microscope.
Raman spectra were acquired in the 3400-100 cm™' region. The Raman
scattering was excited using a diode laser at a wavelength of 532 nm. All
spectra were collected by coadding 64 scans, with an acquisition time of
10 s. The laser beam was focused on the samples with a 10x microscope
objective.

The Fourier Transformed Infrared (FTIR) spectra were recorded
on a Jasco 4700 spectrometer equipment. Three absorption spectra
were performed for each sample in Potassium Bromide (KBr) pellet
with a 4 cm™ resolution over 64 scans from 4000 to 400 cm™' and the
corresponding average spectra were examined.

The UV-vis spectra of 5 different suspensions (spanning from 30 to
200 ppm) of PANI and PANI/MWCNT in glycerin were recorded on a
Jasco V-750 double-beam UV-vis spectrophotometer between 200 and
800 nm with a sampling interval of 1 nm and 25 accumulations.

Thermogravimetric Analyses (TGA) were performed using a TGA
4000-Perkin—Elmer set-up under nitrogen atmosphere supplied at a
constant flow rate of 50 mL min~". The sample holders were ceramic
crucibles with a capacity of 60 pL. The samples were subjected to a
heating rate of 10.0 + 0.1 °C min~" in the temperature range between 50
to 700 °C.

Characterization of Acrylic 3D Printed Composites: The viscosity of the
acrylic composites formulations was measured at room temperature
using a controlled strain rheometer (ARES, TA Instruments) with
parallel-plate geometry (25 mm diameter, 1 mm gap). The steady shear
viscosity (17) was measured in a range of shear rates between 0.3 and
100 s7.

The kinetics of the UV-initiated radical polymerization of the acrylic
composites with 0.5, 1,1.5, and 2 wt.% PANI/MWCNT were studied
in situ by FTIR in the Attenuated Reflectance Mode (ATR) by using
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an MK Il Golden Gate Diamond 45° ATR accessory on the Jasco 4700
spectrometer. A droplet of each sample dispersion was applied on the
center hole of a silicon wafer of 0.3 mm thick surrounding the ATR
crystal of the FTIR spectrometer. Glass cover slips of 10x10 mm were
placed on top of the liquid droplets after their application on the ATR
crystal with the aim of controlling the thickness of the cured films and,
simultaneously, reducing the diffusion of atmospheric oxygen into
the resin.*®l The analyses were performed at least twice with a 4 cm™
resolution between 1800 and 550 cm™' over 5 scans (6 s). For each
sample, a background measurement was run before its FTIR analysis.
After collecting the first spectrum (time = 0) a Visicure 405 nm spot
lamp, with an 8 mm diameter focus lens connected to a LED Spot-
Curing System (BlueWave, Dymax Corp., Torrington, CT, USA), was
turned on from the top side of the sample and repeated spectra were
collected at 1 and 5 s intervals during 625 s to ensure high degrees of
conversion, for the neat acrylic resin and the composites, respectively.
The UV intensity was adjusted to reach a final intensity of 9 mW cm™2
over the sample, measured with a LED radiometer (Dymax ACCU-CAL
50-LED PN40519, Dymax Corp., Torrington, CT, USA). The spectra were
subjected to baseline and ATR correction and analyzed using the Bruker
OPUS software version 5.5 (Bruker Espafiola S.A, Madrid, Spain). The
degree of double bond conversion (DBC%) was calculated from the
decrease in the area of the absorbance band located at 810 cm™ (=CH
stretching vibration of the acrylate group), normalized to the carbonyl
ester stretching band (Vc=o) of the acrylic polymer at 1728 cm™, as
internal reference, according to Equation (2):1*?]

(As1o/A17zz)t:0 —(A810/A1728)t
(A810/A1728)t:0

DBC% = %100% )

The subscript t =0 indicates the peak areas of the liquid dispersion
before UV irradiation, while the subscript t indicates the peak areas at
time t of irradiation.

The conversion curves of DBC% versus time (s) were reasonably
fitted with the Boltzman sigmoidal model.’4 Three regions can
be distinguished in the graphs: the induction period after starting
irradiation, the propagation region, and the equilibrium region
or ultimate degree of conversion (DBC%). The maximum rate of
polymerization (Rp) has been calculated by Equation (3) using the slope
of the conversion versus time curves in the propagation region, for the
conversion interval between 25-55%.

(As10),, (As10),,

Re =[Mol— = ®)

Where My is the initial concentration of acrylate double bonds (which
is 5.63 mol L™ taking into account that HDODA is a bifunctional acrylate
monomer and EGPEA is monofunctional), (Agig)aand (Agp)s, are the
areas of the band centered at 810 cm™ at the irradiation times t; and t,,
corresponding to 25 and 55% conversion, respectively.

The morphology of the printed composites was evaluated by SEM.
Specimens were broken under cryogenic conditions and examined
using a JEOL JSM-7200F Field Emission Scanning Electron Microscope
at an accelerating voltage of 10 kV. Prior to observation, the samples
were sputter-coated with a thin palladium/platinum layer (Cressintong
208HR).

TGA of the acrylic films was performed as described in the previous
section. Tensile stress—strain mechanical properties were characterized
using an Instron 5569 universal testing machine (Instron Canton, MA)
operating at room temperature and at a cross-head speed of 5 mm min™
until failure. At least five dog-bone-shaped specimens were tested to
evaluate the tensile properties according to ISO 527.

The room temperature electrical conductivity (o) was calculated from
the electrical resistance data by the four-probe method (LORESTA-GP,
Mitsubishi Chemical, MCP-T610). The electrical conductivities (o)
reported for each sample are the mean values of at least 12 readings
determined on three different samples. The minimum filler content that
increases the electrical conductivity of the material in several orders of
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magnitude, from insulating material to semiconductor or conductive
material, was calculated on the basis of the electrical percolation
threshold theory according to Equation (4):

o =00(p-pc)* “)

where ¢ and o, are the electrical conductivity of the composite and
the effective conductivity of the PANI/MWCNT within the matrix,
respectively; p is the concentration of the conductive filler inside the
resin; t is a critical exponent that depends on the dimensions of the
system, and p, is the electric percolation threshold.¢l

Printable Composites for Force Sensor Devices: To elaborate the Jacobs
working curves, the liquid formulations were cured over the screen of the
printer 3D in circular films of 18 mm in diameter varying the exposure
times. Every sample was performed in duplicate. After polymerization,
the uncured material was clean up with 2-Propanol. The thicknesses
of the samples were measured with a DUALSCOPE MPOR measuring
instrument (Fisher) and plotted as a function of Exposure (E,,) (m)
cm~2). According to Equation (5), the Jacobs working curve provided
information about the penetration depth of the curing light and the
energy required for polymerization.”]

Cd =Dp.|n(EEL:*) (5)

where Cy is the cured depth (um), D, is the penetration depth (um) of
the light source into the resin, E,,, is the light irradiation dosage on the
surface (m) cm™), and E. is the starting point for the transition from
liquid to solid (m) cm™2).

Electromechanical tests were performed under cyclic compression on
printed acrylic composites in a wide range of forces, 1, 3, 5, 10, 30, 50,
100, and 300 N, corresponding to 2, 6, 10, 19, 57, 96, 191, and 574 kPa,
respectively, considering the contact area of the compression tests. The
piezoresistive tests were performed in duplicate in a Shimadzu AG-IS
universal testing machine with a load cell of 500 N at speeds between
0.5 to 5 mm min~, for 10 cycles. Force and displacement were recorded
with a 500 ms time span. The acquisition of the electrical resistance
of the compression pieces was performed with an Agilent 344401A
multimeter. The electro-mechanical test results under compression were
used to evaluate the pressure sensitivity (PS), according to Equation (6):

_AR/Ro
PS==3 ©)

where Ry is the initial resistance in the unloaded state, AR represents
the electrical resistance variation, and P is the applied pressure on the
sample.
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