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Additive manufacturing has enabled the design of thermoplastic components that provide structural support, electrical
conductivity and heat generation modulated by mechanical deformation. The mechanisms and interplays that govern the material
response at the microstructural level remain, however, elusive. Here, we develop an experimental method to characterise
conductive filaments from a combined mechanical, electrical and thermal perspective. This approach is used to unravel exciting
material interplays of conductive polylactic acid. To overcome experimental limitations that prevent a complete microstructural
analysis of the problem, we develop a full-field homogenisation framework and implement it for finite elements. The framework
accounts for viscoplasticity, electrical and thermal conduction, convection and heat generation via Joule effect, as well as for the
interdependences between them. After experimental validation, the framework is applied to virtually optimise fabrication
requirements to obtain desired properties in final products, i.e., stiffer products, filaments with higher conductivities or with better

sensing capabilities.
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INTRODUCTION

Due to their deformation-sensitive properties, conductive poly-
meric composites have great potential in sensors for soft-
robotics'?, flexible electronics®* or electromagnetic interference
shielding®. The addition of conductive particles, such as metallic
powders®~° or carbon-based particles (e.g., carbon nanotubes'®-'3,
graphene'"7, Carbon Black'®'® or carbon nanofibers®), to
polymeric matrices alters their natural insulating properties,
allowing the flow of electric current. As a result, these materials
experience temperature changes due to the Joule effect, which
enables them to be used as local heat generators?'. These filled
conductive polymers can be formulated in various forms,
depending on the polymeric matrix used (i.e, thermoplas-
tic'%22-25 elastomer®>?’, or hydrogel’®3") as well as the con-
ductive filler employed. Elastomeric and hydrogel matrices are
great candidates for low stiffness applications such as soft-
robots32734, flexible electronics®'>3¢ or biomedical devices?*3"38,
whereas photocurable polymers and thermoplastics better fulfil
the requirement for higher stiffness applications. The behaviour of
conductive thermoplastics is extremely complex due to the
numerous intrinsic multifunctional couplings such as thermal,
electrical and mechanical interdependencies. This complexity is
further compounded when filament extrusion (FFF) is employed in
the manufacturing process, due to filament bonding and the
resulting anisotropic porosity®>®4°, From the material perspective,
one of the main limitations of thermoplastics is the significant
dependence of their mechanical properties on temperature?'#,
which is a critical concern since the flow of electric current
through the composite generates in turn heat within the solid.
Thus, the addition of conductive particles to a thermoplastic not
only changes the mechanical behaviour of the solid due to
particle-matrix interactions but also due to electro-thermal
effects’®212, Additionally, mechanical deformation of the com-
posite alters the distribution of the particles, resulting in changes

in the electrical behaviour due to modifications in the conductive
pathways'>°,

The printing parameters used during the FFF process strongly
influence the mesostructural features of the printed component,
which, in turn, affect the overall material behaviour?'*2, However,
it is still unclear whether these changes in material response are
uniquely explained by the final mesostructure of the printed
component, or if there are also changes at the material level (i.e.,
deposited filament). The thermo-electro-mechanical response of a
conductive device at the macroscopic level is dependent on the
geometry and boundary conditions, including zones that exhibit
stress or current concentrations, or zones with high/low exposure
to convection?®. At the mesoscopic level, micro-voids are created
during the FFF process due to the imperfect adhesion between
extruded filaments, which have a preferred direction defined by
the printing orientation. Thus, the material response at this level is
determined by the relation between loading direction (both
thermal, electrical and mechanical) and printing orientation?'.
From a microscopic viewpoint, the material behaviour is governed
by the nature and distribution of the composite phases (e.g.,
polymeric matrix and conductive particles) as well as the
formation and distribution of micro-voids”'>'¢, Therefore, to
understand the response of 3D printed conductive devices, the
thermo-electro-mechanical response of these composites must be
studied at a microscopic level. To this end, the analysis of the
conductive thermoplastic filament would isolate the material
behaviour by discarding structural effects.

The experimental study of conductive FFF filaments has been
addressed numerously, tackling its response from different points
of view. For instance, several research works manufactured PLA
composites with the addition of carbon-based nanoparticles,
performing electrochemical analysis**~*°. Conductivity analysis
was carried out for filaments with a variety of polymeric matrices
and conductive fillers, mostly applying a percolation
approach®'31645  Additionally, composites’ conductivities or
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Material Characterization
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Fig. 1 Experimental comparison of the mechano-electrical and electro-thermal behaviour of spool-filaments (virgin) and extruded-
filaments. A Scheme of sample preparation. The virgin samples were directly cut from the commercial spool (diameter of 1.75 mm). Extruded
samples were cut after filament extrusion using a nozzle diameter of 0.4 mm. B Uniaxial tensile testing of virgin and extruded samples at strain
rate of 0.00125 s~'. During these tests, the electrical resistivity of the samples is measured over time. C Evaluation of Joule heating on virgin
and extruded samples exposed to a constant DC field of 10 V for virgin samples and 44 V for extruded samples, to ensure equivalent Joule
heating. Both temperature and resistivity were measured during the experiment. The variation of resistivity is plotted against temperature.
Three samples were used for each test condition. The shaded areas represent the experimental deviation, while the solid/dashed lines

represent the mean response.

thermal dilatation coefficients were analysed from a thermal point
of view'>16224847 " and the tensile strength of conductive
composites in filament form was also studied in'>'. Most
research efforts have focused on the thermo-electro-mechanical
response of printed samples, which adds strong structural effects
due to the additive manufacturing (AM) process''*8, Nevertheless,
to the best of the authors’ knowledge, there is no work addressing
the thermal, electrical and mechanical responses of conductive
filaments in a coupled fashion, taking into account the different
interplays that occur between those physics.

In this work, we aim at addressing the current literature gap
regarding three main areas: (i) the analysis of single-filament
conductive materials; (ii) the study of the fully coupled thermo-
electro-mechanical response of conductive 3D printed polymers;
and (iii) the computational modelling of the thermo-electro-
mechanical behaviour of these materials based on their
microstructure. To this end, we conducted a multi-physics
experimental campaign on conductive filaments using a
commercial filament spool based on a PLA matrix filled with
Carbon Black conductive particles. The experiments tackled the
multi-physical problem in two ways: (i) by studying the
interdependencies between physics by pairs, isolating the
one-to-one interplays; and (ii) by analysing the fully coupled
response of the material through a test where thermal, electrical,
and mechanical loadings were considered simultaneously,
excluding (macro- and meso-) structural effects. Although these
results provided valuable insights into the thermo-electro-
mechanical response of conductive thermoplastics, it was
insufficient to provide a complete understanding of the under-
lying microstructural mechanisms. To overcome this limitation,
we proposed a full-field homogenisation framework that
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considers all the interplays observed in conductive thermo-
plastics. The computational framework presented here captures
the macroscopic response observed in the experiments by
considering periodic Representative Volume Elements (RVE) of
the microstructure. The complete framework was finally proved
as a valuable tool to guide the design of material composition
depending on the final application.

RESULTS

Extrusion maintains multifunctional conductive response

To explore the potential effects of the filament extrusion process
on its properties, we provide a characterisation analysis consisting
of (i) mechano-electrical and (ii) electro-thermal tests, for both
virgin and printed filaments. Note that we refer to coupling tests
following the nomenclature input physic-output physic. The former
evaluate stress and electrical resistivity changes when the
filament is subjected to stretching. The latter evaluate tempera-
ture evolution within the sample when exposed to a constant
electric potential over time, accounting for the change in
temperature due to Joule heating, which also affects the electrical
resistivity of the material. These results are presented in Fig. 1,
facilitating the multifunctional comparison between virgin and
printed filaments. The mechano-electrical results showed no
significant changes in the mechanical response of the material at
room temperature, with similar maximum stress (=30 MPa) and
Young’s modulus (1.7-2.3 GPa) (Fig. 1B). However, the printed
filaments showed a higher sensitivity in terms of electrical
resistivity variation under stretching conditions. Note that the
printed samples were extruded through a slim nozzle (0.4 mm),
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Fig. 2 Multifunctional characterisation of conductive PLA at filament level and multiphysics experimental framework. A Electro-thermal
characterisation analysing Joule heating for three different electrical fields: 250 V m~'; 375 V. m~'; and 500 V m~". Both temperature and
electrical resistivity are represented versus time. B Thermo-mechanical characterisation under uniaxial tensile testing and controlled
temperature conditions. Five different temperatures were considered: 25, 35, 45, 55 and 65°C. € Mechano-electrical characterisation
measuring the electrical resistivity of the material during uniaxial tensile conditions. D Fully coupled multi-physics testing. The complete
experimental framework was used to control the temporal evolution of the mechanical (displacement control) and electrical fields. As
outcomes, mechanical stress, sample temperature and electrical resistivity were measured over time. Two representative infrared images of
the experiment are presented: at the beginning of the mechanical loading; and at mechanical failure. The shaded areas of the different graphs
represent the experimental deviation. Three samples were used for each testing condition.

resulting in smaller diameters and higher variability over length.
Nevertheless, both tendencies and magnitudes remain similar
between virgin and extruded samples, allowing the extrapolation
of their mechano-electrical behaviour. Regarding the electro-
thermal results (Fig. 1C), they showed negligible differences in the

relation between electrical resistivity and temperature, with a
mean temperature coefficient of resistivity of 0.01°C~". These
results indicate that the extrusion process did not significantly
affect the mechanical, electrical and thermal properties of the
filament.
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Filament-scale couplings for conductive 3D thermoplastics

The comprehensive characterisation of conductive composites
faces important challenges to isolate mechanical, thermal and
electrical responses. As shown in the results collected in Fig. 1,
these responses are interdependent, creating a complex feedback
loop. Therefore, the advance in the field requires new methodol-
ogies to allow a complete multi-physical analysis. Ideally, such an
experimental framework would allow for controlling mechanical
(displacement field), thermal (temperature) and electrical (electric
potential) variables while enabling the measurement of the three
problem outcomes (mechanical stresses, temperature fields and
electrical resistivity). Here, we present an advanced testing
framework that integrates a uniaxial testing device, a thermal
chamber equipped with thermocouples, a thermal IR camera, and
an electrical circuit to impose controlled DC fields on the sample
(see Supplementary Methods for more details). In addition, the
whole setup is adapted to the analysis of single-filament samples,
allowing the characterisation at the material level, and preventing
structural effects from the analysis due to the printing process.

For the sake of isolating the coupling that appears between the
three physics of the problem, we conducted several two-physics
multifunctional analyses on single-filament samples, i.e., electro-
thermal, thermo-mechanical and electro-mechanical tests. The
electro-thermal experiments were performed by imposing differ-
ent DC fields (250, 375 and 500 V m~') on the samples and
measuring the evolution of temperature over time due to Joule
heating. Note that this increase in temperature causes a change in
the electrical resistivity, leading to a bidirectional coupling
between the electrical and thermal contributions. Overall,
temperature and resistivity stabilise when the equilibrium
between convection and Joule heating contributions is reached.
These results are collected in Fig. 2A and show higher stabilisation
temperatures and resistivities for higher DC fields, which is
consistent with previous results at the structural level?'. Regarding
thermo-mechanical coupling, thermoplastic composites exhibit a
clear dependence of their mechanical behaviour on temperature.
We conducted uniaxial tensile experiments on filament samples
exposed to five testing temperatures ranging from room
temperature (25 °C) to 65 °C, exceeding glass transition tempera-
ture but still below the melting point. The results are presented in
Fig. 2B and show a reduction in stiffness and maximum stress with
temperature. Nevertheless, an increase in temperature also
enhances the composite ductility from a brittle response in the
range of 25 to 35°C, to a ductile response above 45°C. After
surpassing the glass transition temperature, the material under-
goes a completely plastic behaviour, exhibiting negligible stiffness
compared with the remaining temperatures tested. Finally, we
assessed the interdependence between mechanical and electrical
behaviour. In this regard, the electric current flow is determined
by the nature and spatial arrangement of the conductive particles
within the composite. Therefore, under stretching conditions,
these particles experience relative displacements that result in
electrical resistivity alterations. This coupling is analysed by
integrating an electrical circuit to the sample tested within the
universal testing device. These results are presented in Fig. 2C,
showing a marked change in resistivity due to uniaxial stretching
following a linear trend, with a mean gauge factor of 5.5.

After the analysis of multifunctional couplings by pairs, we
evaluated the capability of the proposed experimental testing
framework to conduct fully coupled experiments in which
temporal variations in mechanical, thermal, and electrical bound-
ary conditions (BCs) are modulated, see Fig. 2D. Filament samples
were placed in the universal testing machine under fixed null
displacements while imposing a constant electric field of 375 V
m~". After 2.5 min under these BCs, a stretching ramp was applied
while keeping the electric field constant. Throughout the
experiment, the temperature, electrical resistivity and mechanical
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stress were measured. The results showed an increase in
temperature due to the Joule effect arising from the electrical
BCs, which stabilised in 1 min. This increase also impacted the
electrical resistivity, which increased until reaching a stabilised
value. When stretching was applied, a marked increase in electrical
resistivity was appreciated due to material deformation and the
subsequent relative displacements between conductive particles
at the microstructural level. In addition, although the experiment
is performed at room temperature, the mechanical response of
the filament showed a ductile response due to the temperature
increase in the first stage of the experiment. Interestingly, a slight
decrease in sample temperature was observed after stretching.
This can be explained by the increase in electrical resistivity due to
material deformation and the subsequent impact in Joule heating
(see Supplementary Fig. 2 for a more detailed representation).
These results reveal how couplings that, individually, are
inherently unidirectional, e.g.,, mechano-electrical coupling, can
act as bidirectional when considering the remaining variables.

Microstructural model explains conductive thermoplastics’
behaviour

The previous experimental results have revealed the complex and
interdependent multifunctional responses in conductive PLA. To
gain a deeper understanding of these results from a micro-
structural perspective, complementary methods are required.
Such an approach is crucial in uncovering the mechanisms that
govern these multifunctional responses in conductive thermo-
plastic composites. Understanding the interactions between the
particles and matrix from a microstructural perspective, such as
microporosity and particle rearrangement due to mechanical
deformation, is essential. However, the high contrast in material
properties, i.e., mechanical stiffness and electrical conductivity,
makes it difficult to intuitively analyze the thermo-electro-
mechanical response.

To overcome experimental limitations and tackle this proble-
matic, we developed a virtual testing framework based on in silico
approaches. Our approach consists in a full-field homogenisation
model that accounts for the fundamental aspects and mechan-
isms of the problem. From a microstructural view, we synthetically
generated Representative Volume Elements (RVEs) of the micro-
structure considering the periodic arrangement of three material
phases, i.e, PLA matrix, CB particles and micro-voids. From a
mechanical viewpoint, we implemented specific constitutive
models for each phase considering viscoplastic behaviour and
temperature dependences. Regarding the thermal problem, apart
from stiffness dependence on temperature, we introduced
conduction, natural convection and Joule heating in the formula-
tion. For the electrical physics, we accounted for the different
conductivities of the material phases and their temperature
dependence. The whole formulation was implemented in a finite
element framework for finite deformations that takes displace-
ments, electrical and temperature fields as independent variables.
In addition, we imposed periodic boundary conditions in the RVEs
and solved the coupled problems following an implicit integration
algorithm that includes macroscopic and fluctuating fields. The
modelling approach relies on the far-field conditions (macro-
scopic) of the virtual test, which determine the equilibrium
outcomes of effective stress, current flow, and temperature. These
far-field conditions serve as inputs for the computational model,
allowing for the accurate prediction of the material's multi-
functional response under various loading and environmental
conditions (see Methods and Supplementary Material for details).
Therefore, our modelling framework allows for linking the
macroscopic responses with the microstructural interactions by
applying boundary conditions equivalent to the experimental
ones.
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Our framework was validated by one-to-one comparison with
experiments shown in Fig. 2 and the results obtained from the
virtual tests are presented in Fig. 3. Following the same
methodology as in the experimental study, we first analysed the
coupled responses by pairs of physics. From an electro-thermal
perspective, the model reproduces the effects of temperature
increase by Joule effect on decreasing electrical conductivity,
which in turn leads to a subsequent diminish of Joule heating. The
stabilisation is reached when convection cooling and Joule
heating are balanced. Note that, as for the experimental evidence,
the required time to reach this stabilisation is independent of the
electric field applied. Moreover, the mechanical dependence on
temperature arises mainly from the polymeric matrix, while the CB
particles are considered temperature independent, and the micro-
voids do not provide any mechanical stiffness to the RVE at any
temperature. Due to the large difference in stiffness between
phases, the CB particles behave almost as a rigid solid in
comparison with the PLA matrix. Thus, the particles provide an
increase in stiffness to the overall composite, whereas the
nonlinear mechanical response is mainly controlled by the PLA
matrix. Regarding the micro-voids, their negligible stiffness
contributes to lower stiffness and yield stress of the composite.
From a mechano-electrical perspective, the model reproduces
how the imposed stretch leads to a separation of the conductive
particles, thereby modifying the electric field distribution within
the solid and modulating the current density flow. This change in
current density is translated into a modification of the macro-
scopic composite resistivity. Finally, we tested our computational
framework under fully coupled thermo-electro-mechanical simu-
lations. To this end, we numerically reproduced the experiment
presented in Fig. 2D. These results are shown in Fig. 3D, where the
experimentally observed bidirectional couplings are successfully
captured.

Virtual framework to design conductive thermoplastics

The multifunctional properties of conductive thermoplastics are
determined by geometrical factors at two levels: (i) the filaments
bonding and the resulting mesostructural distribution of macro-
voids, and (ii) the microstructural arrangement of the conductive
particles and distribution of micro-voids. The first geometrical
factors can be evaluated in a more straightforward manner by
characterising samples printed under different conditions (e.g.,
different printing directions, layer height, etc.). However, the
evaluation of the second factor is highly complex from a purely
experimental approach and would require very long testing times.
In this regard, the resistivity of the composite arises from the
multiple potential factors concerning the distribution of conductive
particles, which favour or hinder the formation of conductive
paths, e.g.: the aspect ratio®'>'7, the particle dispersion*>*° or the
cluster formation®', among others. The control of these factors
along with the formation and distribution of micro-voids would
allow for modulating the final resistivity of the material as well as
the mechanical and electro-thermal responses. Although an
experimental evaluation of all these factors and their interplays
would be unapproachable, the proposed full-field model can
explicitly account for them, allowing the virtual testing of the
multifunctional response of the composite.

Using the proposed computational framework and taking the
conductive PLA as baseline material, we performed a parametric
sweep study of the effect of micro-void and particle volume ratios.
Firstly, we subjected different RVEs to mechanical stretch while
imposing a low and constant macroscopic electric field. Three
main outcomes were collected: effective stiffness, pre-deformation
effective conductivity and gauge factor. Secondly, we evaluated
the thermo-electrical coupling of the composites by applying a
constant macroscopic electric field until stabilisation and measur-
ing the resulting stabilisation temperature due to Joule heating.
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The main results of this numerical analysis are presented in Fig. 4,
illustrating the four main outcomes obtained from the parametric
sweep study.

Regarding the mechanical properties of the material, the
effective stiffness is modulated by both particle and micro-void
volume ratios. As the particle content increases, the composite
stiffness does accordingly, whereas an increase in the micro-void
volume ratio causes a reduction in stiffness. However, the
computational results demonstrate that the micro-void content
is the primary factor modulating the mechanical properties of the
composite. The increase in stiffness caused by the addition of
particles is countered by the micro-voids when their content
exceeds 15%, leading to a lower Young's modulus than the pure
PLA matrix. This explains an a priori counterintuitive experimental
observation in previous studies using conductive PLA%'*2, From
an electrical perspective, the conductive particle content is the
main parameter affecting the conductivity of the composite. For a
constant particle volume ratio, the content of micro-voids
decreases the final composite conductivity, due to the lower
probability of electron tunneling between particles separated by
voids than those separated by PLA matrix>>>3, In terms of electro-
thermal response, the stabilisation temperature shows similar
outcomes as from the conductivity analysis. This can be explained
by the dependence of Joule heating on conductivity and the ease
of the temperature to homogenise at a microscopic scale. Note
that the temperature gradients within the RVEs, caused by the
differences between phases’ thermal conductivities, are negligible.
Regarding the mechano-electrical sensing capabilities, the micro-
void content appears to slightly increase the gauge factor when
the conductive particles content allows for a sufficient electrical
current. The increase in micro-voids causes higher local deforma-
tions between conductive particles, leading to a higher increase in
local resistance and, therefore, a larger gauge factor. However,
note that a higher gauge factor does not necessarily imply better
sensing performance in real-world applications. In this regard, this
information should be considered along with the apparent
conductivity, seeking high gauge factors while ensuring suitable
operational conductivity/resistivity values.

DISCUSSION

The multi-physical behaviour of conductive 3D printing filaments
has been proven to be highly complex, showing several interplays
between electrical, thermal and mechanical responses. Previous
works showed structural anisotropy derived from 3D printing, that
hinders an intuitive analysis of the material's behaviour?'*2. To
overcome the limitations of previous studies to date, we provide
herein a novel multi-physics experimental campaign at the single-
filament level, as well as a complete computational framework.
The experimental work approaches the thermo-electro-
mechanical problem by tackling the interplays between physics
by pairs and ultimately conducting a fully coupled experiment. To
complement the experimental observations and gain deeper
insights, the proposed full-field model is used to better under-
stand the microstructural mechanisms of the thermal, electrical,
and mechanical processes occurring within a Representative
Volume Element (RVE).

The experimental results exhibit how conductive PLA filaments
maintain good mechanical properties after the addition of
conductive particles to the polymeric matrix. In addition, we
demonstrate, at a filament level, that this material can be used for
heatable devices by applying low voltages (i.e., within the range of
batteries power). Following these ideas, conductive PLA filaments
could be used to manufacture heatable sockets for DIW printers, in
cases where a small and controlled heating could improve the
polymerization of DIW inks during printing®. Moreover, the gauge
factor (strain sensing capabilities) of conductive PLA is comparable
to that of materials used for traditional strain gauges. Thus, strain
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Fig.3 Computational results from a full-field homogenisation framework explain the thermo-electro-mechanical response of conductive
PLA from microstructural basis. A Electro-thermal simulations at three different applied electrical fields: 250 V m~', 375 V m~', and 500 V
m~'. Both temperature and resistivity are represented versus time. B Thermo-mechanical simulations for three temperatures: 25 °C, 35 °C, and
45 °C. True stress values are represented versus stretch. C Mechano-electrical simulations. Resistivity is represented versus stretch. D Thermo-
electro-mechanical simulations representing the main studied variables over time. These simulations are divided in two steps: (i) an electric
field is applied to the RVE, causing an increase in temperature due to Joule heating; (ii) after 2.5 min, a stretching ramp is applied while
maintaining the electric field boundary conditions. Note that for A-C a scheme of the boundary conditions applied to the RVE is presented.
The model predictions correspond to the mean of three RVEs simulations. All panels show both experimental and model data.
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Fig. 4 The virtual testing framework enables to optimise the multi-physical capabilities of conductive PLA feedstock. A parametric sweep
of particle and void volume ratios provides the main thermo-electro-mechanical properties of conductive PLA filaments: A.1 Young’s modulus;
A.2 apparent conductivity; A.3 electro-thermal coupling, i.e., stabilisation temperature when applying a constant electric field of 375V m™";
A.4 gauge factor. B Comparison of the best particles/voids volume ratio configurations to optimise stiffness, gauge factor and electro-thermal
coupling. Three solutions are presented: Solution (1) with a particle volume ratio of 30% and void volume ratio of 30%, matching ProtoPasta
conductive PLA; Solution (2) with a particle volume ratio of 30% and null void content; Solution (3) with a particle volume ratio of 22.5% and

void volume ratio of 22.5%. € Microstructural response of the three proposed solutions in terms of: Left column) Cauchy stress at a

macroscopic stretch of 1.02; Right column) current density when applying a constant electric field of 375 V. m

sensors with complex geometries could be manufactured by using
conductive PLA as feedstock. Overall, the experimental procedure
provided in this work enables manufacturers to test their products
under multifunctional loading conditions. In this regard, our
approach could enhance the quality control of commercial
filaments to ensure repeatability between spools, not only from
the mechanical and electrical perspectives, but also from their
interplays. Nevertheless, to account for the final operational stages
of these materials, a different perspective would be needed.
Dramatic changes in electrical conductivity and thermal responses
within the composite occur under large mechanical deformations.
To accurately describe such behaviours, the computational
framework would need to incorporate a fracture model. To this
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~1 (along the field direction).

end, cohesive elements may be used to consider particle-matrix
debonding®, or phase field fracture approaches may be used with
a macroscopic scale modelling®.

The presented computational framework offers a means for
manufacturers to virtually optimise fabrication requirements to
obtain desired properties in their final products, i.e., stiffer
products, filaments with higher conductivities or with better
sensing capabilities. To this end, parametric sweep studies of
virtual tests can be performed considering void and particle
contents, as well as the material properties of the phases (i.e.,
polymeric matrix and conductive particles), to achieve the optimal
configuration for a given set of requirements. As a proof of
concept, we performed a numerical analysis of the influence of
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particles and void contents on the multifunctional performance of
conductive PLA filaments. Taking altogether, these computational
results show that there is not a unique solution for optimising
material stiffness, conductivity, or heating and sensing capabilities,
as the functional interplays between these properties are highly
complex and affect one another, modulating the final composite
performance. In Fig. 4, three different solutions were proposed,
each considered as the best configuration for achieving the
highest performance in a specific field, i.e., stiffness, conductivity,
heating and sensing capabilities. For example, the configuration
that shows the highest conductivity also presents the highest
stabilisation temperature due to the high dependence of Joule
heating on conductivity. This configuration is obtained for the
RVEs with 30% particle content and null void content, which also
presents the highest stiffness among all the configurations. It is
worth noting that the ProtoPasta conductive filament corresponds
to the configuration of 30% particle volume ratio and 30% void
volume ratio, which exhibits one of the best sensing capabilities
while maintaining a similar conductivity to the previous solution.

METHODS
Material and manufacture

Conductive PLA/CB filaments for FFF printers from ProtoPasta (WA,
USA), with nominal and measured filament diameters of 1.75 mm
and 1.72mm, respectively, were used in this study as virgin
filaments. The spool-filament samples were prepared with a length
of 80 mm, allowing for a correct gripping area for the mechanical
testing. To manufacture the extruded filaments, the same material
was used as feedstock for a commercial FFF printer, specifically, the
Prusa i3 MK3S+ (Prusa Research, Czech Republic). The extruder head
was placed 20 cm away from the printing bed to ensure adequate
cooling of the extruded filament. The composite was extruded at
230 °C through a hardened-steel nozzle with a diameter of 0.4 mm,
resulting in a measured filament diameter of 0.385 mm.

Experimental procedure for electro-thermal tests

An adjustable DC power source was used in the experiments to
supply a constant DC voltage (V,) to the filaments. To ensure a
consistent distance between electrodes (L) during test repetitions, as
well as a correct electrical contact of the filaments, ad-hoc electrode
grips were manufactured and attached to the universal testing
machine. Those electrode grips consisted of 20 x 20 mm aluminium
plates that ensured electrical contact with the gripped filaments. The
distance between electrodes was set to 40 mm. Three voltages were
considered: 10 V, 15 V and 20 V leading to the corresponding
electrical fields of 250 Vm~', 375V m~" and 500 V m~', respectively.
The temperature of the samples was recorded by an infrared camera
(FLUKE TiS75+4, WA, USA). The resistivity of the material (o) was
obtained by measuring the resistance of the samples (R;) using a data-
acquisition system (DATAQ DI-2008, OH, USA). As the data-acquisition
system only measures voltage values, the material resistivity was
calculated via voltage drop (Vgrop) 0N an additional 1 Q resistor (Ryef)
connected in series. Then, the relation used to calculate the sample’s
resistivity from the measured voltage was the following:

_ @ R — Rref(Vo - Vdrop)

; m
L Vdrop

where A is the area of the sample’s cross-section and V, the
applied voltage. This procedure was used for the virgin samples
(Sections ‘Introduction’ and ‘Results’) as well as for the extruded-
filament samples (Section ‘Introduction’).

Experimental procedure for thermo-mechanical tests

Uniaxial tensile tests (using the universal testing machine
INSTRON 34TM-5, MA, USA) were performed on filament samples
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at a strain rate of 0.005 s~' and using a climatic chamber

(INSTRON 3119-605, MA, USA) to control the experiment
temperature. A load cell of 5kN was used, along with wedge
action grips of 5kN. These tests were performed at different
testing temperatures of 25, 35, 45, 55 and 65 °C. These thermal
conditions were controlled during the test by a type K
thermocouple to limit fluctuations to +1°C. Prior to the tests,
uniform temperature conditions were guaranteed by holding the
samples for 15 min once the testing temperature was reached.

Experimental procedure for mechano-electrical tests

For this set of experiments, we performed uniaxial tensile tests
(INSTRON 34TM-5, MA, USA) on filament samples at a strain rate of
0.00125 s~'. Note that a slightly lower strain rate was used in
these tests with respect to the thermo-mechanical tests to
facilitate the synchronization of mechanical and electrical
measurements. In addition, no significant rate dependences were
observed between both testing rates. While applying the
mechanical loading, the resistivity was measured using the
procedure explained in Methods for electro-thermal tests. In this
case, an additional in-series resistor of 465 Q was used. This
method was applied for both the commercial and extruded
filament samples.

Experimental procedure for thermo-mechano-electrical tests

A combination of the experimental setups presented above,
namely the electro-thermal and mechano-electrical tests, was
used. These experiments consisted of two phases: (i) electro-
thermal test in which a constant electric field of 375 V. m~" was
applied to filament samples for two and a half minutes to ensure a
correct temperature and resistivity stabilisation; and (ii) uniaxial
tensile test at a strain rate of 0.00125 s~' while maintaining the
electric field. The resistivity was measured using an additional
resistor of 1 Q) to obtain more accurate measures of the current
flux through the filament that causes Joule heating.

Constitutive and computational framework of the full-field
homogenised model

The microstructural computational framework aims to determine
the homogenised macroscopic material behaviour by solving the
electro-thermo-mechanical equilibrium at the microscopic level,
considering both macroscopic loads and microstructural fea-
tures?>°%, This is achieved by generating a microscopic domain
through the periodic repetition of a unit cell, also known as the
Representative Volume Element (RVE), which represents the
smallest sample of heterogeneity within the microstructure. For
conductive PLA, the RVE includes a random arrangement of
spherical particles and voids, which provides a realistic represen-
tation of its microstructure. This geometrical representation is
enforced to be periodic and, in combination with periodic
boundary conditions, assumes an idealized perfect infinite
arrangement of random particles and voids. Then, the full-field
coupled electro-thermo-mechanical problem is posed and solved
in a periodic fixed domain defined in the reference configuration
where three phases are considered: the matrix, the voids, and the
conductive particles. Therefore, the problem field variables to be
solved are the displacement field, u, the electric potential field, ¢,
and the temperature field, 6.

Within the RVE, the mechanical response of the different phases
is assumed to behave as an elastic-viscoplastic solid. The proposed
rheological model consists of two parallel branches®’. The total
first Piola-Kirchhff stress (P) is decomposed into the stress P, due
to the intermolecular resistance (branch A), which accounts for a
plastic flow; and the stress Pg due to the network resistance
(branch B), which exhibits a purely hyperelastic behaviour. The
intermolecular resistance is defined by a compressible Neo-
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Hookean model as
PA(F,FP,0) = [u(6)(B® —1) + A(6)In(JP)I] - (F")T (2)

where u(@) and A(6) are the temperature-dependent Lamé
constants, B®=F¢(F®)" and JF =det(F°). Note that the elastic
constants are defined as temperature-dependent and follow a
linear relation with the temperature (see Supplementary Meth-
ods). The plastic deformation of this branch follows the multi-
plicative decomposition of the deformation gradient into elastic,
F¢, and plastic, F°, components; F = FFP. The plastic behaviour is
dictated by the isotropic yield surface

f= Oym — O'y(e) — k(9) 3)

where Gy is the Von Mises equivalent stress and oy and k are the
yield stress and the isotropic hardening (Voce law), respectively,
which are considered temperature-dependent (see Supplemen-
tary Methods). The plastic flow reads

b {éo<exp[1c (fik) - 1] f 1) >0 @
0 f<=0

where &, is the reference strain rate and C is the strain-rate
sensitivity parameter®’. The plastic flow direction follows the
deviatoric part of the Cauchy stress N=./3/205%/| 0%,
defining the rate of plastic deformation gradient as
F” = (F®)™' . &N - F. The network resistance (branch B) is defined
with an eight-chain elastic model by

CR(Q))E£4 ()\

PB(F,G):{ 33 i)(Bg—XZI)+KIn(JF)I} S(F

T

(©)

where B* = F*(F*)’, with F* :J;%F, A= 1tr(B*) is the effective

distortional stretch, A_ is the locking stretch®®, | is the identity
second order tensor, J- = det(F), K is the bulk modulus and Cg(6) is
the temperature-dependent stiffness of branch B. L' represents
the inverse Langevin function, approximated as £7'(x) = 2
The field equation for the mechanical equilibrium is set as a linear
momentum balance under the absence of body forces, and
defined in the reference configuration as

Vx-P=0 (6)

where Vy is the gradient operator with respect to the reference
configuration.

Regarding the electrostatic problem within the RVE, all phases
provide a linear relation between electric current density (j) and
electric field, which can be expressed in the current configuration
as

j=oe (7)

where e(x) = —(F‘1)T - Vx¢(X) is the electric field in the current
configuration (¢(X) is the electric potential), and o is the electrical
conductivity. Thus, the electric current density as a function of the
electric field E(X) in the reference configuration reads

J=JFj=00)F " - F" -E ®8)

The governing equations for the electrostatic problem correspond
to the Maxwell’s equations along with the continuity equation:

Vx-D=Q VyxxE=0; Vyx-J=0 )

with Q being the charge accumulated within the body. Note that
the second equation is automatically accomplished by the
definition of the electric field as a gradient of a scalar potential.
To account for the current flow between near particles separated
by a thin film of polymeric matrix, the matrix conductivity was
modified depending on the average distance between particles
within the RVE®® (see Supplementary information for more
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details):

— -1
oy = <Lexp<ﬂ\/2m)\>> , (10)
e2v/2mA h
with o7 as the matrix conductivity in the tunneling effect zone at
reference temperature, h as the Planck constant, e as the electron
charge, m as the electron mass, A as the barrier height and d as the
mean distance between particle’s aggreagates within the RVE.
From the second law of thermodynamics, the thermal govern-
ing equation as transient heat balance is derived as

00— Vx(kJpF ' - (F )Y - vy0) — R =0 (11)

where ¢ is the volumetric heat capacity (density in the reference
configuration multiplied by heat capacity), k is the thermal
conductivity and R is the volumetric heat resource, caused by
Joule effect. The heat source can be written as:

R=1JE (12)

To obtain the macroscopic effective behaviour and by applying
homogenisation concepts, the total displacement field, u(X), can
be decomposed into a macroscopic variation and a fluctuating
displacement field u(X) as

uX) = (F— 1) - X+ u(X). (13)

Similarly, the electric potential field ¢ can be decomposed into a
macroscopic contribution and a fluctuating electric potential field
¢ as

¢=—E-X+4. (14)

While the temperature field 6 can be decomposed into a Lagrange
multiplier contribution A, that accounts for the convective BCs
(see Supplementary Methods for more details), and a fluctuating
temperature 0 as

0 = A + 0. (15)

In the full-field homogenisation problem, the fluctuating variables
are implicitly solved by the governing field equations, resulting in
the macroscopic behaviour as a function of the macroscopic test
inputs, introduced as BCs (see Supplementary Methods for more
details). The Jacobian submatrices of the problem were symbo-
lically derived from the residuals. The followed computational
approach, consisting in a fully-coupled scheme, was solved in an
implicit monolithic manner.

Computational details for the generation of microstructural
RVEs

Periodic RVEs with three phases were obtained by modelling
the void phase and conductive particle phases as sets of
spheres. The position of the different spheres was controlled
by a Monte Carlo algorithm, placing them in a random fashion
while ensuring different geometrical restrictions: (i) Void
spheres can overlap, allowing to form complex void geome-
tries similar to those observed in SEM images; (ii) Particles sets
were formed by using two different sphere radius, to emulate
particle clusters and individual particles; (iii) The particles
cannot overlap. Additional RVEs configurations were used: (i)
RVEs formed by polymeric matrix and micro-voids; (ii) RVEs
formed by polymeric matrix and particles; (iii) RVEs formed only
by polymeric matrix. The same Monte Carlo algorithm and
geometrical restrictions were considered to create two-phases
RVEs. Every geometry was meshed by using tetrahedral
elements, using the free-software GMSH. The SEM images
allowed for identifying the main geometrical features of the
microstructure such as the dispersion of particles, formation of
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aggregates and distribution of voids. This information was
used to generate the FE meshes of the RVEs.
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