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Autonomous Sensing Architected Materials

Mattia Utzeri, Hiilya Cebeci, and Shanmugam Kumar*

Integrating autonomous sensing materials into future applications
necessitates developing advanced multiscale multiphysics predictive models.
This study introduces an experimentally informed predictive framework for
autonomous sensing architected materials, combining theoretical and compu-
tational methodologies. By incorporating stress-dependent electrical resistivity
through anisotropic piezoresistive constitutive effects, alongside considering
material, geometric, and contact nonlinearities, the proposed multiscale model
captures the architecture-dependent piezoresistive responses of lattice com-
posites produced via additive manufacturing of polyetherimide (PEI)/carbon
nanotube (CNT) nanoengineered feedstock. The PEI/CNT composite exhibits
exceptional strength (105 MPa), stiffness (3368 MPa), and strain sensitivity
(gauge factor ~13), translating into remarkable piezoresistive characteristics
for the PEI/CNT lattice composites, surpassing existing works (gauge factor
~3 to 11). This multiscale finite element model accurately predicts both macro-
scopic piezoresistive responses and the influence of architectural and topolog-
ical variations on electric current paths, validated via infrared thermography
analysis. Additionally, an Ashby chart for the gauge factor of PEI/CNT lattice
composites suggests their prediction through a scaling law similar to mechani-
cal properties, underscoring the tunable strain and damage sensitivity of these
materials. The combined experimental, theoretical, and numerical findings
offer critical insights into optimizing piezoresistive composites through ar-
chitected design, with profound implications for smart orthopedics, structural
health monitoring, sensors, batteries, and other multifunctional applications.

1. Introduction

The advent of composite materials that
seamlessly integrate structural and func-
tional properties has marked a significant
advancement in the realm of multifunc-
tional materials. These materials exhibit
the capability to perceive and respond to
diverse external stimuli such as thermal,l
electrical,’’l  magnetic,®) and optical
inputs.*’]  Among them, piezoresistive
composites stand out for their unique
ability to convert mechanical stress or
strain into electrical resistance signals,
thereby enabling real-time monitoring
of environmental conditions and the de-
tection of internal damages crucial for
assessing material/structural integrity.[®7]
Applications of these materials span a
wide spectrum, from innovative compo-
nents like wearable sensors,!*® smart
medical devices,!”%! prosthetics with real
perceptions,'!l to autonomous sensing
structures.'?) In recent years, additive
manufacturing (AM) has played a pivotal
role in advancing piezoresistive com-
posites by facilitating the creation of
intricate geometries and architectures.[!>14]
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This capability enhances their multifunc-

tional prowess while preserving superior

weight-specific mechanical properties.!*>7]

Numerous studies have explored the autonomous sensing
capabilities of these materials, evaluating piezoresistive perfor-
mances through experiments that tailor electrical properties by
manipulating the type, weight fraction, and distribution of con-
ductive fillers!®2% within the matrix material.?!! However, the
proliferation of autonomous sensing composites must keep pace
with the development of coupled multiphysics predictive mod-
els spanning micro- to macro-scales to ensure their seamless in-
tegration into future innovative applications, thereby bridging
the gap between material research and practical implementa-
tion. Against this backdrop, this study aims to develop a pre-
dictive framework through a multiscale piezoresistive finite el-
ement (FE) modeling approach coupled with a robust material
characterization strategy. This combined approach seeks to guide
the design and optimization of piezoresistive lattice composites
tailored for advanced autonomous sensing applications. The ef-
ficacy of this predictive framework is evaluated through a real-
case scenario focusing on the piezoresistive behavior of additively
manufactured architected composites composed of polyetherim-
ide (PEI) infused with 3 wt.% Carbon nanotubes (CNT) using the
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Fused Filament Fabrication (FFF) technique, which represents a
unique contribution to the literature.

Traditionally, predicting the piezoresistive properties of com-
posites has centered on the microstructural scale due to the ran-
dom arrangement of conductive fillers within the matrix. The in-
herent randomness significantly impacts the electrical resistivity
of the material, influenced by percolation thresholds, filler inter-
actions, and the stress state.[?223] While various micromechanics-
based analytical and numerical approaches exist to estimate
the electrical resistivity of bulk composites based on these
factors,[?*25] modeling the piezoresistive behavior of lattice com-
posites necessitates a multiscale approach. This is because the
electrical resistivity of lattice composites is intricately dependent
on the resistivity of the bulk composite (microscale), the unit cell
topology (mesoscale), and the complex stress distribution in 3D
space induced by lattice deformation (macroscale). Recent ad-
vancements have described this link through the introduction of
the fourth-rank piezoresistivity tensor. IT;,!”*%! which connects
mechanical strain or stress to fractional changes in electrical re-
sistivity. However, existing studies predominantly focus on nu-
merical validation of bulk composite responses under uniaxial
testing conditions, highlighting the computational challenges as-
sociated with multiscale multiphysics FE analysis for lattice com-
posites or real components/structures. These challenges hin-
der the complete integration of mechanical and piezoresistive
nonlinearities (including constitutive, geometrical, and contact
nonlinearities) and the interaction between macroscale archi-
tectural features and local mechanical/electrical characteristics,
which are essential for monitoring the structural health of ma-
terials/structures. Thus, developing a comprehensive predictive
piezoresistive FE model requires overcoming these computa-
tional hurdles.

Subsequently, the suitability of the FE model must be evalu-
ated from both mechanical and multiphysics perspectives, given
its departure from purely mechanical considerations. The effec-
tiveness of the FE piezoresistive model should encompass com-
parisons between mechanical behaviors and piezoresistive char-
acteristics, spanning from macroscale lattice composites’ stress-
strain responses to the delineation of local electric current paths
in ligaments governing the architectural influence on piezore-
sistive responses. Moreover, ensuring the robustness of the FE
model warrants a precise piezoresistive material characterization
strategy that accounts for mechanical interactions with the evolu-
tion of electrical resistance, a facet under-documented in piezore-
sistive materials literature. Itis crucial to note that while electrical
resistance serves as the measured extrinsic property, the piezore-
sistive phenomenon is intrinsically affected by both geometrical
changes (alterations in composite dimensions) and constitutive
effects (modifications in electrical resistivity).

This study aims to comprehensively address these gaps by
providing an engineering-oriented framework for predicting
the piezoresistive response of lattice composites. The frame-
work includes a material characterization strategy, a multiscale
multiphysics-based FE model formulation, and complete mul-
tiscale validation of both electrical and mechanical attributes.
Following an analytical description, the piezoresistive material
characterization strategy integrates traditional mechanical test-
ing across multiple directions, such as compression, tensile,
and Charles-Smith tests, akin to those used for piezoelectric
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materials.[?-28] The investigation into the piezoresistive response
of PEI/CNT bulk composites involves the calibration of a piezore-
sistive model based on a cubic symmetric piezoresistive tensor
and a concrete damage plasticity model. Subsequently, piezore-
sistive responses of additively manufactured PEI/CNT Ilattice
composites are explored through experimental assessments and
FE analyses, incorporating stress-dependent electrical resistivity
in 3D using subroutines and external coding within the Abaqus
environment. The FE model is validated by comparing experi-
mentally measured macroscale stress-strain and piezoresistive
responses of architected PEI/CNT lattice composites. Addition-
ally, the experimental electric current paths within these com-
posites are verified through thermographic analysis. This com-
prehensive examination of piezoresistive effects, underpinned by
novel numerical insights, enhances understanding of optimizing
structural and multifunctional properties through geometric de-
sign across various scales.

2. Piezoresistive Modeling of Composites

Piezoresistive composite, commonly utilized in electronics for
“active sensors”’l and as smart materials with autonomous sens-
ing capabilities for structural applications, exhibits variations in
electrical resistance, R, when subjected to external stimuli such
as mechanical stress, o, and/or temperature. In tensorial nota-
tion, the resistance tensor, R;, can be written as

Ly

Ry=py (05T) & )
k

where p;; is the electrical resistivity tensor of the piezoresistive

material, influenced by the stress tensor o;; and temperature T,

encapsulating the material properties. The length-to-area tensor,

%, represents the geometry of the electrically conducting mate-
k

rial. Thus, the piezoresistive response of materials encompasses
both geometrical effects and changes in electrical resistivity due
to the material’s anisotropy and/or alterations in microstructure.
The electric conduction law defines the relationship between the
electric field ® and the electric current density |, through electri-
cal resistivity, given by:

@, = py (o5 T) Jj )

where @, is the electric field within the material and J; is the
electric current density flowing through it. The electrical resis-
tance can be derived from Equation (2), assuming. ®; and J; are
time-independent (i.e., under steady-state electric conductions)
while applying @; within the conductor and using the second
Ohm’s law. It’s worth noting that piezoresistive materials do not
inherently generate an electrical potential when deformed, un-
like piezoelectric materials, which produce an electric potential
difference in response to external mechanical stimuli.l’! The fol-
lowing sections delve into the piezoresistive behavior of parent
and architected lattice materials.

2.1. Piezoresistive Modeling of Elastoplastic Composites

In an unstrained state, the electrical resistivity tensor p;;, of homo-
geneous piezoresistive material is diagonal, with diagonal terms
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defined by the electrical resistivity in the unstrained state p,.
Upon being subjected to mechanical deformation, the electrical
resistivity accordingly changes. The evolution of tensor p; can
generally be expressed as:

Ap; (o
Pij = Po <5ij + M) 3)
Po

where §;; is the Kronecker delta. The relationship between the
fractional change in the components of the electrical resistiv-

. Ap;i . . . .
ity tensor (—) and mechanical strain or stress is established
Po

through the fourth-order piezoresistivity tensor Iy, as described
below:?]

Apij 3
-— = Hijlko—ij 4)
Po

Depending on how the loading influences the electrical re-
sistivity along different directions, Iy, may assume various
forms, thus demonstrating symmetries and special cases akin
to those observed in the elasticity tensor such as isotropy, and
orthotropy.[?) Composites such as CNT-filled polymers!®! or
CNT-incorporated smart concretel?®! demonstrate cubic crystal
symmetry, leading to the tensor IT, assuming the following
form:

My =y 66 + 11y, <5ik5ﬂ + 5iz5jk) + 11y (5ij5kl + 8.6y + 5iz5jk) (5)

where, II,;, I1,, and II,, represent the longitudinal, trans-
verse, and shear piezoresistivity coefficients, respectively. Con-
sequently, the electrical resistivity in 3D becomes a stress-
dependent second-order tensor, where the components vary
based on the piezoresistivity tensor IL;,. Expanding Equation (3),
the electrical resistivity components take the following form:

po (L+ M0 + 1y, (0 +0y) )5 =] 6
p;] = 11 ! # . ( )

Pollsys0y; 17 ]

Assuming an isotropic piezoresistivity tensor, only 2 coef-
ficients need to be defined as the shear coefficient, I1,, =
(IT;; — I;,).%) In Section S1 and Figure S1 (Supporting Infor-
mation), the influence of T1,, on the piezoresistive behavior of the
material is delineated. Equation (3) is subsequently incorporated
into the overall definition of electrical resistance, Equation (1).

When a large strain is applied to the bulk composite material,
the cross-sectional area changes depending on its Poisson’s ra-
tio (v). Accounting for the geometric nonlinearities due to the
Poisson effect under mechanical loading, the transverse strains
of an isotropic solid (¢,, = €;; = ¢, ) take the general form ¢, =
(1 + &) = 1% Note that, by applying the Maclaurin series
expansion to the first order of strain, &, = — ve,;. The instanta-
neous cross-sectional area is then defined as A, = A, (1+¢,;)™%.
Therefore, the electrical resistance evolution of the piezoresistive
material along the loading direction, Equation (1), is expressed in
the general form as:

L A y
R11 = pOA_(()) <1 + —pllp(()o—ll)> (1 +511)1+2 (7)
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where, p, represents the electrical resistivity of the unstrained
material, while L, and A, denote the length and area of the spec-
imen in the unstrained state, respectively. &, refers to the engi-
neering compressive or tensile strain experienced by the material
in the loading direction. Equation (7) illustrates both the geomet-
ric and constitutive influences on the electrical resistance during
mechanical deformation. Notably, a mere alteration in geometry
can induce a piezoresistive response, as observed in most metals
that do not demonstrate changes in electrical resistivity. However,
composites predominantly exhibit constitutive effects, surpass-
ing geometric ones, due to the interaction between conductive
fillers/fibers and the matrix at the microstructural level.[2223]

2.1.1. Piezoresistive Modeling of Elastic Composites

In real-time monitoring applications, the piezoresistive response
is typically described in terms of the fractional change in electrical
ARy

resistance —1t, where AR, represents the change in resistance

along the loaiiing direction and R, is the initial resistance when
strain ¢;; = 0.

Within the elastic regime, albeit accounting for large strain,
this can be formulated as:

A
ARy _ <1+ M>(1+611)1+2V—1 (8)
R, Po

Applying the Maclaurin series expansion of Equation (8) to the
first order of strain reveals that the piezoresistive response corre-
sponds to the widely recognized formulation for small strain.>]

ARy, Apyy (0'11)
= + £, (1+2v) 9
T Lt e o)

In electronics and sensor technology, the strain sensitivity of
active sensors is often quantified using a parameter called the
Gauge Factor (GF).’1%2] The GF measures how much the electri-
cal resistance of a sensor/smart material changes in response to
applied mechanical strain or deformation. Dividing Equation (9)
by engineering strain ¢,,, the GF of piezoresistive composites ex-
hibiting linear elastic behaviour under uniaxial stress takes the
following form:

1 def ARy

= II,E+ 1+2 10
R, e 11 v (10)

In this equation, E and v represent Young’s modulus and Pois-
son’s ratio of the piezoresistive material respectively. The GF, as
defined in Equation (10), elucidates the mechanical, geometrical,
and microstructural contributions to the piezoresistive response
of the material. [t encapsulates the key parameters that determine
the strain sensitivity to external mechanical stimuli: I1;;,E, and v.
Furthermore, Equation (10) emphasizes that while the GF is un-
affected by stress within the elastic regime, it may be influenced
by nonlinear constitutive effects, such as Iy, (o) or E(oy).

2.2. Piezoresistive Modeling of Elastoplastic Lattice Composites

The piezoresistive behavior of lattice materials isn’t solely de-
termined by the characteristics of the parent material; it’s also
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influenced by their architectural design. The arrangement of lig-
aments within the lattice material forms complex pathways for
electrical current, which govern the piezoresistive effects. Analo-
gous to dense materials, the electrical resistivity of lattice mate-
rials p;;, connects the electric field to the electric current density,

as described by the general definition of electric conduction law:
® = p; (o5, T)] (11)

where, ], represents the effective macroscopic electric current
density, equivalent to the average electric current density J; within
the domain Q. In 3D, this implies a volume average, while in 2D,
it implies an area average. The J; is defined as:

=L fjav="L [ jux
= o Q/Ldv IQIBZ Jnix,dS (12)

where, n, represents the outward normal to the domain, and x;
denotes the material point within the volume V enclosed by Q.
The electrical resistivity of lattice material can be formulated fol-
lowing the definition for dense material provided by Equation (3),
as

S A7 (o)
o=ry (8,4 2 (13)

where, p; represents the electrical resistivity of the lattice ma-
terial under unrestrained conditions. Under undeformed condi-
tions, @, can be enforced on both dense and lattice materials,

yielding ®, = p;  J, = p, Jo- This relationship leads to:

.
PR 149
Po J 0
where g represents the relative electrical resistivity, indicating the
impact of the architecture of the lattice material on electric cur-
rent flow within the domain. ¢ is consistently greater than 1 for
lattice materials. When the solid volume fraction of the lattice
material reaches 1, ¢ equals 1. If it exhibits orthotropy ¢ becomes
0;, denoting resistivity values along coordinate directions so that
the electrical resistivity of lattice material , pj, can be generalized

as follows:
Ap; (o)
P} =po (6g5i+ — (15)
PoO;

Drawing parallels with bulk materials, the relationship be-
tween the fractional change in electrical resistivity of lattice ma-

. Ap}; . . .
terials — and mechanical strain or stress can be established
P

S

0
through the fourth-order piezoresistivity tensor 1T, so that the
electrical resistance of lattice material R* , can be written as fol-

11°
lows:

1+¢€,

R' = Ro(1+II] 0}
! ool i) (1-envyy) (1-envy)

11711

(16)

Adv. Funct. Mater. 2024, 2411975 2411975 (4 of 1 7)

www.afm-journal.de

where Ry = p; A—“ is the electrical resistance of a lattice material
0

. . . . L

in the unstrained state with a length-to-area ratio equal to -*. The
0

v, and v}, are the Poisson’s ratios of lattice material which con-

sider changes in cross-section. The o3, denotes the engineering

stress in lattice material and IT;, denotes the piezoresistivity co-

efficient of the lattice along direction 1. Therefore, IT}, considers

the influence of architectural design and parent material charac-

teristics on the piezoresistive response of lattice material, mirror-

ing IT;, for parent material in the elastoplastic domain.

2.2.1. Piezoresistive Modelling of Elastic Lattice Composites

To assess the influence of architecture in the elastic regime, the
properties of lattice material are typically normalized with those
of dense materials, as proposed by Gibson-Ashby for mechanical
properties,[*¥] leading to the definition of the relative piezoresis-
tive factor IT:
nl < % (17)
11

where IT}, is the piezoresistive factor of lattice material under uni-
axial loading. A detailed analytical description of the nature of 1
is provided in Section S2 (Supporting Information). In analogy
with bulk materials (see, Equation (9)), the fractional change of
electrical resistance in the elastic regime of lattice materials can
be expressed as:

= 1 o), + &y (1 +vi, + Vl*s) (18)

Equation (18) can be simplified by leveraging the 2D nature of
the lattice material. According to Gibson,?* the out-of-plane Pois-
son’s ratio of planar lattice material v;,, can be derived from the
relationship between its in-plane stiffness (E;) and out-of-plane

. . . E: E
stiffness (E}), specifically vi; = - vj; = 2t v. In planar struc-

tures, Ej is typically very small compared to the out-of-plane stiff-
ness E}. Therefore, Equation (18) assumes the following form for
planar lattice materials:

i

o
0

= M6}, + € (1+V]) (19)

Inline with dense materials, as delineated in Equation (10), the
gauge factor for planar lattice materials GF*, in the linear elastic
regime can be expressed as:

GF =Tl ETI E+ 1+, (20)
where F = 2 represents the relative modulus of the lattice struc-
ture. The piezoresistive behavior of lattice materials is intricately
tied to their architectural parameters (I, v;,, E) and the intrinsic
piezoresistive and mechanical properties of the parent material
(I1,;, E). Notably, IT and the relative modulus E typically fall be-
low 1, resulting in piezoresistive lattice materials often exhibit-
ing a gauge factor lower than that of the parent materials. Fur-
thermore, in this scenario, GF* remains unaffected by stress in
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Figure 1. Additively manufactured 3 wt.% CNT-reinforced Polyetherimide lattice composites for a relative density 5 = 30%, featuring Hexagonal a),
I-shaped b), Re-Entrant c), and S-shaped d) configurations. The middle column displays the geometric models illustrating the architectural parameters

of various unit cell topologies.

the elastic domain, allowing for its comparison to that of the par-
ent material using scaling laws commonly applied in mechanical
properties analyses. However, piezoresistive lattice materials may
demonstrate a GF* higher than the parent material if the nonlin-
ear effects come into play. For instance, constitutive nonlineari-
ties might stem from the parent material’s nonlinear piezoresis-
tivity coefficient, denoted as I1(c;), while contact nonlinearities
could arise from the formation of new conductive pathways due
to the compression-induced contact percolation among cell walls
in architectures like the I-Shaped lattice.

3. Materials and Methods

3.1. Additive Manufacturing

The Apium P220 FFF 3D printer was employed to produce
both lattice and fully dense (bulk) specimens using PEI fila-
ment feedstock reinforced with 3 wt.% CNTs. This PEI/CNT fil-
ament was specially developed in-house utilizing a single screw
extruder, blending commercially sourced PEI granules from Eu-
rotech as ULTEM 1000 (density: 1.27 g cm™3; Molecular Weight:
592 g mol™'; glass transition temperature: 217 °C) with CNTs
from Nanokomp (industrial-scale multi-walled CNTs with a min-
imum of 90% carbon purity, diameters of 5 to 15 nm, and lengths
of 1.5 to 2 um). Further details on the PEI/CNT filament manu-
facturing process can be found in a previous study.**! The opti-
mization of additive manufacturing process parameters involved
extensive testing to achieve superior mechanical performance
of FFF-printed PEI/CNT lattice composites. This ensured excel-

Adv. Funct. Mater. 2024, 2411975 2411975 (5 Of17)

lent printability and consistent geometric dimensions for opti-
mal outcomes. The process parameters are summarized in Table
S1 in Supporting Information. To prevent out-of-plane failure,
a layer height of 0.15 mm was selected, and a zone heater was
placed just above the printer nozzle’s printing surface. Before 3D
printing, the PEI/CNT filament underwent a drying process at
60 °C for 2 h.

Bulk PEI/CNT compression and tension specimens were man-
ufactured with an infill density of 100%, with the longitudinal
direction of the bead consistently aligned with the loading di-
rection. The PEI/CNT lattices with 4 distinct unit cell topologies
possessing a relative density g = 30%, as shown in Figure 1 were
also fabricated. Each lattice composite measured 32x32x 12 mm
and was arranged in a 4 X 4-unit cell array to ensure a uniform
mechanical response without being influenced by boundary or
edge effects.[*®] To prevent unexpected inter-bead damage, the ra-
tio of bead-to-cell wall thickness was maintained at 2, following
the methodologies outlined in our prior study.**} The architec-
tural parameters for each unit cell topology are summarized in
Table S2 (Supporting Information). Notably, the S-shaped and I-
shaped unit cell topologies were designed using the anti-chiral
strategy, visually depicted in Figure 1. All geometries were gen-
erated using nTopology.

3.2. Experimental Methods

Quasi-static experiments were conducted using a Zwick-Roell
Z050 universal testing machine, equipped with a 5 kN load cell,
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Figure 2. Experimental setup for measuring the piezoresistive response of parent and architected PEI/CNT lattice composites: a) Tensile test measuring
electrical resistance along the gauge length aligned with the loading direction, b) Charles-Smith’s test, a tensile test measuring electrical resistance
orthogonal to the loading direction across the gauge section, and c¢) Compression test measuring the piezoresistive response of the lattice composite

in the loading direction.

to evaluate the piezoresistive behavior of FFF-printed PEI/CNT
bulk and lattice composites. Electrical resistance during the
tests was monitored with a high-precision multimeter (Fluke
8846). The lattice composites underwent compression between
2 cylindrical steel plates at a speed of 2 mm min~!, with the
entire process recorded using a digital camera. To maintain
quasi-static loading conditions, a strain rate of 107 s~ was im-
posed. Deformations in tensile tests on bulk PEI/CNT com-
posites were measured using the 2D Digital Image Correlation
(DIC) technique.*”] Poisson’s ratio of lattice composites was de-
termined via an image processing algorithm developed using a
Matlab script, tracking axial and transverse displacements dur-
ing compression. Three specimens of each configuration were
tested to ensure the experimental results’ repeatability.

The piezoresistive properties of bulk PEI/CNT composite were
determined by correlating electrical resistance signals observed
in specific directions with mechanical behavior, as described in
Equation (6). To assess I1;;, a uniaxial tensile test (ASTM D638)
was conducted, measuring electrical resistance along the gauge
length (as depicted in Figure 2a). The two-wire method was em-
ployed, with electrodes connected across the gauge length us-
ing silver paint to minimize contact effects. I1;; was indirectly
obtained from the history of electrical resistance by rearranging
Equation (7), assuming a uniaxial stress state (6,, = o33 = 0)
and isotropic piezoresistive behaviour:

R —(14+2v
m,= - <—R“(1+£11) ‘1”’—1) (21)
0

Similarly, the piezoresistive behavior under compression was
determined using the same approach, and silver paint was ap-
plied between the circular faces of the cylindrical specimens. I1;,
was evaluated by conducting a uniaxial test (ASTM D638) where
electrical resistance was measured perpendicular to the gauge
length (R,,), following Charles-Smith’s experimental setup.?’!
Silver paint was applied to the lateral faces of the specimen,
and electrodes were secured with a rubber band (as shown in
Figure 2b). I1,, was indirectly derived from the history of elec-
trical resistance by rearranging Equation (7) where the electrical
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resistivity p,, was defined under the assumption of uniaxial stress
state in the gauge section (6,, = 633 = 0) and isotropic piezore-
sistive behaviour governed by Equation (6):

RZZ
m,= - <R_o (1+¢) - 1) (22)

During compression tests, the piezoresistive responses of lat-
tice composites were monitored between 2 conductive stripes af-
fixed over the compressive plates (as shown in Figure 2c). Tensile
tests were conducted with sandpaper between the grippers and
specimen to prevent slipping and current leakage through the
grippers, while the compressive plates were fully insulated from
the surrounding environment.

3.2.1. Infrared Thermal Imaging

The lattice composites were placed between conductive stripes
connected to a 24V-45 W power supply and monitored for 2 s us-
ing a Flir X6900sc high-speed thermal imaging camera (20 Hz)
at various specified compression strain levels (see Supplemen-
tary Information, Figure S2 (Supporting Information) for the ex-
perimental setup). The high current passing through the lattice
composite ligaments from the conductive stripes induces Joule
heating. This brief monitoring period allowed for the visualiza-
tion of rapid heating specifically within the ligaments conduct-
ing the electric current. Areas not traversed by the current ex-
perience slower temperature increases, as heat spreads solely
through thermal conduction. Consequently, the transient tem-
perature mapping aligns with the paths of electric current within
the lattice composite.

3.3. Finite Element Modeling

A multiscale multiphysics FE analysis for lattice composites
needs to integrate mechanical and piezoresistive nonlinearities
(constitutive, geometrical and contacts nonlinearities) and the in-
teraction between macroscale architecture with local mechanical
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Figure 3. Methodology for the piezoresistive finite element analysis: Electrical resistivity was calculated using an electrical-thermal analogy within a
steady-state thermal analysis, synchronized with the time steps of the mechanical analysis. The local electrical resistivity field was updated based on the
stress field obtained from the mechanical analysis via thermal analysis, employing the USDFLD subroutine to define the piezoresistive response of the

parent PEI/CNT composite.

and electrical attributes. Given that no commercial software pro-
vides comprehensive integration, this study proposes an FE mod-
eling methodology within the Abaqus environment that couples
mechanical and electrical analyses through external coding. This
script facilitates predicting the evolution of the electrical resistiv-
ity field within the parent PEI/CNT composite considering a 3D
stress state, as Equation (6) describes. The methodology begins
with an independent mechanical FE analysis to evaluate the me-
chanical response. Subsequently, electrical FE analyses are con-
ducted on the deformed shapes of parent and lattice composites,
as predicted by the mechanical analysis for each respective case
at every numerical simulation time step. The electrical resistivity
of the parent PEI/CNT composite is correlated with stress fields
using a user-defined subroutine (USDLFD) within Abaqus. The
piezoresistive response is then reconstructed by determining the
electrical resistance in each electrical simulation and associating
it with stress-strain values from the corresponding mechanical
analysis step. Further details regarding the FE models are dis-
cussed in the following section, while Figure 3 offers an overview
of the proposed methodology.

3.3.1. Mechanical Behavior Modeling

The mechanical constitutive response of the parent PEI/CNT
composite was simulated using the damage-plasticity model
developed by Lubliner, chosen for its versatility in modeling
various quasi-brittle composites like reinforced concretes and
composite.[3¢38] This model, known as Concrete Damaged Plas-
ticity (CDP) in the Abaqus environment, employs a combined
Drucker-Prager and Rankine yield surface calibrated with uni-
axial tension and compression yield stresses of FFF-printed bulk
samples, detailed in Section 4.1. To govern the evolution of the
yield surface, isotropic hardening variables are introduced via a
non-associated flow rule with a negligible dilation angle, ensur-
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ing incompressible inelastic deformation, maintaining the con-
vexity of the yield surface, and eliminating dependence on the
third deviatoric stress invariant. Additionally, the compressive bi-
axial yield stress is assumed equal to the uniaxial one. The plastic-
ity model’s constitutive parameters are summarized in Table S3
(Supporting Information). Both tension and compression stress-
strain data in the plastic regime are prescribed according to ex-
perimental tests, ensuring a strain-softening response without
failure in compression and hardening with damage in tension.
Stress degradation in tension post-failure is determined by a
scalar damage variable (d,) ranging from 0 (undamaged) to 1
(fully degraded material), expressed as:

o= (1-d)E(en -2 (23)

where E is Young’s modulus of the material and é‘l’ll is the equiv-
alent plastic strain. A brief description of the damage model is
provided in Section S3 (Supporting Information). and the dam-
age model parameters are summarized in Table S4 (Supporting
Information).

Plane strain finite element analysis (FEA) on lattice compos-
ites was conducted. The planar sections of lattice composites
were imported from nTopology to the Abaqus environment as
deformable planar surfaces and then subjected to compression
assuming plane strain conditions. Additionally, the compressive
plates were modeled as planar plates (considering steel’s prop-
erties) and positioned above and below the lattice composites
to mimic electrical interaction between the compressive plates
and the lattice composite, replicating the experimental test setup
where the multimeter pins were wired to the conductive strips
on compressive plates as shown in Figure 2c. The plates’ length
exceeds the lattice composite length to ensure uniform com-
pression when the lattice composite loses its integrity. A 4-
node bilinear plane strain quadrilateral element with reduced
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Figure 4. Measured piezoresistive behavior of parent PEI/CNT composite under uniaxial tension and compression: a) Stress-strain and piezoresistive
response. b) Calibration of piezoresistivity factors for parent PEI/CNT composite. The dotted lines show the calibrated piezoresistivity parameters: Iy,

and ITy,.

integration and hourglass control (CPE4R) was selected with an
average mesh size of 0.1 mm. Abaqus/Explicit solver was utilized
for the FE analysis. All contact interactions were modeled, defin-
ing normal and tangential contact behavior with friction proper-
ties based on a penalty factor of 0.1 and unilateral hard contact
(separation after load removal).

3.3.2. Electrical and Piezoresistive Modeling

The electrical analysis utilized the Abaqus steady-state heat-
transfer module, leveraging the analogy between electrical and
thermal conduction equations. This thermal-electrical analogy al-
lows for the substitution of all thermal properties with an ap-
propriate set of electrical equivalents.*?! Following each step
of the mechanical FE analysis, the deformed FE model of the
compressed lattice composite was exported and sequentially im-
ported into Abaqus for steady-state thermal simulations. Stress
fields and element status information were stored accordingly.
Automation of the element deletion procedure was achieved us-
ing a Python script: it reads the element status file from the
mechanical analysis at each time step and subsequently deletes
failed elements. Electrical interaction between the lattice com-
posite and the contact surfaces formed between cell walls was
modeled by defining electrical contact interactions in Abaqus. A
stepwise function was used to model the contact conductance
at the interface between cell walls, with extremely high conduc-
tance when the gap is zero and zero conductance when clearances
are present. Both conductive plates and lattice composites were
meshed with a 4-node plane strain thermally coupled quadrilat-
eral element (CPE4RT), featuring bilinear displacement and tem-
perature, reduced integration, and hourglass control. Electrical
resistance was determined by evaluating the electrical current (J;)
at the boundary due to the enforced potential difference through
a homogenized electric field (®,) along the compression direc-
tion, with a value of 0 at the lower end and 1 at the upper end,
as shown in Figure 3. The electrical conductivity tensor associ-
ated with the parent composite was updated in each simulation
according to Equation (6). Stress fields were imported into the
thermal analysis environment using the Abaqus subroutine (US-
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DLFD), enabling stress interaction with the electrical resistivity
tensor (assuming a plane strain condition in mechanical analy-
sis, i.e., p;; and p,; are zero).

4, Results and Discussion

4.1. Mechanical and Piezoresistive Performance of PEI/CNT
Parent Composites

The quasi-static mechanical behavior of the FFF-printed
PEI/CNT parent composite exhibits distinct characteristics.
When subjected to tensile loading, it displays a brittle response,
whereas, under compression loading, it shows ductile behavior,
as illustrated in Figure 4a. The yield stress differs between
compression and tensile tests: the compressive yield stress, o,
is estimated to be 95 MPa, while the tensile yield stress, o,
is estimated to be 85 MPa. Interestingly, Young’s modulus, E,
remains consistent in both tension and compression, measur-
ing 3368 MPa, and Poisson’s ratio is determined to be 0.3596
through DIC analysis. The composite’s tensile strength and
fracture strain ¢ are measured at 105 MPa and 0.044, respec-
tively. Compared to unreinforced PEI, the PEI/CNT composite
demonstrates higher mechanical performance, with a 50%
increase in Young’s modulus and a 10% increase in strength
due to the addition of 3 wt.% CNT, as summarised in Table S5
(Supporting Information). Further discussion on the influence
of CNT on the properties of PEI can be found in the previous
study.®]

Additionally, the FFF-printed PEI/CNT bulk composite ex-
hibits a coherent piezoresistive response under quasi-static load-
ing. Electrical resistance decreases under compression and in-
creases under tensile loading, as depicted in Figure 4a. This be-
havior stems from microscale interactions between CNTs within
the PEI matrix: compressive stress reduces the distance between
CNTs, enhancing tunneling effects and forming new conductive
paths, thereby decreasing the overall resistivity of the PEI/CNT
composite.[*?) Conversely, a tensile stress state moves the CNTs
apart, producing the opposite effect. It's noteworthy that un-
der compression, PEI/CNT exhibits a shift in electrical resis-
tance trend from decreasing to stable once the composite’s stress
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Figure 5. Numerical versus experimental stress-strain curves and electrical resistance evolution of parent PEI/CNT composite under uniaxial tension

a) and compression b).

exceeds the peak value, and plastic deformation becomes pre-
dominant. This transition is typically attributed to the cre-
ation and destruction of conductive paths between CNT&.[*]
Consequently, the microscale electrical interaction mecha-
nism evolves as the deformation shifts from the elastic to
the plastic regime. Moreover, the transverse deformation of
the specimen due to Poisson’s effect contributes to an in-
crease in the distance between CNTs within the conductive
network.[*1]

The piezoresistive response of the PEI/CNT bulk composite
in the loading direction is presented in Figure 4b under both
compression and tensile loading, as well as along the trans-
verse direction (Charles-Smith test). According to Equation (6),
the slope of the fractional change in electrical resistivity versus
the stress curve obtained from uniaxial loading conditions de-
fines the piezoresistivity parameters I1;; and II,,, measured ac-
cording to Equations (21) and (22). Notably, II;; remains con-
sistent in tension and compression, measuring 0.0034 MPa!,
whereas I1;, measures 0.0013 MPa~!. The electrical resistivity
of PEI/CNT composite under unstrained conditions, p,, is cal-
culated to be 22.8 Qm or 0.045 S m™' using Equation (7) for
tensile samples and considering the associated cross-sectional
area and length. The gauge factor of PEI/CNT under uniaxial
tension measures &13.5, consistent with the analytical predic-
tion using Equation (10), confirming the validity of the proposed
model.

Numerical predictions of the piezoresistive response of the
PEI/CNT composite were conducted through FE analysis. The
predicted tensile and compressive behavior is depicted in
Figure 5a,b, respectively. The FE predictions for mechanical be-
havior align well with experimental results under both loading
conditions. Under tensile loading, the numerically predicted elec-
trical resistance increases consistently, reflecting experimental
observations. However, in the compression case, the numerical
predictions of electrical resistance match experimental results up
to moderate strains (x25%) but diverge at larger strains, as illus-
trated in Figure S5b. This divergence is attributed to the interaction
mechanism of CNTs within the polymer matrix. The piezoresis-
tive model couples electrical resistivity with true stress, primar-
ily driven by changes in the distance between CNT5.[* Severe
plastic deformation introduces an additional mechanism: the for-
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mation and disruption of conductive paths between CNTs,[*0] re-
sulting in nonlinear variations in piezoresistivity, i.e., II(c;;). The
predicted mechanical (stress-strain) and piezoresistive (electrical
resistivity evolution) responses under tensile and compressive
loading are also depicted in Figure S3 (Supporting Information).
However, the numerical predictions remain consistent with ex-
perimental results up to the moderate strain, indicating that the
second mechanism of CNT interaction becomes predominant
only at large strains. Thus, the proposed piezoresistive model can
Dbe reliably employed to predict the piezoresistive behavior of lat-
tice composites.

4.2. Piezoresistive Response of PEI/CNT Lattice Composites

The in-plane mechanical and piezoresistive behavior of FFF-
printed PEI/CNT 2D lattices was measured under quasi-static
compression loading. The deformation and failure patterns of
lattices with p = 30% captured at different stages of load-
ing along with macroscopic stress-strain and piezoresistive re-
sponses are shown in Figure 6: A (¢,; = 0.05) and B (Initial
collapse).

The stress-strain curves exhibit an initial elastic phase, fol-
lowed by a progressive brittle crushing regime dominated by
ligament fractures. The in-plane compressive response of the
PEI/CNT lattice composites is influenced by the unit cell topol-
ogy and the parent composite’s brittleness. The re-entrant and
hexagonal lattices show a linear elastic regime whereas I-Shaped
and S-Shaped lattice composites exhibit an extended nonlin-
ear elastic regime, followed by a sudden drop in stress because
of ligament fractures. The bending-dominated I-Shaped and S-
Shaped architectures significantly enhance deformation, outper-
forming hexagonal and re-entrant lattices and effectively coun-
tering the brittleness of the parent PEI/CNT composite. Espe-
cially, the local rotation of the ligaments in the I-Shaped ge-
ometry turns out to be less critical than the S-Shaped lattice
composite, facilitating a recoverable compressive response up to
€,; = 0.22. This behavior indicates that the nonlinear elastic re-
sponse is reversible. Consequently, both lattice types can be uti-
lized as nonlinear elastic sensors due to their excellent hysteretic
behavior.
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Figure 6. In-plane quasi-static compression behavior of PEI/CNT lattice composites with pj= 30%. Characteristic engineering stress-strain and piezore-
sistive responses with deformation maps at various stages of loading are shown: U (Undeformed), A (¢ = 0.05), and B (Initial collapse).

The piezoresistive behavior of PEI/CNT lattice composites un-
der compression shows electrical resistance decreases from the
initial value (electrical resistance in the unstrained condition) to
the critical value at which the lattice composites lose their in-
tegrity (strain at peak stress) (see, Figure 6b,c). Beyond these peak
stresses, the electrical signal becomes extremely noisy because
of ligament brittle failure, preventing a stable piezoresistive re-
sponse in the collapse regime. Notably, the bending-dominated
deformation behavior of the I-Shaped lattice composite counter-
acts the brittle nature of PEI/CNT, enabling an extended nonlin-
ear piezoresistive response up to £,; = 0.22. The piezoresistive
responses indicate that the highest gauge factor, 10, is observed
in the hexagonal and S-Shaped lattice composites, as summa-
rized in Table 1.

The experimental results are subsequently compared with nu-
merical predictions obtained through piezoresistive FE analy-
sis, as shown in Figure 7. The predicted in-plane stress-strain
responses and electrical resistance evolution of PEI/CNT lat-
tice composites are consistent with the experimental results, es-
pecially before the collapse stage. The FE predictions confirm
the appropriateness of the piezoresistive constitutive model pro-
posed and the experimental strategy to calibrate its parameters.

After the collapse stage, the numerical predictions have trouble
following the brittle crushing response of the lattice composite
because the new electrical paths are entirely dependent on the
failure characteristics.

The piezoresistive response of PEI/CNT lattice composites can
Dbe better visualized in Figure 8 in which the numerical, analyti-
cal, and experimental results are compared in terms of piezore-
sistive response. The slope of the linear trend line, which aligns
with the analytical prediction, indicates the gauge factor. The nu-
merical predictions and experimental results are consistent up
to the collapse stress, besides capturing the nonlinear piezoresis-
tive responses. I-shaped lattice composite exhibited a nonlinear
piezoresistive response with 2 steps ate;; = 0.11and &;; = 0.16.
Both electrical resistance steps in piezoresistive response relate
to the percolation of contacts between ligaments during the com-
pression of lattices. The piezoresistive FE analysis aids in com-
prehending the interaction between electrical current flow and
architecture, shedding light on the origins of nonlinear piezore-
sistive behavior (contact nonlinearities due to the percolation of
contacts between ligaments).

Figure 9 describes clearly what happens at those
strain/deformation stages during the compression of an

Table 1. In-plane piezoresistive properties of FFF-printed PEI/CNT lattice composites.

Lattice 0 ITE v’]*2 GF*

Composite Exp. FEA Exp. FEA Exp. FEA Exp. FEA Equation (20)
Hexagonal 93+02 9.3 0.80 + 0.03 0.75 +0.27 £ 0.01 0.25 9.9+05 9.8 9.8
I-Shaped 11.9+0.38 1.5 0.41 +0.06 0.22 —0.77 £ 0.03 —-0.78 29+09 2.8 2.8
Re-Entrant 18.1+04 17.9 0.56 +0.01 0.53 —0.31+0.02 -0.33 72+03 6.7 6.7
S-Shaped 11.0+0.6 10.7 0.96 + 0.06 0.93 —1.83 £ 0.06 -1.94 10.1+0.8 9.7 9.7
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Figure 7. Comparison between experimental results and numerical predictions of in-plane stress-strain (top row) and piezoresistive (bottom 2 rows)
responses of PEI/CNT lattice composites ( g = 30%) under quasi-static compression.

I-shaped lattice composite. The piezoresistive FE analysis in-
dicates that the horizontal ligaments of the I-shaped lattice
composite at unstrained conditions are not crossed by electric
current (see orange ellipses in Figure 9). As the compression
loading increases, new electrical current paths are formed within
the I-Shaped architecture due to the percolation of contacts be-
tween ligaments. Notably, the ligaments at the boundary of the
lattice composite come in contact creating the first change in
electrical resistance at £,; = 0.11. Subsequently, the horizontal
ligaments within the lattice (see red ellipses in Figure 9) come
in contact as all contacts between ligaments in an I-shaped
lattice composite percolate, generating the second change in
electrical resistance at €;; = 0.16. The numerical prediction
clearly describes the changes in electrical resistance due to the

formation of contacts exhibiting 2 steps whereas the experi-
mental result shows first a smooth transition followed by the
electrical resistance step when all the contacts in the lattice
composite percolate, as shown in Figure 8. The higher sensitivity
of the electrical contact interactions is due to the implemented
electrical contact model: the contact conductance was modeled
as a step function, creating an instantaneous change in contact
conductance once the conductive ligaments come in contact.
In reality, contact conductance is a pressure-dependent phe-
nomenon, therefore, the experimental results indicate the local
pressure was high enough to create a step change in electrical
resistance only when all contacts between ligaments percolate.
This approach aims to mimic electrical interactions as an on/off
switch. While a triboelectric model could potentially enhance
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Figure 8. Comparison of numerical, experimental, and analytical results for the piezoresistive behavior of PEI/CNT 2D lattice composites under in-plane
compression. Dashed lines indicate the initial slope.
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Figure 9. Comparison between experimental results and numerical predictions for an I-shaped PEI/CNT lattice composite under different compression
strain levels. The top row presents deformation maps. The middle row displays piezoresistive FE maps, highlighting electric current paths within the
lattice composite. Red ellipses mark ligament contacts that alter the current paths during compression, while orange ellipses indicate ligaments where
the current does not flow in the unstrained state. The bottom row shows thermographic images of current flow paths, illustrating temperature increases

due to the Joule heating effect (45 W-24 V after 2 s).

contact interactions, the current numerical model effectively
predicts the macroscopic piezoresistive behavior of the lattices,
aligning well with experimental results and demonstrating its
robustness.

The numerically predicted electrical current paths were vali-
dated using thermography analysis, comparing the normalized
resultant electric current density (=) within the lattice compos-

ites predicted using the FE model with the temperature maps
generated connecting the I-Shaped lattice composite to a high-
power supply, as shown in Figure 9. The temperature increases
(AT) within ligaments due to the Joule heating effect gener-
ate 3 different maps, one for each strain stage, showing the
changes in electric current paths during deformation because of
the progressive change in contact percolations as predicted by the
piezoresistive FE analysis. Furthermore, Figure 10 illustrates the
stress and electrical resistivity components within the unit cell
of the I-Shaped lattice composite, showing that the compressed
zone experiences a decrease in electrical resistivity as described
by Equation (6). Video S1 (Movie S1), Supporting Information
shows synchronized footage of stress-strain and piezoresistive
responses, deformation maps, and electric current paths within
the I-Shaped lattice composite, obtained from both experiments
and simulation, including predictions of the electrical resistivity
field.

Adv. Funct. Mater. 2024, 2411975 2411975 (12 0f17)

4.2.1. Electrical Resistivity under Unstrained Conditions

Experimental and numerical results, summarized in Table 1,
show the relative electrical resistivity of architected lattice com-
posites change with the unit cell topology. The re-entrant lattice
composite exhibits the highest value at 11.8, while the hexagonal
lattice shows the lowest at 9.3. This variation is due to the inter-
action of the electric current with the architectures, as demon-
strated in Figure 11.

The local electrical current density along the vertical (J;) and
transverse (J,) directions within the material domain are illus-
trated, with dotted lines representing the average electrical cur-
rent density (J, and J,). The symmetric distribution of J, results
in J, = 0, indicating no macroscopic current flow in the trans-
verse direction, whereas the asymmetric J; distribution results
in J, # 0, showing macroscopic current flow in the loading di-
rection. A higher J; corresponds to lower relative electrical resis-
tivity. The J, distribution explains why the re-entrant lattice com-
posite has the highest relative electrical resistivity value; the re-
entrant lattice composite has a negative J, (current flows opposite
to loading direction) in horizontal “V” ligaments, meaning the
current flows toward the cell center and then comes back follow-
ing the Re-entrant shape, generating an intricate path that coun-
ters the vertical current. Furthermore, Figure 11 shows that J

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 10. Predicted stress and electrical resistivity components in deforme
strain €1, = 0.05.

locally reached the highest values in the I-Shaped and S-Shaped
lattice composites, even though their average ], values are not
higher than those of the hexagonal lattice composites. This is
because J, is an average value negatively impacted by untrav-
eled zones. The I-Shaped and S-Shaped lattice composites exhibit
preferential current flow across vertical ligaments with no flow
through horizontal ones, as shown in Figure 12. This is due to the
electric current flowing along the shortest path, connecting the
lower to the upper sides. Additionally, monitoring the piezoresis-
tive response of these lattice composites only in the vertical di-
rection minimizes the impact of damage or imperfections in the
horizontal ligaments. Conversely, the hexagonal and re-entrant
lattices have intricate architectures that force the electrical cur-
rent to travel throughout the entire material domain, so imper-

% |80 ﬁ |50 ﬁ |30
-80 -50 -30

www.afm-journal.de
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(=]
(=]

P33 [Qm] P12 [Qm]

(=4

d |-Shaped PEI/CNT lattice composite at imposed macroscopic compression

fections or damage always affect the monitored current flow in
the loading direction. The electric current flows are qualitatively
validated using thermographic images showing temperature in-
creases due to Joule heating, which align with piezoresistive FEA
predictions, as shown in Figure 12.

4.2.2. Gauge Factor and Local Piezoresistive Response

Experimental and numerical results demonstrate an
architecture-dependent gauge factor, as shown in Figure 8
(see, Table 1). This could be attributed to the local interaction
among the electric current paths, the piezoresistive response of
the parent composite, and the stress state. To demonstrate that,
here we introduce the local gauge factor k;. From a macroscopic

Hexagonal Re-entrant S-Shaped I-Shaped
T 2: _______ Avg. zb o 2?____-----6}’_9_- 2?.-------.@1&1
PN —— [ s i Bl ] |
=0 == 0 o=
= -2 -2 -2 -2
0 0.5 0 0.5 0 0.5 0 0.5
s B E 2 2 E 2 E
§ = Avg. = Avg. 5 Avg. = Avg.
~ E——
. [ K 2 F 3 %
0 0.5 0 0.5 0 0.5 0 0.5
SVF [%)] SVF [%)] SVF [%)] SVF [%)]

Figure 11. Electrical current density within PEI/CNT lattice composite in the loading direction J; and transverse direction J, versus the Solid Volume
Fraction (SVF). The dotted line represents the average current density value, J; and J, respectively.
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Figure 12. Electric current paths within the PEI/CNT lattice composites under unstrained conditions. The piezoresistive FE predictions are compared to
thermographic images, which qualitatively illustrate the electric current paths by highlighting temperature increases caused by the Joule heating effect

(45 W-24V after 2 s).

point of view, the gauge factor is strictly dependent on the
fractional change in electrical resistance at a given strain or
the change in electrical current inside the lattice material, as
suggested by

AR Lo b
Ry L S A

(24)

where I; and I} are the electrical currents traveling within lattice
material measured at the boundary in unstrained and deformed
conditions, respectively. Assuming the change in cross-sectional
area is negligible, the piezoresistive response is dependent on
the local change in electrical current density along the loading
direction thus local gauge factor is defined as follows:

k= 2 -1 (25)

Figure 11 highlights several aspects of piezoresistive interac-
tions within the lattice, showing the k, values computed for each
element of the FE model at a given macroscopic compression
strain of £;; = 0.05. The dotted line corresponds to the fractional

. . . AR
change in electrical resistance measured at the boundary (=)
0

and coincides with the average k, values (k,) within the lattice
composite. k; reaches higher magnitude in high piezoresistive
regions because of experiencing high local stresses; hence, the
k, values are notably low in vertical ligaments, as in hexagonal
central compressed ligaments (blue zones), and ligament edges,
as in S-shaped lattice composites, where local stress concentra-
tions exist. However, k; equals to zero negatively affects the lattice
gauge factor, which occurs under 2 conditions: the parent com-
posite is not deformed, or the electric flow does not travel across
the stressed zones, as shown by blue zones in Figure 10 and by
white zones in Figure 13. Therefore, the necessary condition to
have a high GF* for alattice composite under compression is that
the electric current must flow across high piezoresistive zones or

zones with low k; values (GF* = Ek—l). For instance, while the S-

11
Shaped lattice composite exhibits the lowest k; values, its GF* is

Adv. Funct. Mater. 2024, 2411975 2411975 (14 0f17)

comparable to the hexagonal lattice. This is because the S-Shaped
architecture restricts current flow to the central ligaments, result-
ing in limited current flow in the edges, which are regions with
the highest piezoresistive properties. Conversely, the hexagonal
lattice composite facilitates electric current flow across its entire
domain, especially in central ligaments which have the lowest k,
values.

Furthermore, the flexural behavior of ligaments, inside the S-
Shaped central ligaments (violet zones), mitigates the overall lat-
tice composite’s piezoresistive response. This occurs because the
piezoresistive effect induced by tensile stress balances the effect
of compressive stress, resulting in zones with the same k; = 0.
Lattice composites with low stiffness, such as the I-Shaped con-
figuration, do not experience significant stress within their liga-
ments because of high ligament mobility, resulting in near-zero

k, values.

4.3. Gauge Factors of Architected Lattice Composites

In comparison with piezoresistive composites enabled via addi-
tive manufacturing, both PEI/CNT parent and lattice composites
exhibit remarkable gauge factors, especially when compared to
other composites made of high-performance thermoplastic poly-
mers like PEEK or PP, as shown in Figure 14. Therefore, the su-
perior strength and stiffness, combined with high strain sensing
ability, make PEI/CNT a good candidate for autonomous sens-
ing lightweight lattice composites. Moreover, Figure 14 confirms
the enhanced strain sensitivity of piezoresistive architected lattice
composites compared to piezoresistive foams.

Both experimental and numerical results highlight that the
gauge factor of lattice composites is lower than that of the par-
ent composite, as inferred through Equation (20). This leads to
the affirmation that the gauge factor of lattice composites ranges
from that of the parent composite to lower values due to changes
in relative density and architecture. This observed trend is also
visible in other studies on piezoresistive FFF-printed lattice com-
posites, as indicated by shaded areas in Figure 14, demon-
strating that the nature of the piezoresistive behavior of parent
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Figure 13. Local piezoresistive behavior of PEI/CNT 2D lattice composite under a macroscopic compressive strain €1, = 0.05. The top row illustrates
the electrical current density along the loading direction, J; under unstrained conditions. The bottom row depicts the distribution of the local gauge
factor k, versus the local stress o calculated for each element of the FE model. The color map indicates the spatial variation of kywithin the material.

The dotted line represents the average change in electrical resistance (k;) at a given strain, which is proportional to the gauge factor of each lattice

composite.

composites affects the y-position of shaded areas, whereas the ar-
chitecture affects the width. A similar effect is typically observed
in the mechanics of lattice composites, where stiffness, strength,
and energy absorption characteristics vary from those of the com-
posite to lower ones due to changes in the lattice composite’s rela-
tive density and unit cell topology.*3! Therefore, the gauge factor
of lattice composites may be framed as a relative property con-
nected to relative density (5), extending the concept of mechani-
cal properties scaling laws to electrical ones.

—= 6=C p‘ﬁz (26)

GF*

or = GF=C, "

(27)

where C;, C,, f; and B, are the architecture-dependent pa-
rameters. Scaling laws for electrical resistivity have already
been discussed in the literature,>! while the gauge factor
has never been highlighted before. This insight allows us to
bridge the gap between material research and mechanics, en-
abling the design and optimization of lightweight piezore-
sistive structural materials. Consequently, the gauge factor
may become a design requirement, predictable through scal-
ing laws once the behavior of the parent composite and the

Lattice structures

p—
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Figure 14. Gauge factors comparison of piezoresistive parent and lattice PEI/CNT composites with extant works (both foams and architected lattice

composites).
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architecture of the lattice composite is known, like mechanical
properties.

5. Conclusion

This study provides significant insights into the development of
additively manufactured autonomous sensing architected com-
posites by seamlessly integrating analytical models, experimen-
tal data, and predictive finite element (FE) simulations. We sys-
tematically examined the in-plane mechanical and autonomous
sensing behavior of FFF-printed 2D PEI/CNT lattice composites
with 30% relative density, focusing on 4 distinct unit cell topolo-
gies under compressive loading. The findings reveal how archi-
tectural variations and parent composite properties govern the
strain and damage sensitivity of piezoresistive lattice composites.
Notably, the bulk PEI/CNT composite demonstrated exceptional
mechanical performance, with a strength of 105 MPa, stiffness
of 3368 MPa, and strain sensitivity, marked by a gauge factor of
~13. Among the studied lattice architectures, the Hexagonal lat-
tice, the stiffest, exhibited a gauge factor of 10, while the compli-
ant I-Shaped lattice exhibited a gauge factor of ~3.7. Stretching-
dominated architectures like Hexagonal and Re-entrant lattices
were stiff yet brittle, whereas bending-dominated designs like I-
Shaped and S-Shaped lattices offered extended nonlinear elas-
ticity, mitigating the brittleness of the parent composite while
providing moderate deformation capacity. The significant strain
sensitivity observed, particularly in Hexagonal, Re-entrant, and
S-Shaped lattices, underscores the promising potential of these
materials for advanced sensing applications.

The multiscale multiphysics FE model, implemented through
a user-defined subroutine (USDFLD) in Abaqus, effectively cap-
tured the piezoresistive responses of the PEI/CNT lattice com-
posites, accounting for material, geometric, and contact nonlin-
earities. The strong correlation between the FE predictions and
experimental results validated both the proposed piezoresistive
constitutive model and the experimental strategy used to cal-
ibrate the mechanical (CDP model) and piezoresistive param-
eters. Complementary thermography analysis further validated
the model by confirming the predicted electric current paths,
particularly within the I-Shaped and S-Shaped lattices, where
preferential current flow across vertical ligaments under un-
strained conditions aligned with the FE simulations. The non-
linear changes in electric current paths observed during com-
pression in the I-Shaped lattice, driven by contact percolation
between ligaments, further corroborated the model’s accuracy.
These insights reveal the critical role of aligning electric current
paths with high piezoresistive zones to optimize gauge factors,
paving the way for designing and optimizing lightweight, high-
performance autonomous sensing materials across various engi-
neering sectors.

The formulation of a closed-form expression for predicting the
gauge factors of lattice composites, which incorporates both ar-
chitectural and parent composite properties, showcases the ele-
gance and utility of the piezoresistive modeling framework. The
gauge factors observed in PEI/CNT parent and lattice compos-
ites, as shown in our Ashby chart analysis, indicate that these
materials have potential for future autonomous sensing applica-
tions. Notably, the Ashby chart analysis suggests that the gauge
factor of architected lattice composites can be predicted using a

Adv. Funct. Mater. 2024, 2411975 2411975 (16 Of17)

www.afm-journal.de

scaling law analogous to those for mechanical properties. These
findings, together with the proposed multiscale FE model, un-
lock exciting new opportunities for the predictive design and op-
timization of piezoresistive materials for advanced applications.

Moreover, the impressive mechanical performance and high
strain sensitivity of the PEI/CNT lattice composites underscore
their potential as lightweight autonomous sensing materials for
load-bearing applications. Future research should focus on scal-
ing these composites for broader use and exploring their per-
formance under diverse environmental conditions. Investigating
the integration of these materials into real-world applications will
be pivotal for transforming our insights into practical, smart tech-
nologies. This work not only advances the field of piezoresistive
composites but also lays the groundwork for the development of
intelligent, responsive materials with broad functional applica-
tions.
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