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This study investigates the programmable strain sensing capability,
auxetic behaviour, and failure modes of 3D-printed, self-monitoring
lattices made from in-house-engineered polyetheretherketone (PEEK)
reinforced with multi-walled carbon nanotubes (MWCNTSs). A skeletally
parametrized geometric modelling framework, combining Voronoi
tessellation with 2D wallpaper symmetries, is used to systematically
explore a vast range of non-traditional, non-predetermined topologies.
A representative set of these architectures is realized via fused filament
fabrication, and multiscale characterization—including macroscale ten-
sile testing and microstructural analysis—demonstrates tuneable multi-
functional performance as a function of MWCNT content and unit cell
topology. Real-time electrical resistance measurements track deforma-
tion, damage initiation, and progression, with the sensitivity factor
increasing from below 1 in the elastic regime (strain sensitivity) to as
high as 80 for PEEK/MWCNT at 6 wt% under inelastic deformation
(damage sensitivity). Architecture—topology tailoring further allows
fine-tuning of mechanical properties, achieving stiffness values ranging
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Topology-engineered piezoresistive lattices with
programmable strain sensing, auxeticity, and
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New concepts

This work presents a significant advance in multifunctional architected
materials by enabling the precise co-design of strain sensitivity, auxeticity,
and failure behaviour in piezoresistive nanocomposite lattices through tailored
topology and architecture. Departing from conventional approaches based
solely on material tuning or adjusting predefined topologies, we develop a
parametric geometric framework that integrates Voronoi tessellation with 2D
wallpaper symmetries. This generative strategy facilitates systematic explora-
tion of a broad lattice design space, yielding complex topologies with inde-
pendently tuneable mechanical resilience, deformation kinematics, and
electromechanical sensing—all seamlessly integrated into a single, additively
manufactured system. We fabricate these architected lattices using custom-
synthesized PEEK/MWCNT filaments (3-6 wt%) and validate their multifunc-
tional performance through coupled macroscale tensile testing and microscale
characterization. A novel multi-physics finite element model, capturing stress-
induced intrinsic piezoresistivity, geometry-driven deformation, and damage
evolution, enables predictive “design for strain-sensitivity” and “design for
failure”. This integrated approach bridges topology, mechanics, and materials
science to realize embedded functional intelligence—lattices that adaptively
deform, sense micro-crack initiation in real time, and dissipate energy through
directed fracture. This capability opens new avenues for transformative
applications in self-monitoring aerospace skins, wearable medical devices for
joint tracking, and impact-tolerant structures requiring conformal sensing and
adaptive energy management.

from 9 MPa to 63 MPa and negative Poisson's ratios between —0.63 and
—0.17 at ~3 wt% MWCNT and 25% relative density. Furthermore, a
novel piezoresistive finite element model, implemented in Abaqus via a
user-defined subroutine, accurately captures stress-induced intrinsic
piezoresistivity, geometry-driven deformation, and damage evolution
up to the onset of ligament failure. Together, the experimental results
and predictive modelling enable “design for strain-sensitivity” and
"“design for failure”, demonstrating how architecture—topology tuning
can be leveraged to tailor strain sensitivity, auxeticity, and failure
modes—ultimately guiding the development of multifunctional piezo-
resistive architected composites for applications such as smart ortho-
paedic implants, aerospace skins, and impact-tolerant systems.

This journal is © The Royal Society of Chemistry 2025
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1 Introduction

High-temperature polymer additive manufacturing (AM) has
attracted growing interest, with polyetheretherketone (PEEK)
standing out due to its superior performance in extreme environ-
ments and its capacity to form complex geometries. A semi-
crystalline thermoplastic, PEEK exhibits excellent chemical resis-
tance, a high modulus (3-4 GPa), and tensile strength
(~100 MPa), making it suitable for aerospace, automotive, and
oil and gas applications." Its low outgassing profile enhances its
suitability for space systems," while its biocompatibility and
radiolucency support widespread use in trauma and spinal
implants.>™ PEEK can be processed using selective laser sintering
(SLS), but the technique demands elevated part-bed temperatures
(~321-332 °C)° and entails significant equipment and opera-
tional costs. In contrast, fused filament fabrication (FFF) offers a
more economical route; however, PEEK’s high melting point
(~343 °C) and semi-crystalline nature make it highly sensitive
to processing parameters, often leading to anisotropy and quality
variations in printed components.® Recent efforts have explored
the use of AM to develop lightweight, high-performance PEEK-
based cellular materials, inspired by natural materials such as
bone and wood. Architected cellular materials produced via AM
offer the opportunity to replicate and enhance multifunctional
properties through hierarchical design and topological tailoring.”

Artificial cellular materials—whether random or periodic—are
engineered to impart location-specific properties such as stiffness,
toughness, or energy absorption.® Periodic lattices, consisting of
repeating unit cells, enable precise control over ligament geome-
try and relative density, making them well-suited for designing
materials with customized mechanical and functional responses.’
One particularly intriguing class includes auxetic lattices, which
exhibit negative Poisson’s ratios and expand laterally under ten-
sion or contract under compression. Found in re-entrant, chiral,
and 3D topologies, these materials enable applications in
prosthetics,'® force sensors,'’ and vibration dampers."> While
conventional structural materials (e.g., PEEK) typically have Pois-
son’s ratios around 0.4, auxetic lattices can reach values of —1 in
isotropic systems'* and even lower in anisotropic ones."> Their
geometry-driven mechanical response facilitates innovations in
morphing structures,'® energy absorbers,"” and programmable
metamaterials.'® Auxetic patterns have also been deployed in
kinesiology tapes to improve conformity and therapeutic
performance."®

The functionality of PEEK-based lattices can be further extended
through the integration of self-sensing capabilities for real-time
structural health monitoring.***" In such systems, deformation
and damage can be detected via embedded sensors or through
material-level modifications enabling responses to external stimuli.
Piezoresistivity, in particular, is commonly realised in polymers by
incorporating conductive fillers such as carbon fibres (CF),>
graphene nanoplatelets (GNP),*> carbon nanotubes (CNT)>***
MXene,” or metallic nanoparticles.”**” These fillers form perco-
lated networks where charge transport is mediated by contact
resistance, tunnelling, and electron hopping. The resultant piezo-
resistive behaviour is highly sensitive to the dispersion, aspect ratio,
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and interfiller spacing—providing both multifunctional sensing
and mechanical reinforcement. Recent demonstrations include
CNT-polypropylene (PP) composites via material extrusion AM, with
56% improved stiffness and gauge factors of 10-17.>* MWCNT/PP
lattices have shown strain-sensitive multifunctionality,”® while short
CF-reinforced PEEK lattices with 30 wt% loading and 33% relative
density demonstrated strain-dependent percolation and sensing
under compression.”® Heitkamp et al.*® further embedded contin-
uous CFs in AM parts, enabling curvature-sensitive responses
through architectural design.

Modelling the piezoresistive response of polymer nanocom-
posites is critical for predictive design. Early models related
macroscopic resistance changes to matrix-filler interactions,*
and subsequent approaches have captured tunnelling and contact
effects within percolated networks. For example, Wang and Ye*?
developed a 3D CNT network model incorporating tunnelling and
strain-induced conductance changes, while Pal and Kumar®
proposed a multiscale micromechanics framework for epoxy/
CNT/SCF composites using a self-consistent scheme. Homogeni-
sation-based models have improved predictive capability by incor-
porating factors such as CNT agglomeration,* aspect ratio,*> and
electric field-induced alignment.*® Finite element (FE) modelling
has further advanced this field, enabling explicit simulation of
filler morphology and dispersion. Studies by Matos et al.®” and
Xia et al.*® used FE-based homogenisation to predict nonlinear
resistance changes under multiaxial strain. However, most of
these models remain limited to dense composites and do not
address cellular systems. Modelling piezoresistive behaviour in
architected lattices presents additional challenges, requiring a
multiscale framework that captures filler-level physics and maps
them to macroscopic response. This includes the effects of
ligament deformation, contact mechanics, and evolving percola-
tion under large strains—critical for accurate prediction and
design of multifunctional sensing lattices.

To address these knowledge gaps in lattice geometry model-
ling, nanoengineered feedstock development, and predictive
frameworks for piezoresistivity in AM-enabled cellular compo-
sites, this study investigates the multifunctional behaviour of
auxetic PEEK/CNT lattices fabricated via FFF. Custom nano-
composite filaments were produced through melt blending
with 3 wt% and 6 wt% CNT, alongside neat PEEK, using twin-
screw extrusion. A commercial PEEK/CNT filament was also
used for benchmarking. Lattices were designed within a skele-
tally parameterised geometric framework, enabling the sys-
tematic exploration of novel topologies. Four representative
lattices—each with distinct symmetry and parametric depen-
dencies—were fabricated and tested under tensile loading
to evaluate both mechanical and piezoresistive responses,
captured via real-time electrical resistance measurements.

A finite element model was developed to simulate the
coupled electromechanical behaviour using the steady-state
analogy between thermal and electrical conduction. The model
included state-dependent resistivity to capture the influence of
microstructural evolution on electrical behaviour. This enabled
simultaneous evaluation of intrinsic (material-level) and extrin-
sic (geometric) contributions to piezoresistivity under load.
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The PEEK/CNT lattices demonstrated sensitivity factors up to
~ 80, with variations linked to CNT content and lattice topol-
ogy. The model predictions showed strong correlation with
experimental data, especially up to the onset of first-ligament
failure, confirming its robustness. This study offers a unified
framework combining nanoengineered material design, archi-
tected AM lattice fabrication, and multiscale modelling for
intelligent, self-sensing polymer composites. These findings
chart new directions for predictive design of multifunctional
architected structures in high-performance aerospace, biome-
dical, and structural health monitoring applications.

2 Materials and methods
2.1 Geometric modelling of auxetic architectures

The ability to simultaneously control both geometry and topology
for a given lattice structure is essential for our investigation of
PEEK nanocomposites. To realise this, we begin with the need for
a design methodology that allows for the generation of cell-
transitive 2-honeycombs. In geometry, a honeycomb is a tessella-
tion, ie. an arrangement of polytopes (simple polygons in 2D,
polyhedral shapes in 3D, etc.) such that no two polytopes overlap
and together all polytopes fill the entire space. A cell-transitive 2-
honeycomb, therefore, is a tessellation of 2D Euclidean space
where each polygonal tile is identical (up to rigid body transforma-
tions). The methods to design such 2-honeycombs can be categor-
ized into two groups, namely, explicit, and implicit. Explicit
methods are those where a unit cell geometry is first defined with
hopes that patterning it will lead to a cell-transitive 2-honeycomb.
For general concave polygons, not only is this a highly challenging
task but it also leads to structures whose topology is fixed and
otherwise prohibitively difficult to control. In contrast to this,
implicit approaches have emerged as alternatives in recent
literature®® wherein Voronoi partitions of spatial arrangements
of skeletal geometries (e.g. lines, curves, graphs, etc.) lead to a
highly controllable design space for such lattices. The lattice
structures examined in this study are generated using one specific
class of skeletally parameterised design space, primarily focusing
on design parameters rather than the intricacies of shape genera-
tion. Indeed, the use of this skeletal parametrization leads to a
tuneable space of cell-transitive 2-honeycombs composed of poly-
gons with arbitrary concavities and curved edges thereby facilitat-
ing auxetic behaviour.

This approach draws inspiration from methods outlined in a
previous study.*® The lattice structures were constructed based
on a fundamental configuration: a stem with four branches,
two on each side, resembling the branch-stem-branch (BSB)
structure. The stems, depicted as vertical lines, were paired
with branches attached at predetermined angles (ranging from
0° to 180°) and lengths. Utilizing this BSB structure, we
employed a visual script within a procedural modelling tool,
specifically Houdini, which offers a wide array of basic geo-
metric computing functions. Our procedure involves 2D/3D
patterning, polygon (2D) Booleans, Voronoi tessellation, poly-
gon offsetting, 2D region extrusion, and mesh generation.
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Based on the design of the BSB structure defined by specific
parameters (Fig. 1a), our process, inspired by prior works,*"
unfolds as follows:

(1) A BSB structure is represented as a discretized set of
labelled points. Using this representation, we generate a 2D
arrangement of the BSB structure using the p4 symmetry group.
To obtain this pattern, we initially form a group of four discrete
BSB structures by rotating and duplicating an initial structure
by 90°, positioning them equidistantly in the x-y plane. Repli-
cating this group of four units through equidistant translation
yields a pattern (Fig. 1b). Note that the points belonging to each
unique replica share the same label.

(2) Voronoi tessellation is applied to the entire point set
obtained in the previous step, resulting in a set of convex
polygons (Fig. 1c).

(3) Note that each Voronoi site is labelled with the identity of
its corresponding discrete BSB structure. Therefore, each poly-
gonal Voronoi cell also assumes the same label. Using this
information, we union all cells with the same label to generate
the unit cell of our auxetic structure (Fig. 1d). It’s important to
note that after Boolean operations, each unit cell is depicted as
a closed polygon, which may not necessarily be convex.

(4) We consider each of these unit cell polygons and com-
pute the inner offset of these polygons for a given offset value
(Fig. 1e). Once all offsets are computed, we subtract the 2D
plane with these offset polygons to obtain a single 2D region
(Fig. 1f).

(5) The 2D region is first meshed and is extruded in the z
direction to obtain a 3D mesh (Fig. 1g). We further generate two
rectangular meshes which we union with the structure to
generate our lateral grips (Fig. 1h).

The offset was chosen such that the resulting cellular
structures have a relative density p = 25%, where the relative
density is defined as the ratio of the density of the cellular
material to the density of the parent material. This ensures that
all samples have the same volume and therefore tests per-
formed are comparable. To clarify the design process, Fig. S1 in
the ESIT illustrates how p4 wallpaper symmetry is applied in
our geometric modelling workflow. First, Voronoi tessellation is
performed on an organized grid of points derived from our
skeletal line design. The rightmost panel in Fig. S1 (ESIt)
visualizes the operational principle of p4 symmetry: the motif
is repeated by translating and rotating it in 90° increments
across the plane, which is the defining characteristic of p4
wallpaper symmetry. This ensures that the resulting cellular
structure displays four-fold rotational symmetry and periodi-
city, which can be seen in the repeating patterns of the middle
and rightmost images. By applying this symmetry operation, we
generate highly regular, repeatable lattices with controlled
architectural features. Furthermore, the Video SV1 (ESIt) show-
cases an animated depiction of the geometry creation process,
offering a visualization from the initial BSB structure through
to the completed extruded lattice.

The geometries explored in this study fall into three distinct
categories. In the most straightforward scenario, all branches
in the BSB structure have the same lengths and angles

This journal is © The Royal Society of Chemistry 2025
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d) Segmentation
into Fundamental
Units

c) Application of
Voronoi Tessellation

g) Dimensional
Augmentation via
Extrusion

h) Integration of
Lateral Grip
Enhancements

Fig. 1 Sequential design and transformation process for the generation of 2D auxetic structures with a relative density p = 25%: (a) construction of a
branch-stem-branch (BSB) structure, (b) implementation of p4 symmetry, (c) application of Voronoi tessellation, (d) segmentation into fundamental units,
(e) polygonal boundary expansion, (f) formation of internal geometric patterns, (g) dimensional augmentation via extrusion, and (h) integration of lateral

grip enhancements.

measured from the stem, resulting in completely symmetric BSB.
This design relies on just three parameters. To broaden the
scope of structures examined, partially symmetric BSB structure
can be attained by mirroring only two branches, necessitating
five parameters. Alternatively, each branch can operate indepen-
dently, requiring a set of nine parameters. Four different geo-
metries were generated, with at least one example representing
each symmetry case. The structures analysed include Sla and
Sic, showcasing full symmetry, S2c, demonstrating partial sym-
metry, and S3d, which is entirely asymmetric. These structures,
along with their respective parameters, are depicted in Fig. 2.
The unit lengths of the stems were randomly selected within the
range of 0.25 to 1.4, while branch lengths varied from 0.11 to 0.5.

2.2 Materials

The feedstock material employed in this study consisted of a
proprietary blend of PEEK and CNTs, specifically 3DXSTAT™
ESD PEEK, which features a CNT content of less than 10 wt%.
The exact CNT concentration remains undisclosed due to
manufacturer confidentiality. This blend utilises Victrex PEEK
and multi-walled CNTs, denoted as V-PEEK/ESD. In addition to
the commercial blend, two custom PEEK/CNT composites were
in-house engineered: one with a CNT concentration of 3 wt%
(designated PEEK/CNT3) and another with a CNT concen-
tration of 6 wt% (designated PEEK/CNT6). A custom filament
of neat PEEK, originating from the same polymer feedstock,
was also employed. The custom filaments, including PEEK/

This journal is © The Royal Society of Chemistry 2025

CNT3, PEEK/CNT6, and neat PEEK, are based on KetaSpire PEEK
(KT-880 NT) supplied by Solvay and CNT by Graphistrength©
C100 sourced from Arkema. These filaments were fabricated
using a twin-screw extruder via melt blending, and the process
was first described in detail in our previous publication.® To
ensure effective melting and achieve a homogenous dispersion
of CNTs within the PEEK matrix, a precisely controlled tempera-
ture gradient was established along the extruder length. This
means the temperature gradually increased as the material
progressed through the extruder. Starting at 340 °C at the feed
zone, the temperature rose to 350 °C in a designated section,
then further increased to 363 °C, before finally reaching the die
at 370 °C. This tailored temperature profile guaranteed optimal
processing conditions for both PEEK and PEEK/CNT composites.
Each production batch yielded approximately 2 kg of filament.
Following extrusion, the filament was cooled in ambient air to
solidify before being spooled onto spools using a Filabot fila-
ment winder. To further enhance the homogeneity of the CNT
distribution within the PEEK matrix, the spooled filament under-
went an additional processing step - palletisation. This process
involves chopping the filament into small, uniform pellets. The
pelletized material then went through a secondary extrusion
process, repeated iteratively to refine the texture, and ensure
consistent uniformity throughout the final filament. All lattices
and bulk specimens reported in this study were printed from
single-batch filaments, eliminating batch-to-batch variability.
The surface resistivity of 3D printed samples made from V-

Mater. Horiz., 2025, 12, 8012-8032 | 8015
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S3d

d) lstem = 0.25
ll= 05, lZ = 05
l;=0.25,1, = 0.5
a;=70°% a, = 160°
az= 180° a, = 90°

11= 04, lz = 04
a;=70° a, = 140°

Fig. 2 Exemplary 2D lattice geometries and their parameters: (a) Sla symmetric BSB, (b) Slc symmetric BSB, (c) S2c partially symmetric BSB,

(d) S3d asymmetric BSB.

PEEK/ESD has been reported to range from 10” to 10° Q using
the concentric ring test method.*?

2.3 Fused filament fabrication

All samples were manufactured using the FFF AM process,
employing an Apium P220 3D printer from Apium Additive
Technologies GmbH. In FFF, the filament is fed through a
heated nozzle and deposited onto the print bed. The print bed
moves along the z-axis while the nozzle moves in the plane
along the x and y axes, allowing for the addition of subsequent
layers once each layer is completed. For printing, the computer-
aided design (CAD) models were sliced using simplify 3D
software with a layer thickness of 200 pm, and extrusion width
of 0.48 mm, utilising a nozzle with a diameter of 0.4 mm. The
nozzle temperature, optimized for the specific filament uti-
lized, ranged between 450-485 °C. This optimization was based
on an extensive investigation of process parameters outlined in
our previous study,” with a primary emphasis on attaining ideal
layer adhesion and dimensional accuracy. The print bed tem-
perature was maintained at 150 °C. The 3D printer featured a
zone heater located above the nozzle, providing focused heat-
ing to the structure’s top layers throughout the printing pro-
cess. The temperature was regulated to remain below the glass
transition temperature (143 °C for neat PEEK), positively influ-
encing the crystallinity of the 3D printed components.*’ The
standard print speed was set at 1600 mm min *. Before
printing, the filaments were dried at 60 °C for a minimum of
24 hours and then loaded into the printer from the dryer unit
(Apium F300). To maintain uniform extrusion width, an extru-
sion multiplier ranging from 0.9 to 1.2 was utilized. These
adjustments, adapted from a commercial printing profile ori-
ginally designed for standard PEEK by Apium, accommodated
the diameter discrepancies present in our custom-made fila-
ments. This profile served as a baseline, with specific modifica-
tions tailored to our needs, thereby ensuring exceptional print
quality by leveraging both empirical data and commercially
established benchmarks.

8016 | Mater. Horiz., 2025, 12, 8012-8032

2.4 Mechanical and piezoresistive testing

Tensile tests on bulk and cellular specimens were conducted
using a Zwick Roell Z2 Universal Testing Machine (UTM) with a
load cell capacity of 2 kN. The bulk samples used for compression
tests conformed to ASTM D695 standards, with dimensions of
12.7 mm x 12.7 mm x 25.4 mm, while the gauge section of the
tensile samples followed ASTM 638 type V standards, measuring
approximately 3 mm x 3 mm x 7.6 mm. The dimensions of the
auxetic lattice samples were uniformly set at 50 mm x 50 mm x
1 mm, and featured a grip region measuring 50 x 10 mm. In the
initial preparation for piezoresistive testing, conductive silver ink
was applied to the grips of the specimen to reduce potential
contact resistance. The entire grip region was then covered with a
self-sticking copper tape of the same size, which extended beyond
the grip to serve as a lead for connection to the multimeter using
crocodile clamps. An ordinary polymer tape, placed on a sheet of
paper, provided insulation, and was positioned between the
copper tape and the grip, as depicted in Fig. 3. The paper helped
prevent the sample from slipping within the grip region and
prevented the perforated surface of the grip from penetrating the
tape. The test rates were set at 2 mm min " for bulk specimens
and 5 mm min~" for cellular specimens. The force and displace-
ment were recorded by the UTM, while a bench multimeter (Fluke
8846A) was used to measure the electrical resistance of the loaded
specimens as a function of the applied strain. The electrodes of
the multimeter were attached to the conductive copper elements,
while the insulating layer provided isolation of the specimen from
the testing machine. For each test sample, three repeats were
conducted to ensure reproducibility and reliability of the data. For
the bulk tensile specimens, the strains were recorded by digital
image correlation (DIC), where the 3D surface strains were
measured using a dual camera setup, with Vic-3D 9 (Correlated
Solutions Inc.) software used to process the images, using a subset
size of 29 with 7 steps. The Poisson’s ratio was determined by DIC
for parent materials, while for cellular materials the Poisson’s
ratio was determined by image processing of the videos of
experiments using a custom written MATLAB script to track the

This journal is © The Royal Society of Chemistry 2025
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b) Macroscale Piezoresistive Testing

Copper
(conductive)

Insulation

Specimen

Fig. 3 Schematic of (a) FFF additive manufacturing process and (b) macroscale piezoresistive testing. On the left, an FFF setup with a heated platform
and a moving print head dispensing material in predefined patterns is shown. The inset illustrates the parametrised BSB structure employed for generating
the lattice design. On the right, is the configuration for tensile testing of printed lattice structures, including resistance measurements under strain. This
setup ensures electrical isolation of the specimen with a non-conductive layer and optimal electrode contact via a copper layer.

expansion or contraction of the cellular structures under tensile
loading. The Young’s modulus E was calculated as E = a/¢, with
strain ¢, and stress o = F/A, where F is the applied force in Newtons
and A is the cross-sectional area of the cellular or bulk material
perpendicular to the direction of loading.

The electrical conductivity of the parent nanocomposites was
determined using the four-probe van der Pauw method, focusing
on direct current (DC) conductivity. Silver conductive ink was
applied to the four corners of each sample, measuring 10 mm X
10 mm x 2 mm, to establish reliable electrical contacts. These
measurements were conducted using a Nanometrics Hall
Measurement System (HL5580), which calculated the material’s
conductivity by measuring its electrical resistance.

2.5 Multiscale characterization

2.5.1 Differential scanning calorimetry analysis. Differen-
tial scanning calorimetry (DSC) was performed on a range of
PEEK composites using a DSC2A instrument from TA Instru-
ments. The analyses were conducted with a heating rate of
20 °C min~ " and a peak temperature of 400 °C. Two heating
cycles were employed to distinguish between thermal history
and intrinsic material properties. The first cycle aimed to erase
the thermal history of the sample, while the second cycle was
intended to provide insight into the sample’s inherent thermal
behaviour. All PEEK composites, in the form of filaments and
3D-printed parts, were analysed. Material parameters such as
the onset temperature, peak temperature, enthalpy change, and
crystallinity percentage were recorded for both cycles.

2.5.2 Thermogravimetric analysis and Fourier transform
infrared spectroscopy. Thermogravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR) were employed
to investigate the composition of neat PEEK and V-PEEK/ESD, a
commercially available PEEK composite with an unspecified
weight percentage of CNTs (<10%) and additives.*> TGA was
performed using a PerkinElmer TGA 8000 to examine thermal

This journal is © The Royal Society of Chemistry 2025

stability and decomposition profiles. FTIR analysis used a
PerkinElmer spectrum two instrument to identify molecular
structures, focusing on characteristic PEEK vibrations such as
C-0-C and C=0O stretching. These analyses aimed to elucidate
the influence of nanofillers and additives on the V-PEEK/ESD
composite.

2.5.3 Scanning electron microscopy imaging. Scanning
electron microscopy (SEM) analyses were conducted on PEEK
composites, including PEEK (neat), PEEK/CNT3, PEEK/CNTS,
and V-PEEK/ESD, using a Hitachi SU8240. The primary objec-
tive was to investigate the distribution of multi-walled carbon
nanotubes (MWCNTSs) within the matrix of 3D-printed speci-
mens. For an accurate representation of the microstructure,
cryogenic fracture surfaces were prepared. To facilitate SEM
imaging and prevent electrostatic charge build-up, which could
impede imaging or damage the specimens, the samples were
sputter-coated with an Au/Pd layer approximately 6.75 nm
thick, rendering the surface conductive.

3 Numerical homogenisation: elastic
anisotropic properties of lattices

The numerical homogenization technique proposed by Steven
et al.** is utilised to analyse the continuum mechanical proper-
ties of non-continuous periodic lattices exhibiting elastic ani-
sotropy. Linear elastic finite element (FE) simulations were
conducted to assess the angle-dependent Young’s moduli,
shear moduli and Poisson’s ratios of various lattice structures,
considering the V-PEEK/ESD composite’s elastic constitutive
parameters. Each lattice’s representative volume element (RVE)
was imported into nTopology 3.27.2 (nTopology Inc., US),
meshed with elements having a maximum edge length of
0.5 mm, and subjected to periodic boundary conditions (PBCs)
and loading. A single unit cell was considered sufficient to
capture the essential features of the material’s microstructure,
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especially since the lattice is relatively homogeneous and
periodic. The implementation of PBCs was facilitated using
nTopology’s “Homogenize Unit Cell” block. This tool allowed
for the application of unit strain in both tensile (x, y, z) and
shear (xy, xz, yz) directions, enabling the calculation of the 21
components of the anisotropic elastic stiffness tensor Cyy;. This
tensor characterizes the stiffness properties of the unit cell,
relating the stress tensor g to the strain tensor g through the
relationship o; = Cjjger. The Cyyy values for each lattice were
then exported and transformed into polar plots in MATLAB,
employing a script based on the methodology provided by
Nordmann et al.*®> Polar plots are helpful for visualizing the
anisotropic elastic properties of 2D lattice structures and for
assessing variations in the x and y directions.

4 Piezoresistive and elastic-plastic
modelling

The integration of mechanical and electrical properties in
materials has led to significant advancements in the field of
smart composites, underpinning the development of sensors
and actuators capable of responding to environmental changes.
Such integrative analysis poses computational challenges, par-
ticularly in the context of FE analysis. The Abaqus FEA software
does not inherently support a fully coupled mechanical-
electrical analysis to account for changes in the electrical
resistivity of a solid induced by stress field. To circumvent this
limitation, piezoresistive FE analyses were conducted by link-
ing mechanical and electrical analyses using an external Python
script. Following the methodology proposed by Matos et al.”
for evaluating the strain-sensing response of composite materi-
als, this approach begins with an initial assessment of the
mechanical response of lattice structures through independent
mechanical FE analysis. The electrical FE analyses were then
conducted on the deformed shapes of the lattice structure as
predicted by the mechanical analysis at each numerical simula-
tion time step. In this context, the constitutive model of the
parent composite, V-PEEK/ESD, utilised Abaqus’s user-defined
subroutine for coupling electrical conductivity with the stress
field. This approach ensured the gathering of electrical resis-
tance data at each mechanical analysis step, facilitating the
correlation of this data with the concurrent stress and strain,
thus enabling the prediction of the piezoresistive response of
the lattice structures.® The following section delves deeper into
the details of the FE models.

4.1 Piezoresistive model

The piezoresistive behaviour of electrically conductive solids is
characterized by variations in electrical resistance resulting
from external stimuli, such as mechanical stress (o) and
temperature (7), as well as internal stimuli, like damage (D).*®
However, contrary to expectations, both stimuli impact the
electrical resistivity (ps) which in turn influences electrical
resistance (R). This is because, ps is the material property
governing R according to the second Ohm’s law, defining R
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as an extrinsic material property. Therefore, the piezoresistive
finite element model is grounded in the definition of electrical
resistivity rather than electrical resistance. The resistivity in a
general form can be expressed as p4(c,T,D). In this study, the
piezoresistive phenomenon observed in PEEK nanocomposites
is a result of mechanical deformation, leading to the evolution
of the microstructure and consequent changes in the morphol-
ogy of the conductive network within the matrix. The random
arrangement of conductive fillers (CNTs) within the PEEK
matrix causes pg to depend on percolation and stress state.
According to the general percolation theory, ps is defined as a
stress-dependent variable.*’

ps(a) = pr(q) - Qpcrit)ﬂt (1)

where P is the perfector, p’ is the electrical resistivity of the
filler, ¢ is the volume fraction of the filler, ¢ is the critical
volume fraction of the filler at which electrical percolation
occurs and ¢ is the critical conductivity exponent. The arrange-
ment of conductive fillers within the matrix is influenced by
mechanical deformation, thereby affecting the morphology of
conductive paths and resulting in a change in resistivity. The

associated change in electrical resistivity ( p b) can be derived

Ps
from eqn (1) as follows."”

dps(a) t 1 1
Pso B ((P - (pcril) ¢ K¢+ B¢ - Kt + Bf ’ (2)

where, K¢ and K are the coefficients of volume compressibility
of the composite (c) and the filler (f), respectively, B° and B are
the shear parameters and py is the electrical resistivity of the
composite material under unstrained condition at a given
temperature. To model the macroscopic piezoresistive charac-
teristics of composite materials, the piezoresistive behaviour
described by eqn (1) for the composites can be expressed in the
following manner:

b0 =ro 1+ im0 @
Pso
where II is the piezoresistivity parameter, encapsulating the
electrical interaction between the filler and matrix under
mechanical loading. Moreover, the electrical resistivity for 3D
solids, considering the state-dependent resistivity of conductive

solids, can be expressed as:
Apij (%‘)) (4)

pi(9i) = po <5U’ +
Po
Ap.
Pi s the
Po
relative change in resistivity tensor, and d; denotes the Kronecker

delta.”® Indices i and j independently range over 1 to 3. The
change in electrical resistivity of a material under mechanical
loading can be quantitatively described using the fourth-order
piezoresistivity tensor I1;;. This tensor establishes a constitutive
relationship between the Cauchy stress tensor g;; and the result-
Apj (i)
Po

where p; represents the electrical resistivity tensor,

ing fractional change in the resistivity tensor , where pq is
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the initial resistivity. The relation is expressed as:

Ap;(0y) = Mjou 5)
Po

I3, might have different forms based on how the loading affects
the piezoresistivity along different directions. It is important to
note that I1;; may inherently depend on stress, ie., (o).
However, this study suggests a straightforward linear relationship
between stress and piezoresistivity. Similar to the fourth-order
elastic stiffness tensor connecting stress and strain tensors in
solids, I1;; possesses symmetries, giving rise to specific instances
of anisotropy, such as orthotropy.*® The isotropic piezoresistive
tensor Il is commonly expressed as:

gy = 15050 + (I — TT15)(0d + 070x) (6)

To define isotropic piezoresistivity in solids, it is essential to
determine the longitudinal coefficient IT;; and the transverse
coefficient I1,,. In isotropic piezoresistive materials, the shear
coefficient I1,, is calculated as IT;; — IT,,. Assuming that shear
stress does not impact piezoresistivity change (I1,, = 0), it
follows that I1,, equals I1;,. This assumption results in:

ymer 3
w—ﬂu<§ Ukk>5i/§ (i,j=1,2,3) )
0 k=1

where gy is the first invariant I; of Cauchy stress tensor. Thus,
hydrostatic stress predominantly influences the piezoresistivity
evolution of shear-insensitive isotropic piezoresistive solids,
and the electrical resistivity tensor is represented as a diagonal
matrix with identical components:

P;‘j(oii) =po(1 + H1111)5ij (8)

I1,; for PEEK nanocomposite is identified via tensile tests
conducted on bulk nanocomposite material. During these tests,
electrical resistance along the tensile loading direction (direc-
tion 1) is monitored. The material’s electrical resistivity evolu-
tion is derived from the electrical resistance (Ry,) history as:

R]](O’) :,01114147213 (9)

where L; is the gauge length and A,; is the cross-sectional area
of the dogbone specimen. The gauge length changes during the
tensile test as well as the cross-sectional area, so L; = Lo(1 + &)
and A,z = Ag(1 + &5,)(1 + &33). Here, L, and A, are the original
gauge length and cross-sectional area, respectively, before the
application of load, and &44, ¢,,, and ¢33 are the strains in the
loading (longitudinal) direction, 1 and the transverse direc-
tions, 2 and 3 respectively. Assuming the uniaxial stress state
over the gauge length and isotropic material behaviour, the
eqn (9) can be recast considering p; given by eqn (8) as:

Lo(1+en)
(1 — I/S][)(l — 1/811)

R|1(0)=Po(1+171111)A0 (10)

All parameters introduced in eqn (10) with subscript “0”
refer to unstrained state of composite material; hence, they can
be related to the electrical resistance in the unstrained state

This journal is © The Royal Society of Chemistry 2025
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L . . . .
Ry = poA—o, so that the evolution of electrical resistance in
0

the bulk nanocomposite during tensile test (R;) takes the
following form:

1+ e

Ry(0) = Ry—————
( ) 0(] —1/811)2

(1+H11011) (11)

This eqn (11) elucidates the combined geometric and con-
stitutive impacts on the piezoresistive behaviour of bulk mate-
rial under uniaxial tensile loading. Decoupling the geometric
effect from the constitutive one is imperative to determine the
effective piezoresistive behaviour of composite material.

4.2 Elastic-plastic FE analysis

A dynamic explicit FE analysis was conducted using Abaqus/
CAE (versions 2020 and 2022, Dassault Systémes Simulia Corp.,
USA) to gain a deeper understanding of the deformation
patterns and stress distributions within the cellular structures
under tensile loading. Mimicking the experimental scenario, a
5 x 5 unit cell lattice configuration is employed to minimize
boundary effects, in line with established literature and prior
validations,*® ensuring that boundary influences are negligible
in our finite element analysis. For the FE analysis, plane stress
elements (CPS4R: a 4-node bilinear plane stress quadrilateral)
were selected to mesh the lattices. To ascertain the optimal
mesh size, which was approximately 0.33 mm, a mesh conver-
gence study was undertaken. This study ensured a balance
between computational efficiency and the fidelity of stress
distribution predictions, ensuring at least three elements
across cell wall thickness. The FE model setup mirrored prac-
tical load scenarios through the anchoring of nodes at one
terminus, while the opposite end was subjected to a consistent
displacement load. The FE model incorporates contact inter-
actions across all external surfaces of lattice structures, ensuring
that as deformation occurs, any potential contact between
adjacent cell walls is accounted for accurately. These interactions
were defined using the ¢“self-contact” interaction manager
within Abaqus. Tangential contact is modelled with friction,
employing a friction formulation with a penalty coefficient of
0.2. For normal contacts, a “hard” contact approach was utilized
to precisely simulate the interaction between cell walls under
load. This means that contact pressure, if present, is transferred
between contacting surfaces, allowing for surface separation if
the contact pressure diminishes to zero.

The Drucker-Prager (DP) model used in this study is an
extension of the Mohr-Coulomb model, which is widely used
for simulating the elastic-plastic behaviour of materials.*>>°
A distinctive feature of the material model is its ability to
accurately represent materials with compressive yield stresses
that exceed their tensile yield stresses, as is often the case with
composites or polymers. Under small deformation until the
material reaches its yield point, the material model assumes
linear elasticity where strain is directly proportional to stress.
The DP yield criterion is defined in terms of the deviatoric
stress (stress deviation from hydrostatic pressure) and the
internal friction angle of the material to match the yield values
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Table 1 Material properties for bulk PEEK and PEEK composites under tensile loading, showing the change in performance for the PEEK composites

compared to the neat PEEK material

Material Young’s modulus [MPa] Strength [MPa] Energy absorbed [MJ m?] Gauge factor [—]
PEEK (neat) 3490 + 37 88.3 + 16.6 4.8+ 2.4 —

V-PEEK/ESD 5068 + 1039 (+45%) 79.3 + 13.9 (—10%) 1.3 + 1.2 (—73%) 11 + 12
PEEK/CNT3 4800 + 620 (+38%) 76.3 £ 4.6 (—14%) 1.5 + 1 (—69%) 26 + 31
PEEK/CNT6 4142 + 832 (+19%) 65.4 £ 18 (—26%) 2.2 + 2.6 (—54%) 6+5

in triaxial tension and compression, which may be different.
After the material has yielded, the plastic flow rule determines
how the material deforms plastically, while the plastic flow is
associated with an equivalent plastic strain according to a rule
based on the deviatoric stress state. The DP model accommo-
dates isotropic hardening so that the strength of the material
increases as it undergoes plastic deformation, influenced by
factors including the dilation angle.

The DP material model was calibrated to reflect the macro-
scopic behaviour of bulk V-PEEK/ESD material by deducing its
elastic and plastic constitutive parameters from tensile tests, as
outlined in Table 1. Utilising digital image correlation (DIC),
Poisson’s ratio was established at 0.372, and the density was
determined to be 1.3 g cm >. To address the yield strength
disparity observed in V-PEEK/ESD under tensile and compres-
sive loadings, as depicted in Fig. S2 (ESIt), both the angles of
friction and dilation were set at 20°. This setting assumed that
dilatancy effects are negligible in these materials, as ductile
deformation primarily arises from shear yielding, resulting in
the equivalence of the angles of friction and dilation. A ductile
damage model was employed for failure analysis, supported by
empirical data from tensile and compression tests. In tensile
tests, the equivalent fracture strain was 0.03 for bulk materials,
both corresponding to a stress triaxiality of 0.33. In compres-
sion tests, a value of 1 was used for the equivalent fracture
strain, corresponding to a stress triaxiality of —0.33. In the
damage model, a linear softening behaviour for damage pro-
gression was presumed, a consistent feature across all tests
conducted under quasi-static conditions. This led to the pos-
tulation of strain-rate independence. The initial phase involved
conducting mechanical simulations, with the resultant data
files preserved for subsequent piezoresistive analysis.

4.3 Piezoresistive FE analysis

The piezoresistive analysis was conducted by coupling the
mechanical analysis module with the steady-state heat-transfer
module in Abaqus, leveraging the analogy between the constitu-
tive equations for electrical and thermal conduction in solids. The
proposed approach allows for the calculation of electrical resis-
tance at each time step of the mechanical analysis. The process
involved importing the deformed mesh of the lattice structure
obtained from the mechanical analysis back into the Abaqus
thermal module. This step aimed to carry out a steady-state
thermal analysis of the deformed structure. While maintaining
the same mesh sizes used in the mechanical simulation, the
elements were changed from CPS4R to CPS4RT to incorporate
thermal information. In instances of lattice structure failures
during the mechanical analysis, corresponding elements in the
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imported mesh were eliminated. As the composite material exhibits
stress-dependent electrical properties, local changes in electrical
resistivity within the structures were accounted for in the thermal
analysis. The stress field in the lattice structure, generated by tensile
load, was exported from the mechanical analysis results, and then
imported into the Abaqus thermal module through a user-defined
field subroutine (USDFLD). Consequently, the electrical conductivity
of the composite material was defined as a user field-dependent
property, per eqn (8), where the field variable defined by USDFLD
represented the first invariant of the Cauchy stress.

Therefore, steady-state thermal analysis was carried out at each
time step defined in the mechanical analysis, in which the
potential difference (analogous to the temperature field) was
enforced along the tensile direction: zero at the fixed boundary
and one at the upper boundary where the structure is pulled, as
illustrated in the flowchart shown in Fig. 4. The electrical resis-
tance associated with each time step of the mechanical analysis
was determined through Ohm’s law, based on the enforced
potential difference and the electrical current (analogous to
conductive heat transfer), computed by the thermal analysis, at
the structure boundaries. The entire procedure was systematized
using a Python script to address all necessary time steps.

Synchronizing the electrical and mechanical results at each
time step, the piezoresistive behaviour of the composite struc-
ture was predicted. The integration of electrical and mechan-
ical data facilitates the comprehensive understanding of the
piezoresistive behaviour of the composite structure. It is essen-
tial to acknowledge that the thermal-electrical analogy is valid
in steady-state conditions when replacing all thermal proper-
ties with their electrical equivalents.?” Table S2 (ESIt) provides
the analogous thermal and electrical equations.

5 Results and discussion

In this section, we delve into the mechanical and/or piezo-
resistive properties of PEEK/MWCNT composites and neat PEEK,
both in bulk and as auxetic lattices fabricated via FFF. The
results from tensile testing provide a detailed understanding of
their mechanical properties. Additionally, the piezoresistive
behaviour under stress is explored, with a combination of
experimental findings and FE analysis shedding light on the
relationship between mechanical deformation and changes in
electrical resistance in these nanocomposite structures.

5.1 Experiments: mechanical and piezoresistive performance
of parent composites

Bulk samples have been successfully printed for the four materials
investigated. Upon initial inspection, the print quality of the

This journal is © The Royal Society of Chemistry 2025
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samples was observed to vary across the different materials.
Notably, the neat PEEK samples exhibited the best print quality,
showcasing accurate external dimensions and an absence of
visible porosity, indicating optimal printing parameters for the
material. The V-PEEK/ESD samples also showed accurate dimen-
sions with low porosity, as assessed through optical microscopy
and SEM, indicating favourable printability. In contrast, the
printing of PEEK composites with 3 wt% and 6 wt% MWCNT
content proved to be considerably more challenging. The print
quality of these composites exhibited spatial variation, as assessed
by the observed porosity, despite the printing parameters being
held constant. This variability in print quality could partly be
attributed, besides filament feedstock quality, to the inherent
differences in commercial PEEK, which depending on its grade,
type and synthesis method, exhibits a wide range of crystallinity,
molecular structures, and, and thermal, physical, and mechanical
properties.**°

This was further corroborated by SEM imaging (Fig. S3,
ESIT). These show the PEEK matrix as a generally smooth, grey
area with some fractures and fissures. Within this matrix, many
rod-like shapes, identified as CNTs, were visible. These shapes
were distributed in a random, intertwined pattern, especially
noticeable at a magnification of around 25000 times. The
uniform distribution of these CNTs suggests that the composite
is likely to exhibit desirable piezoresistive properties while con-
currently maintaining good mechanical performance. However,
it was also observed that the fracture surface of V-PEEK/ESD was
much smoother compared to in-house engineered PEEK/CNT
composites (3 wt% and 6 wt%), which further demonstrates the
enhanced printability and/or more uniform dispersion of CNTs
in the commercial filament. In many cases, custom-made
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composites, especially PEEK/CNTS6, exhibited randomly distribu-
ted local defects. These defects were primarily caused by incon-
sistencies in the quality of the feedstock filament. Although
attempts were made to enhance print quality by optimising
parameters such as the temperature or increasing the extrusion
multiplier, these measures only yielded partial success due to
limitations inherent in the filament feedstock itself. Measurements
of the filament diameter revealed the following values:
1.76 + 0.02 mm for the commercial filament V-PEEK/ESD,
1.73 4+ 0.03 mm for neat PEEK, and 1.79 £+ 0.11 mm and
1.80 £ 0.12 mm for PEEK/CNT3 and PEEK/CNTS6, respectively.
The filament diameter of the custom-made PEEK/CNT compo-
sites exhibited significantly higher variance, which presented
challenges in setting optimal printing parameters. The greater
variation in filament diameter led to uneven melt flow through
the nozzle. When significant variance was present, adjustments
to the printing parameters were necessary to accommodate
larger diameter filaments without causing over-extrusion
defects. These defects could result in under-extrusion of smal-
ler diameter sections, leading to localised structural weak-
nesses within the printed structure. Further observations also
unveiled small air entrapments within the PEEK/CNT fila-
ments, representing another potential source of localised
defects in the final printed parts (see, Fig. S4, ESIT).

Fig. S5 (ESIt) presents the thermographs from the second
heating cycles for both the raw filament (F) and the 3D printed
material (3D), with Table S1 (ESIf) detailing the data. During
these cycles, PEEK/CNT composites containing 3 wt% and
6 wt% CNTs exhibited higher peak temperatures than neat
PEEK, indicating enhanced thermal stability potentially due
to the CNTs’ thermal conductivity and stabilising effects within
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Fig. 4 The flowchart depicts the methodology of piezoresistive finite element analysis. The electrical resistivity results were derived using the electrical-
thermal analogy within steady-state thermal analyses synchronized with mechanical analysis time steps. The modification of local electrical conductivity
was based on the stress field obtained from mechanical analysis in the thermal analysis, utilizing the USDFLD subroutine to capture the piezoresistive

effect of the composite material.
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the PEEK matrix. In contrast, V-PEEK/ESD composites showed
peak temperatures similar to neat PEEK, suggesting that the
addition of CNTs and other additives might not significantly
impact the thermal stability of PEEK but may enhance other
functional properties. A notable trend across the composites,
especially in the PEEK/CNT and V-PEEK/ESD variants, was an
increase in crystallinity percentages during the second heating
cycle. This increase is likely due to the nucleating effects of the
CNTs, which implies that thermal cycling could lead to a
reorganisation of polymer chains, resulting in a more ordered
crystalline structure upon reheating. This observation of ther-
mal behaviour is consistent with earlier findings on material
properties and print quality and is supported by the literature,
such as the work by Alam et al.,* which correlates enhanced
thermal stability in PEEK/CNT composites to the thermal
conductivity and stabilising effects of CNTs. The increased
crystallinity percentages further suggest a CNT-induced nuclea-
tion effect that could potentially improve mechanical integrity.

The TGA results revealed distinct thermal profiles for the
materials studied. V-PEEK/ESD exhibited an initial degradation
temperature of 591 °C, which is lower than the 611 °C observed
for neat PEEK, as shown in Fig. S6 (ESIf). This difference
suggests that the additives and nanofillers in V-PEEK/ESD
impact its thermal decomposition process. FTIR spectral ana-
lysis confirmed the retention of characteristic molecular struc-
tures of PEEK in both samples. However, the V-PEEK/ESD
sample exhibited reduced transmittance, suggesting that the
presence of nanofillers and additives alters vibrational energy
absorption, likely due to interactions with or modifications to
the PEEK molecular environment. This alteration is further
evidenced by the TGA, where neat PEEK exhibited a weight loss
of 48.7% at 1000 °C, compared to a lower weight loss of 39% in
V-PEEK/ESD. The reduced weight loss in V-PEEK/ESD high-
lights the influence of CNTs and additives on thermal stability
and material integrity at elevated temperatures, attributed
to the enhanced thermal resistance provided by the CNTs. This
enhanced resistance likely contributes to the lower onset of
thermal degradation seen in V-PEEK/ESD. The TGA and FTIR
analyses collectively demonstrate that nanofillers modify the
thermal decomposition process and molecular structure of V-
PEEK/ESD, affecting its mechanical performance and thermal
stability. This might lead to a decrease in mechanical perfor-
mance, underscoring the complex relationship between material
composition, thermal behaviour, and mechanical properties in
3D-printed composite structures.

The electrical conductivity of the parent materials was
quantified using the four-probe van der Pauw method, focusing
on direct current (DC) conductivity.*! The neat PEEK exhibited
a conductivity of 2.7 x 10°® S m~". In stark contrast, PEEK
composites with MWCNT demonstrated a marked increase in
conductivity. The PEEK/CNT3, PEEK/CNT6 and V-PEEK/ESD
composites showed conductivity values of 0.08 + 0.03 S m ™,
3.09 £ 1.17 S m™ !, and 0.07 + 0.02 S m ™', respectively. This
represents an enhancement in conductivity by several orders of
magnitude relative to pristine PEEK. These findings suggest
that the electrical percolation threshold in these composites is
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below 3 wt% MWCNT, corroborating with established literature
on PEEK composites synthesised via melt compounding, where
the typical percolation threshold ranges over 2 to 3 wt% CNT.>*
The conductivity measurements imply that the MWOCNT
concentration in V-PEEK/ESD is proximate to 3 wt%, given its
marginally lower conductivity compared to the other evaluated
composites.

The mechanical performance of the bulk material (Fig. 5a)
reveals a modulus of 3.5 GPa for neat PEEK. The introduction of
CNT reinforcements into the PEEK matrix led to a significant
increase in modulus, reaching up to 45%. Nevertheless, the
custom CNT/PEEK composites exhibited relatively reduced
reinforcing effects in comparison to composites made with
commercial filament, primarily attributed to their higher por-
osity. Conversely, a slight decrease in strength was observed for
PEEK/CNT composites due to inferior print quality and higher
porosity. Neat PEEK exhibited a substantially higher energy
absorption capacity compared to its composite counterparts,
with a difference of up to 73% when compared to V-PEEK/ESD.
This result aligns with previous findings reported elsewhere on
other CNT-reinforced polymers, which demonstrate a more
brittle material response due to the addition of fillers.>® Higher
CNT loading restricts the mobility of the polymer chains by
interacting with the matrix material, thereby reducing overall
structural compliance and strain tolerance. Additionally, as
mentioned earlier, printing defects significantly contribute to
the decline in mechanical properties of the printed composites,
particularly affecting strain tolerance and ultimate strength. In
contrast to the composites, neat PEEK displayed higher strain
tolerance, with necking observed at approximately 10% strain.
At these high localised strains, DIC becomes less reliable in
providing accurate strain readings as the speckle pattern breaks
apart. Consequently, the data presented in Fig. 5 has been
truncated at this point of compromised accuracy.

All examined PEEK composites demonstrated an electrical
percolation network within the matrix, facilitating electrical
conductivity. The change in fractional resistance, expressed as
AR/Ry = (R — Ry)/R, was evaluated (Fig. 5b), where R represents
the resistance at a given strain ¢, and R, is the initial resistance
with no applied load. Analogous to Young’s modulus, which
defines material stiffness within the elastic region as the slope
of the stress-strain curve, the gauge factor (also known as strain
sensitivity) k quantifies the sensitivity of the relative change in
electrical resistance AR/R, to mechanical strain ¢, as given by
the equation:

k = (AR/R)/(AL/Ly) (12)
Here, AL denotes the change in length over the gauge
section, and L, represents the original length of the gauge
section. The gauge factor is typically reported within the elastic
region of the stress-strain response. In our findings, PEEK/
CNT3 exhibited higher sensitivity compared to PEEK/CNT®6, as
expected due to the presence of a smaller number of conductive
channels within the PEEK matrix compared with the PEEK/
CNT6 composite.”> The gauge factor for V-PEEK/ESD falls

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Representative graphs of parent PEEK and PEEK nanocomposites under tensile loading: (a) engineering stress—strain response, where strain is
measured by DIC, showing the region where necking occurs for neat PEEK and (b) fractional change in resistance as a function of strain for three PEEK

nanocomposites.

between the values of the two other composites, suggesting a
lower CNT loading compared to PEEK/CNT6. Furthermore, the
superior print quality observed in V-PEEK/ESD samples implies
that the conductive paths remain undisturbed even at higher
strains, resulting in a lower gauge factor compared to PEEK/
CNT3. Although a similar CNT content is expected, this finding
highlights the influence of inter- and intra-bead defects on the
piezoresistive behaviour of PEEK/CNT composites.>'
Understanding the evolution of electrical resistance throughout
a tensile test is crucial for determining the component of the
piezoresistivity tensor, 1,4, essential for the electrical FE model.
As delineated by eqn (11), the variation in electrical resistance
is governed by both geometrical alterations and constitutive piezo-
resistive effects. Therefore, by employing the previously measured
Poisson’s ratio and incorporating the true stress-strain data
acquired from the tensile test, we determined the component
I1,, for V-PEEK/ESD nanocomposite. It’s crucial to emphasize that
the elements of the piezoresistive tensor (IT;;) are stress-
dependent. However, under uniaxial tensile loading, I1;, exhibits
minimal variation with stress, thereby justifying its treatment as a
constant. As a result, the change in piezoresistivity can be con-
sidered linearly proportional to the applied stress. Fig. S7 (ESIt)
shows the predicted electrical resistance history alongside the
measured resistance history and true stress-strain data, incorpor-
ating experimentally calibrated IT,; value of 0.00147 MPa .

5.2 Experimental findings: mechanical and piezoresistive
performance of lattice structures

Quasi-static tensile tests were conducted on both neat PEEK
and PEEK/MWCNT cellular structures of four different archi-
tectures of the same relative density (25%) with varying CNT
content. Since the incorporation of CNTs renders the bulk
material conductive, we recorded the change in electrical
resistance as a function of applied strain during the tensile
loading. This allowed us to assess the piezoresistive behaviour
of the architected cellular materials. Fig. 6 presents the stress—
strain response and the corresponding piezoresistive perfor-
mance: AR/R, and (1/R,)(dR/de) as a function of strain for the
four different lattice structures tested. (1/R,)(dR/d¢) signifies

This journal is © The Royal Society of Chemistry 2025

the instantaneous slope of AR/R, versus ¢ curves shown in the
second row of Fig. 6. Note that the instantaneous slope
indicates strain sensitivity in the elastic regime and damage
sensitivity in the inelastic regime. Additionally, the figure (last
row) illustrates the Poisson’s ratio as a function of strain until
the first ligament failure.

In all tested structures, stress increases with increasing strain
until reaching a maximum stress point where the first ligament
breaks. Within this range, the stiffness, represented by the slope
in the stress versus strain curve, gradually increases as the
ligaments unfold. Eventually, a maximum stiffness is attained,
after which the stiffness curve levels off towards the maximum
stress until a sudden rupture occurs. This behaviour is most
prominent in structure Slc, printed with neat PEEK, where a
significant increase in stiffness is observed after approximately
20% strain. However, this phenomenon is less pronounced in
the other tested architectures. Upon the failure of the first
ligament, the stiffness of all structures experiences a significant
drop, followed by a gradual increase as subsequent ligaments
fail. This pattern results in a progressive failure of the lattice
structure. While some lattices fail rapidly, as seen in S3d where
all ligaments fail simultaneously in certain cases, others exhibit
a more gradual failure pattern, with ligaments failing sequen-
tially. The maximum failure strain varies among the samples,
ranging from 55% for S3d to over 66% for Sia, where the last
ligament eventually fails. Neat PEEK consistently exhibits the
highest performance across most of the tested shapes, demon-
strating superior stiffness, strength and toughness. It is impor-
tant to note that the mechanical performance of lattices,
constructed from identical materials and with a consistent
relative density of 25%, can be tuned by manipulating the
topology of the unit cell, as evidenced by the stress-strain
responses observed in all four configurations. To illustrate the
broader lattice design space, Fig. S9 (ESIt) plots the normalized
elastic modulus versus Poisson’s ratio across a wide spectrum of
parametrized lattice designs, highlighting the extensive stiff-
ness-Poisson’s ratio trade-offs achievable beyond the four exem-
plars studied here. This underscores the versatility and potential
of our framework for diverse application scenarios.
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Fig. 6 2D auxetic PEEK/CNT lattice structures of the same relative density (25%) under tensile loading. Row 1: stress—strain response, row 2:
relative change in resistance as a function of strain, row 3: (1/Rg)(dR/d¢) as a function of strain, and row 4: Poisson’s ratio as a function of strain until

first ligament failure.

Moreover, the print quality of the structures made from neat
PEEK surpasses those with nanofillers, aligning with the obser-
vations made for bulk materials. Among the nanocomposites,
only V-PEEK/ESD shows comparable stiffness and strength in
most cases (e.g. Sla, Sic). However, it is important to note that
the fracture strains of V-PEEK/ESD are significantly reduced
compared to neat PEEK. The complexity of the cellular geome-
tries introduces additional challenges, rendering them more
susceptible to failure. Even small imperfections can compro-
mise the thin ligaments, causing them to fail prematurely.
These failures arise due to the same mechanisms described
earlier for bulk materials, with inconsistencies in filament
diameter being the primary contributor to localised porosity
within the printed structures. A comprehensive summary of
performance attributes extracted from experiments conducted
on cellular structures can be found in Table 2 and is discussed
further herein.

8024 | Mater. Horiz., 2025, 12, 8012-8032

We also determined the energy absorption efficiency 5 for
the tested lattice structures to enable a comparison between the
lattice materials and the bulk material. This efficiency metric is
defined as the ratio of the specific energy absorption (SEA) of
the lattice material (@) to that of the parent material (&p),
denoted as n = @/®,. The SEA is calculated as ¢ = l/pjf)"ada,
where p = pp, represents the density of the lattice material.
Here, p,, is the density of the constituent/parent material in its
bulk form, p is the relative density of the lattice structure,
represents stress, ¢ represents strain, and ¢, corresponds to the
strain at break, which represents the maximum strain for
parent materials in tensile tests and the strain at the first
ligament rupture for lattice materials. For neat PEEK lattice
structures, energy absorption efficiencies were found to range
from 5% to 67% on average, while efficiencies for V-PEEK/ESD
lattice structures reached up to 69%, with much less variance
for all composites than for neat PEEK. Except for the Sla

This journal is © The Royal Society of Chemistry 2025
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structure, the efficiencies for the composite lattice structures
are higher than those for neat PEEK structures, indicating that
the lattice structures made from composites perform quite well
compared to those made from neat PEEK.

Negative Poisson’s ratio, serving as a measure of auxeticity,
is reported here as an average value obtained from the beginning
of the tensile test until the first ligament rupture. It ranges from
0.13 to —0.86 across the observed structures and materials,
showcasing excellent auxetic behaviour in most cases. Notably,
S1a lattice exhibits the least auxetic response, which was antici-
pated due to its limited space for ligament unfolding and its
high stiffness and strength relative to the other structures.
Conversely, Sic and S2c demonstrate the most pronounced
auxetic response, attributed to the ligaments’ ability to unfold
and expand. Although to a lesser extent, S3d also exhibits some
degree of auxeticity. However, the sharper curvature of its liga-
ments hinders their unrestricted unfolding, leading to a dimin-
ished auxetic response compared to S1ic and S2c lattices.

All structures with CNTs exhibited piezoresistive behaviour.
The piezoresistive response, as shown in Fig. 6 (row 2), indicates
minimal changes in electrical resistance (linear variation) within
the elastic region under tensile loading, while the corresponding
stress-strain response is presented in Fig. 6 (row 1). This
suggests that the unfolding of ligaments has a minimal impact
on the piezoresistive behaviour of the materials. During the
initial deformation and ligament unfolding, the material
remains largely unaffected, resulting in no significant alteration
in the morphology of the conductive network within the poly-
meric matrix and thus no substantial change in the piezoresis-
tive characteristics of the structure. The response is primarily
linear, with a slight tendency to increase with strain. Conse-
quently, the gauge factor within this range is relatively low,
averaging around 0.1, and occasionally exhibiting partially nega-
tive values. This indicates that electrical conductivity can slightly
increase due to the alignment of CNTs within the conductive
network under minimal loading.
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As strain increases and the material starts to yield, the
change in resistance becomes more pronounced, in line with
the disruption of the conductive network. As contact resistance
between CNTs decreases and electron tunnelling becomes
more difficult or impeded, the change in resistance becomes
more significant. Consequently, the sensitivity factor increases,
reflecting this change. As tensile loading progresses, a stepwise
increase in the change in resistance is observed for all struc-
tures, consistent with the stepwise decrease in mechanical
stress resulting from progressive ligament failure. The sensi-
tivity factor as a function of strain exhibits stepwise jumps, as
depicted in (Fig. 6, row 3), reaching values of up to k =~ 80. The
highest sensitivity factors were observed for structures Sla
made from PEEK/CNTS6, followed by V-PEEK/ESD and PEEK/
CNT3. S3d lattices exhibited the second-highest sensitivity,
followed by S2c, while Sic lattices showed a less pronounced
sensitivity factor before reaching ultimate failure. This order of
sensitivity closely aligns with the stiffness observed for the
lattice structures. The highest sensitivity was observed in
PEEK/CNT®6, followed by PEEK/CNT3 and V-PEEK/ESD, with
the differences between the structures not being significantly
large. While small changes in strain within the elastic region
have minimal impact on the sensitivity factor, at elevated
strains, it serves as an excellent in situ damage indicator, as
even small fractures result in drastic changes in resistance.
These findings indicate that changes in the intrinsic piezo-
resistivity of the parent material and geometry-driven deforma-
tion are pivotal in influencing the strain sensitivity of lattices
under tension within the elastic regime. The sensitivity to
damage, particularly in the inelastic regime, suggests a swifter
deterioration of the conductive network morphology, reflecting
the in situ damage state within the lattice structure. A higher
damage sensitivity corresponds to a more rapid progression
of damage. As a result, the unit cell topology can be
identified to achieve high strain sensitivity and/or the desired
mode of failure.

Table 2 Summary of performance attributes of PEEK and PEEK lattice nanocomposites under tensile loading

Lattice Young’s Strength Energy absorbed Gauge Energy absorption
Material geometry modulus [MPa] [MPa] ke ] factor [—] Poisson’s ratio efficiency [%]
PEEK (neat) Sla 68.5 £ 9.4 56+1 4023 + 821 — —0.05 £ 0.1 67.4 + 31.2
Sic 9.7 £ 0.5 4.3 £0.1 1226.7 + 14.3 — —0.48 £ 0.02 21.6 + 0.5
S2¢ 33.8 24 2.5+ 0.1 348.4 £+ 49.9 — —0.65 + 0.19 5.1+ 0.7
S3d 61.8 £ 8.6 4.2 £0.5 1040.2 £ 202 — —0.1 £ 0.26 21.3 £ 5.3
V-PEEK/ESD Sla 68 £ 3.2 3.0 £ 0.5 386.6 = 150.1 0.1 £ 0.8 —0.21 + 0.08 38.2 £ 14.6
Sic 9.2 £0.2 1.8+ 04 687.6 £ 236.5 0.1 £0.3 —0.51 £ 0.04 68.6 + 23.1
S2¢ 23 £1.2 2.7 £ 0.5 702.1 £+ 277.3 —-0.1 £ 0.5 —0.47 + 0.37 67.9 + 26.2
S3d 36.3 £ 1.5 1.9+ 04 326.9 + 139.6 0.3 £ 0.2 —0.43 + 0.43 32.2 £13.7
PEEK/CNT3 Sla 47 +£21.3 2.1+ 0.6 240.7 + 83.7 1.4 £1.7 —0.42 + 0.3 14.2 + 5.4
Slc 4.5 £ 0.6 1.4 £ 0.5 666.3 = 272.7 —6.8 £8.5 —0.48 £ 0.15 39.4 + 18.8
S2¢ 10.8 + 0.5 14 £ 0.1 391.9 + 41.8 1.2 £ 0.3 —0.86 £ 0.05 22 £2.7
S3d 19.5 £ 7.7 1.4 +0.2 401.5 + 67 —22+1.6 —0.33 £ 0.2 22.6 £ 1.9
PEEK/CNT6 Sla 52.7 £ 7.6 2.9 £ 0.7 448.7 + 224.5 —0.2 £0.3 0.13 + 0.3 27.8 +13.9
Sic 4.7 +0.3 1.1 £ 0.6 515.9 + 255.6 0.1 £ 0.2 —0.27 £ 0.28 30 + 14.4
S2¢ 14.2 £ 2.2 2.2 £0.5 707.4 £+ 262 0.1 £0.2 —0.78 £ 0.06 42.1 £+ 16.8
S3d 23.8 £ 4.7 1.5+ 0.3 342.7 £+ 82.5 0.1 £ 0.8 —0.37 £ 0.1 20 £ 7.3
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5.3 Finite element results: mechanical and piezoresistive
behaviour of lattice structures

FE-based numerical homogenization was used to examine the
anisotropic elastic properties of various lattice structures—including
Young’s modulus, shear modulus, and Poisson’s ratio (illustrated in
Fig. S8 for V-PEEK/ESD, ESIt). These results indicate that the
anisotropic elastic properties can be significantly controlled by
tuning the unit cell topology. Interestingly, for S2¢ and S3d struc-
tures, the optimal mechanical attributes occur along a plane slightly
offset from the y-axis, suggesting that structural performance could
be enhanced by aligning this plane with the loading direction. The
elastic-plastic mechanical and piezoresistive behaviours of these
lattice structures are also evaluated and discussed below.

Fig. 7 illustrates a comparison between stress—strain responses
obtained from FEA using a DP model with damage criteria, and
the corresponding experimental results, for the four lattice struc-
tures shown in the first row. The second row presents the relative
change in electrical resistance as a function of strain, obtained
from both FEA (using the piezoresistive model presented in
Section 4.1) and experiments, with an expanded view of the initial
phase preceding the first ligament failure shown in the third row.
The match between simulation and experimental data is notably
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strong, particularly in capturing the stepwise fracture of the
ligaments. There is a slight overestimation in Young’s modulus,
with an average discrepancy of —1.3 £+ 4%, while the maximum
strength is marginally higher, showing an average mismatch of
13.9 £ 9%. These results demonstrate that the model captures the
experimental observations with reasonable accuracy (Table 2),
especially during the initial deformation stages, where certain
experiments displayed higher or lower stiffness relative to the FEA
predictions.

Importantly, in the pre-first ligament failure regime—identi-
fied as the primary operational window for quantitative in situ
sensing—the agreement between simulation and experimental
AR/R, is strong. The piezoresistive response in this regime is
stable, repeatable, and strongly correlated with applied strain,
validating the lattice’s efficacy for early-stage in situ structural
health detection and normal operational monitoring. The mod-
el’s predictive capacity in this region is thus sufficient for the
envisioned application scenarios, which rely on accurate sensing
of elastic and early yielding behaviour. Beyond the first ligament
failure, although the predictive fidelity for strain quantification
decreases due to inherent variability arising from non-random
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Fig. 7 Mechanical and piezoresistive performance comparison of experimental (representative) and simulation results for auxetic PEEK/CNT lattices of
the same relative density (25%) under tension: the figure illustrates four sets of graphs (Sla, Slc, S2¢, S3d) depicting the stress—strain response and relative
resistance change (AR/Ro) as a function of applied strain. The top row presents stress—strain curves, the middle row shows the overall AR/Rq response,
and the bottom row provides a detailed view of AR/Ry at lower strains. Experimental data (orange) and model predictions (blue) are juxtaposed to
demonstrate the predictive capability of the proposed piezoresistive model.
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electrical conductivity through the percolated CNT network
still enables effective qualitative damage sensing. This allows
detection of failure and fracture progression, even if precise
strain mapping is compromised.

Fig. 8 presents optical images of deformation maps of
the lattice structures at various strain levels, obtained from
experiments, alongside the corresponding von Mises stress
maps from FEA. Stress concentrations were predominantly
observed along load paths aligned with the loading direction,
with pronounced peaks at the joints and larger bends. Hor-
izontal cell walls chiefly contribute to the lateral expansion of
the lattice via unfolding mechanisms, exhibiting significant
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auxetic behaviour. While there were variations in the initiation
points of failure across experimental runs, the FE analysis
captured an average representation of these observations,
showing close alignment with the experimental results.
In particular, the simulations accurately predicted the initial
ligament breakage and the sequence of subsequent failures.
Notably, for structure S3d, the FEA indicated a considerably
greater elongation under tension following the first ligament
failure—an outcome that was replicated only once experimen-
tally. This discrepancy is attributed to process-induced defects
from FFF process, especially in regions of complex geometry.
These defects led to early failures at the joints in FFF-printed
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Fig. 8 Comparative assessment of deformation and failure behaviour of nanoengineered auxetic structures under tensile loading: this figure presents a
series of experimental and simulated visualisations for various auxetic PEEK/CNT lattice structures (Sla, Slc, S2c, S3d) at different strain levels (0%, 5%,
18%, 23%). The first row for each specimen type displays the experimental images of the deformed structures. The subsequent rows showcase the
corresponding simulated maps with von Mises stress distribution, current density, and electrical resistivity, respectively. The colour-coded scales indicate
the magnitude of the respective physical quantities, providing an insight into the mechanical and electrical responses of the auxetic lattices during

deformation.
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lattices, particularly at the points where the structures were gripped
during testing, as evident in the optical deformation maps.

The relative change in resistance obtained from the FEA (as a
function of strain in Fig. 7) closely mirrors the experimental
response across all lattice designs. Most notably, the model
captured the discrete jumps in resistance associated with liga-
ment failures with high precision. The slope in the linear elastic
region and up to peak performance is also well reproduced
(see Fig. 7, row 3), with gauge factors ranging from 0.15 (Sic)
to 1.04 (S1a). In contrast to experimental data, the FEA shows a
smoother, nearly linear progression of resistance with increasing
stress. This difference is expected, as practical testing environ-
ments introduce factors such as imperfect multimeter contact,
which can lead to signal fluctuations during loading.

The piezoresistive FE model also facilitates the visualisation
of coupled electro-mechanical interactions in the lattice structures.
V-PEEK/ESD composites exhibit uniform electrical resistivity
in the unstrained state, aligning with theoretical expectations. With
increasing tensile load, electrical resistivity varies in response to the
evolving stress field. A particularly noteworthy observation is the
behaviour of resistivity at the joints: under bending, resistivity
decreases in compressed regions and increases in zones under
tension, as shown in Fig. 8. This non-uniform distribution signifi-
cantly influences the flow of electric current, which preferentially
travels through lower-resistivity (compressed) zones—closely corres-
ponding to the current density maps. Additionally, the model
provides insight into alternate current pathways that emerge when
ligaments fracture. These new routes are typically longer and more
tortuous, resulting in increased electrical resistance across the
structure. The rise in resistance at points of failure can be attributed
to the increased path length for electrical conduction between the
upper and lower ends of the lattice. Video 2 (SV2) (ESIt) offers an
animated comparison of experimental and FEA-derived deforma-
tion maps, including associated stress and piezoresistive responses
as a function of strain, to provide a more vivid representation.

Despite differences in the precise deformed shapes and frac-
ture morphologies at large strains, the simulated results are
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consistent with experimental observations in capturing the
sequence and location of key failure events. The divergence in
final failure patterns stems from intrinsic variability introduced by
the FFF process—such as slight misalignments in strut geometry,
localised porosity, and non-uniform bonding at inter-strand
nodes—which create localised stress concentrations and lead to
non-deterministic fracture propagation. These imperfections vary
across specimens and are not accounted for in the idealised
simulation geometry. Nevertheless, the FEA successfully captures
the early deformation behaviour, initial ligament failure, subse-
quent load redistribution, and associated resistance changes. This
strong agreement through the elastic and early failure regimes
provides confidence in the model’s capacity to capture the
dominant mechanical and piezoresistive mechanisms. Although
the simulations do not reproduce the precise post-failure crack
paths observed experimentally, they yield valuable and reliable
insights into the stress distribution, failure onset, and global
tensile response of the 2D lattice structures.

5.4 Performance comparison with extant works

In this section, we first examine the relationship between elastic
properties, specifically Young’s modulus and Poisson’s ratio,
and the density of the lattice materials, benchmarking the
competitive performance of the PEEK/CNT lattice composites
against existing literature, as illustrated in Fig. 9. Subsequently,
the piezoresistive strain sensitivity and damage sensitivity of
these composite lattice materials are evaluated and compared
with predominant classes of piezoresistive materials reported in
the literature (see Fig. 10). The gauge factors for the PEEK/CNT
cellular composites reported in this study are consistent with
those of non-additively manufactured composites of similar
density (<400 kg m™?), thereby indicating comparable func-
tional efficacy. Utilizing the demonstrated geometric modelling
framework for architecture-topology tuning, the multifunctional
property space of additively manufactured composites can be
significantly expanded without compromising density.
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Fig. 9 Chart of experimentally evaluated material properties of the 2D auxetic structures analysed in this study compared to FE predictions reported on
extant auxetic structures, showing (a) Young's modulus vs. Poisson’s ratio, (b) Young's modulus vs. density and (c) Poisson'’s ratio vs. density (all external
sources are summarised here): comparative study of auxetic geometries using computer-aided design and engineering by J. Elipe and A. Lantada.>®
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Furthermore, the integration of auxetic topology with
embedded piezoresistivity facilitates novel functionalities in sev-
eral demanding niche applications. These include load-bearing
spinal fusion cages that require structural stability and in situ
subsidence monitoring; adaptive aerospace skins benefiting from
tuneable stiffness and real-time strain feedback; impact-resilient
drone airframes necessitating lightweight energy absorption with
integrated damage sensing; and space structures and satellites
where lightweight, damage-tolerant multifunctional lattice com-
ponents must endure harsh environments while providing strain
feedback for structural integrity. Such multifunctional demands
are challenging to satisfy using bulk composites or conventional
lattice geometries alone.

In contrast to conventional auxetic and multifunctional
lattices, which are typically constructed from a limited set of
analytically or experimentally derived unit cells (e.g., re-entrant,
chiral, and rotating square geometries), our skeletally parame-
terized geometric framework combines Voronoi tessellations
with wallpaper symmetry groups. This approach enables the
continuous generation of novel topologies across an extensive
design space, allowing programmatic control over key mechan-
ical and functional properties—including stiffness, Poisson’s
ratio, failure strain, and piezoresistive response—beyond the
capabilities of classical deterministic unit cell methodologies.

6 Conclusions

The study showcases the tuneable mechanical and piezoresis-
tive capabilities of nanoengineered 2D auxetic lattices under
tensile loading, through a combination of multiscale experi-
ments and piezoresistive modelling. The lattices were

This journal is © The Royal Society of Chemistry 2025

in AM-enabled V-PEEK/ESD 2D auxetic

lattice nanocomposites versus extant piezoresistive

generated using a skeletally parametrized geometric modelling
approach that combines Voronoi tessellation with p4 wallpaper
symmetries, allowing a comprehensive exploration of diverse
lattice designs. A set of lattices with a relative density of 25%
was fabricated through fused filament fabrication (FFF) using
in-house nanoengineered feedstocks—polyetheretherketone
(PEEK) with 3 wt% and 6 wt% multi-walled carbon nanotubes
(MWCNTs)—alongside commercial CNT-filled (V-PEEK/ESD)
and pristine PEEK filaments.

Macroscale tensile testing reveals the superior stiffness and
strength of the Sia lattice, despite its lower auxeticity relative to
designs like Sic. The S2c lattice replicates S1c’s auxetic behaviour
but exhibits improved mechanical performance, while S3d pro-
vides an intermediate benchmark. Multiscale characterisation,
particularly with variations in MWCNT content and lattice topol-
ogy, highlights the tuneable multifunctional response of these
structures. Notably, a strong correlation is observed between
lattice stiffness and piezoresistive sensitivity—indicating that
stiffer architectures yield greater sensing performance. Sensitivity
factors, which reflect deformation and damage, are highest in the
plastic regime, with peak values in PEEK/CNT®6 S1a lattices.

Finite element (FE) simulations show strong agreement with
experimental mechanical responses, capturing overall deforma-
tion and fracture behaviour. The proposed piezoresistive model
effectively represents the stress-dependent electrical response,
especially up to the first ligament failure, serving as a valuable
predictive tool for detecting damage onset and progression in
conductive composite lattices. Furthermore, the lattice design,
guided by the parameterized design space, critically influences
strain sensitivity and enables targeted development of piezo-
resistive lattices with controlled failure modes. These experimen-
tally demonstrated advancements enable tuneable responses
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difficult to achieve with conventional lattice designs or bulk
composites alone. Integrating auxetic topology with embedded
piezoresistivity unlocks multifunctionality—combining load-
bearing capacity, real-time in situ sensing—for demanding
applications including spinal cages, adaptive aerospace skins,
impact-resistant drone frames, and space structures.

Future work may extend these insights by examining a
broader class of nanoengineered PEEK composites with alter-
native fillers such as graphene nanoplatelets, MXenes, or metal
nanoparticles. Expanding the range of lattice geometries across
varied relative densities within the parameterized design space
could yield deeper understanding of how architectural features
influence mechanical and piezoresistive behaviour. This would
support programmatic control over key functional proper-
ties—such as stiffness, Poisson’s ratio, failure strain, and sen-
sing response—beyond the limitations of classical unit cell-
based topologies. To further improve predictive fidelity at large
strains and capture fabrication-induced variability, data-driven
modelling frameworks trained on extensive experimental data-
sets offer a promising complementary pathway. Such approaches
can enable inverse design, where desired multifunctional out-
comes guide architecture selection. When integrated with
physics-based FE models, these frameworks can more accurately
capture the nonlinear, damage-coupled piezoresistive response
of architected composites under complex loading conditions.
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