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Abstract

We present carbon nanotube (CNT) reinforced polypropylene random copolymer (PPR)
nanocomposites for additive manufacturing of self-sensing lattice structures via fused filament
fabrication. The PPR/CNT feedstock filaments were synthesized through high shear-induced melt-
blending with controlled CNT loading up to 8 wt.% to enable 3D printing of nanoengineered
PPR/CNT architected structures. The CNTs were found to enhance crystallinity (up to 6%) in the
PPR printed parts, contributing to the overall CNT-reinforcement effect that increases both
stiffness and strength (increases of 56% in modulus and 40% in strength at 8 wt.% CNT loading).
Due to electrical conductivity (~10*-10" S/cm with CNT loading) imparted to the PPR by the

CNT network, multifunctional in situ strain and damage sensing in 3D-printed CNT/PPR bulk
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composites and lattice structures is revealed. A useful range of gauge factors (k) is identified for
strain-sensing (ks = 10.1 — 17.4) and damage-sensing (k; = 20 — 410) across the range of
CNT loadings for the 0° print direction. Novel auxetic re-entrant and S-unit cell lattices are printed,
with multifunctionality demonstrated as strain- and damage-sensing in tension. The PPR/CNT
multifunctional nanocomposite lattices demonstrated here exhibit tuneable strain- and damage-
sensitivity and have application in biomedical engineering for the creation of self-sensing patient-
specific applications such as orthopaedic braces, where the ability to sense strain (and stress) can
provide direct information for optimization of brace design/fit over the course of treatment.
Introduction

Additive manufacturing (AM), also known as 3D printing, is a revolutionary technology for the
efficient manufacturing of geometries which can’t be produced by conventional techniques 2 3.
AM delivers freedom of design, mass customization, waste minimization and fast prototyping
along with low processing cost 2 # %6, Fused filament fabrication (FFF, sometimes called fused
deposition molding, or FDM™) has emerged as an attractive AM technology due to its simplicity
and reproducibility at relatively low cost 2 "8 as compared to other common AM processes. FFF
usually utilizes continuous filaments of thermoplastic polymer or polymer blends or polymer
composites to create structures via a heated print head that meltbonds the filaments to each other.
Commaodity polymers such as polypropylene (PP) and its copolymers can be easily processed via
FFF process, as PP exhibits a wide processing window & ° 1%, Although, PP is a lightweight, low-
cost thermoplastic material, its mechanical properties are not exceptional. Several studies focused
on modifying PP to improve their mechanical performance utilizing different micro or nano fillers.
AM of polymers reinforced with micro-fibres and -particles, and increasingly nano-fibres and -

particles, is a route towards enhanced mechanical performance as well as multifunctionality 1% 12



13 In the last two decades, much work on bulk polymer nanocomposites (PNCs) reinforced with
conductive fillers such as metal nanoparticles, graphene, and carbon nanotubes (CNTSs), have been
pursued to both enhance mechanical properties and impart multifunctionality * *°. A major focus
continues to be on carbon nanostructures (CNS), including CNTs, graphene, carbon nanofibers,
and other allotropes of carbon 12 8, Extant work on processing CNS in polymers has shown that
the CNS can impart changes to the polymer due to several mechanisms, with stronger effects
generally noted for thermoplastics, principally via enhancement of crystallinity. Further, while
mechanical property enhancement has had mixed results ', electrical conductivity modification
via the percolation mechanism is extremely effective at converting the insulating polymer into an
electrically conductive material at very low loadings (wt.% or vol.%) of CNS 4181 CNTs exhibit
excellent strength (~10-100 GPa), modulus (~1.0 TPa), electrical conductivity (10*-108 S/cm) and
thermal conductivity (3000-6000 W/m K), evidencing their superiority over other allotropes of
carbon > 2°, As a result, CNT reinforced polymers have emerged as the most promising advanced
material for making FFF filaments because of their exceptional intrinsic properties and
processibility of relatively long (mm-scale) nanofibers in the continuous FFF filaments 7. This
allows for low loadings of CNTs to create percolation and provide electrical conductivity which
is useful for, among others, sensor applications based on piezoresistivity of the CNT network &
21,22 pjezoresistive strain and damage sensing are the most-studied multifunctionality in polymer
nanocomposites to date, with a recent review separating out strain sensing which is best quantified
via a gauge factor (the slope of relative change in resistance versus strain curve) in the linear elastic
regime, and in the hysteretic (plasticity and damage are the dominant mechanisms) regime for bulk
materials 2. Reported gauge factors for such materials are noted to be in the useful range for

sensing, similar to the gauge factors (k = 0.6 to 10) of commercial strain sensors?. Bulk PP/CNT



nanocomposites, of direct interest here, have been reported with similar gauge factors 4. The
extant literature confirms that piezoresistive sensors based on conductive CNS in polymers offer
numerous possible applications such as health and fitness monitoring, prosthetic device tailoring
and monitoring, soft robotic sensing, and human-machine interface solutions such as skin-
mountable motion sensors, among others # 2°. One particularly interesting example in patient-
specific biomedical devices for FFF-printed piezoresistive PP lattice designs is orthopaedic
bracing, such as those used for scoliosis deformity correction. Currently, these braces are made
from PP by conventional machining and moulding approaches and fit to the needs of individual
patients manually via trial and error 26, Furthermore, there is no information available to ensure
that the appropriate amount of stress is being transmitted to the spine in different directions, or to
direct the timing of any necessary adjustments such as to account for growth of the paediatric
patients, leaving fitting and adjustment of fixed scoliosis bracing as more of an art than science. A
smart 3D printed brace comprised of a piezoresistive material would offer the ability to sense stress
in brace elements and provide information to tune the stiffness of the bracing in different
directions, time brace adjustments based in patient-specific data, and (enabled via AM), to print
new braces or brace elements as the patient’s progress advances. This has tremendous potential
via a virtuous cycle of smart sensing and adjustment to improve the outcomes of over 30,000
children fitted with a scoliosis brace each year, and the 38,000 children undergoing surgical
intervention each year in the US alone to address progressive deformities not adequately addressed
via inefficient methods such as current bracing 7.

We study polypropylene random copolymer (PPR) which offers (vs. PP) processing and economic
advantage, due to comparative cost, improved mechanical properties and low (20-30°C less)

processing temperature, making it energetically economical. PPR has lower glass transition



temperature and melting temperature (compared to PP) which also means the part softens earlier
when heated but will also reduce any warping caused during printing since the part will finish
cooling before solidifying, matching well to FFF AM needs 2. Focusing on the FFF of PPR/CNT
materials, both the mechanical property changes of the bulk material, as well as piezoresistive
multifunctionality is quantified, in addition to demonstration of novel auxetic self-sensing 2D
lattice structures (see Figure 1). The effect of CNT content (wt.% loading of CNTSs) on the
electrical conductivity, mechanical properties and piezoresistive behaviour was determined via
comparison to neat PPR printed on the same machine. The obtained results confirm the formation
of conductive network even at very low CNTSs loading (~1.40 wt.%) in the printed PPR matrix,
with tuneable gage factors in the linear and hysteretic regimes that are similar to those observed in
bulk polymer-CNS studies. Since nearly all biomedical applications require performance over
cyclic loading, for instance the prosthetic and brace structures, cyclic performance is also
quantified for the FFF-printed PPR/CNT structures. This study can be used to inform FFF
manufacturing of PPR/CNT nanocomposite structures with tuneable strain and damage sensing
multifunctionality for a variety of biomedical applications such as next generation smart
orthopaedic braces.

Materials and Methods

PPR (RA140E procured from Borouge Pte. Ltd) having a melt flow index of 0.39/10 min (testing
temperature 230 °C with 2.16kg mass; tested as per ASTM 1238 2°) was used as a matrix. The
melting and crystallization temperatures of the FFF-printed PPR were observed to be 147.7 °C and
112.2 °C, respectively, with a crystallinity of 30.8 wt.% via DSC (see discussion in section S2 and
Tables S1 and S2). The carbon nanostructures (CNS) studied here, comprise clusters of aligned
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supplied by Applied Nanostructured Solution, LLC. The CNS were grown via chemical vapour
deposition (CVD) on glass microfibre substrates 1. The average outer diameter of the CNTs is in
the range of ~10-12 nm and length >30 pm, while purity of MWCNTSs determined from
thermogravimetric analysis (TGA) was 86wt.%. Further detailed characterization of CNTSs is
reported in supplementary information in section S1 and Figure Sla-e.

PPR/CNT nanocomposite FFF filaments were prepared by melt-blending using a co-rotating
(Coperion ZSK 18, Germany) twin-screw extruder (see, Figure 1). This was equipped with screws
of 18 mm diameter with a L/D ratio of 40. The temperatures in the 1%, 34 5" 7" and 9™ zones of
the extruder were 170, 190, 200, 210, and 220 °C, respectively while the die temperature was kept
at 220 °C with a screw speed of 200 rpm. Before compounding, PPR and CNTs were vacuum
dried at 100 °C and 0.4 bar for 6 h. For better mixing of CNTs in PPR matrix, both the materials
were manually pre-mixed in the presence of acetone (solvent). Around 5-10 mL of acetone was
used for each 1 kg batch of PPR/CNT. Due to the presence of the solvent, CNTSs are coated onto
the surface of micron-scale PPR granules 2. The polymer composite filament was extruded using
a circular die of 1.80 mm. To ensure uniformity of the target filament diameter (i.e., 1.75 mm), the
extruder makes use of a puller mechanism. PPR/CNT composite filaments were prepared by
mixing varying amounts of CNTs (0, 4, 6, 8 wt. % in the final filament) and are designated as PPR-
0, PPR-4, PPR-6 and PPR-8.

CAD models were constructed in Solid Works to create 3D printable STL files of the specimens
for FFF printing of PPR/CNT specimens using a Creator Pro 3D printer (Zhejiang Flashforge 3D
technology Co., LTD). The filament was fed into a 0.4 mm diameter nozzle by a feeding pressure
mechanism via a driver motor and a counter-rotating set of grooved gears. Process parameters such

as nozzle tip temperature (230 °C), bed temperature (115 °C), layer height (0.2 mm), infill density



(100%) and extrusion width (0.4 mm) were kept the same for all the samples, i.e., process
optimization for PPR/CNT blends is left for future work. For mechanical and piezoresistive
analyses, the test specimens were printed in two print-directions i.e., 0° and 90° and they have been
designated as 0°/PPR-x or 90°/PPR-x where “0” and “90” stand for printing direction and “x”
indicates loading of CNTs in wt.%. For example, composites prepared by mixing 4 wt. % CNT
and printed in 0° or 90° printing direction have been designated as 0°/PPR-4 or 90°%PPR-4,
respectively. Furthermore, 2D auxetic structures of 30% relative density with re-entrant and S-unit
cell geometry were printed using PPR-4.

The surface morphologies of as-received CNTs and cross-sectional fracture surfaces of PPR/CNT
nanocomposites were analysed using Nova Nano SEM 50 series, operated at 10 kV to examine the
microstructure and the dispersion state of CNTs in the PPR matrix. The samples for SEM were
coated with a thin layer of Au (~10 nm) prior to examination by sputter coating. The DC electrical
conductivity of the PPR/CNT nanocomposites samples was measured using the four-probe
technique Van der Pauw method. For this purpose, 3D printed samples of size 10 x 10 x 2 mm?®
were created, which gives an average value of resistivity (does not assess possible non-isotropy in
the 0° vs. 90° directions). To ensure conductive contact, silver paste was applied on the four corners
of the sample which facilitates electrical contact between the electrodes and the sample.
Piezoresistivity tests were conducted by measuring the change in electrical resistance using a
Tektronix DMM 4050 multimeter on dogbone samples subjected to tensile loading. The tensile
mechanical tests were performed in Zwick-Roell UTM and the grip-to-grip distance was set to 35
mm. Silver paste was applied on the contact surface to minimize contact resistance between the
electrode and the sample. The piezoresistive response during uniaxial monotonic loading was

evaluated at 5 mm/min crosshead speed. Likewise, the piezoresistive response during cyclic



loading was evaluated at maximum strain of 5% with a crosshead speed of 5 mm/min. Strain ratio
(min strain/max strain) was set to 0.03 to avoid specimen buckling due to hysteresis. Furthermore,
mechanical and piezoresistive response was evaluated under tensile cyclic loading with increasing
strain amplitude (1% increase in peak strain after every cycle).
Results and Discussion
Both quasi-static and cyclic mechanical and sensing behaviour of the additively manufactured
PPR/CNT composites under tensile loading is discussed, followed by quasi-static behaviour of
their 2D lattices under tensile loading. Relevant PPR/CNT microstructural observations and trends,
such as crystallinity, are discussed and related to the electrical, mechanical, and piezoresistive
properties (see section S2).
Average DC electrical conductivity of PPR/CNT AM composites
Average DC electrical conductivity of FFF-printed PPR/CNT composite samples is shown in
Figure 2, as a function of CNT content, based on the method described earlier. The conductivity
of the composite increases monotonically with increasing CNT content and attains a sharp upswing
(~six orders of magnitude) at ~2wt.% CNT loading, signifying the formation of electro-conductive
paths within the PPR matrix, as expected. The electrical percolation threshold (the minimum filler
loading where the first continuous conductive network forms within the insulating polymer matrix)
of PPR/CNT composite is obtained by plotting the conductivity as a function of CNT content and
performing data-fitting using the usual power law form:

o = do(p — pc)f (1)
where o is the electrical conductivity of the composite, gy, is intrinsic conductivity constant of the
CNT, g is the critical exponent (the critical exponent which is related to the system

dimensionality), p is the weight fraction of the CNT and p,. is the weight fraction of the CNT at



percolation threshold. It can be seen (inset Figure 2) that linear regression data-fitting gives the
slope (i.e., critical exponent), 8 = 2.72 and percolation threshold, p. = 1.4 wt.%. The occurrence
of percolation threshold at low loadings is a direct consequence of effective processing, and here
is affected not only by the feedstock fabrication, but also by the FFF printing comprising shear
flow induced kneading and mixing.

Mechanical and piezoresistive response of PPR/CNT AM composites under quasi-static monotonic
tensile loading

Figure 3 shows the representative stress-strain response, elastic modulus, and yield strength of the
neat PPR and PPR/CNT nanocomposite samples for both the 0° and 90° specimen configurations.
Elastic modulus is calculated over the initial linear region of the stress — strain response (up to a
strain (&) of 3.92%, 4.02%, 4.1% and 4.12% for 0°/PPR-0, 0°/PPR-4, 0°/PPR-6 and 0°/PPR-8
samples, and up to a strain (&) of 3.14%, 3.23%, 3.24% and 3.27% for 90°/PPR-0, 90°/PPR-4,
90°/PPR-6 and 90°/PPR-8 samples, respectively). Yield stress of the samples was calculated using
the offset method for a plastic strain of 0.1%. It can be observed from the plots that the mechanical
properties of the FFF nanocomposites are a strong function of CNT loading and printing direction
(0° and 90°) (see Table 1 and 2). The Tables and Figure 3 show that the elastic modulus and yield
strength of the PPR/CNT composites increase with increasing CNT content. The 0° samples
(0°/PPR-8), exhibit maximum elastic modulus and yield stress increase of 56% and 52%,
respectively, while lower improvement is observed for 90° samples (see Table 2). The
enhancement of elastic modulus and yield stress indicate that the uniform dispersion of CNTs has
resulted in effective load transfer from the PPR matrix to CNTSs, enabling stiffer and stronger
mechanical response of the nanocomposites *3. Additionally, as is common for thermoplastics like

PPR, the expected and noted increase in crystallinity due to the addition of CNTs into the PPR



matrix has also contributed towards reinforcement and stiffening of PPR/CNT composites as well,
as shown via DSC and XRD (see Figure S4 and S5). The lower improvement in elastic modulus
and yield stress observed for 90° samples is attributed to the degree of adhesion between adjacent
beads of the printed parts, as is common in FFF printing **. Note that the bead-bead interactions are
dictated by the size and shape of geometry being printed and print-orientation, even for the same process
parameters (see Figure S9). The reduction in failure strain and toughness of samples with increasing
CNT content is noted and is usually attributed to the reduced mobility of the polymer chain that
arises from the interaction of the PPR matrix with the CNTSs, as well as the enhanced crystallinity.
The addition of CNTs at all wt. % considered here imparts a useful piezoresistive sensing
capability, unavailable in the baseline PPR structures. The piezoresistive response of PPR/CNT
for 0° and 90° dogbone samples comprising different weight fractions of CNT under monotonic
tensile load is displayed in Figure 4, to elucidate the effect of CNT loading and printing direction
on piezoresistive behaviour of these AM nanocomposites. The sensitivity of PPR/CNT composites

to strain is typically quantified via the gauge factor (k) given by:

1 AR
=128
RO Ae

)
where R, is the initial no-load (¢ = 0) resistance of the nanocomposite, AR = (R — R,) is the
change in resistance, R(¢) is the resistance at any strain € imposed on the composite sample and
Ae is the change in imposed strain. During mechanical loading, as the applied strain increases, the
average distance between conducting paths (CNTS) increases, causing a change in resistance of
the polymer nanocomposites %. Further increases in strain increases the separation distance
between the adjacent CNTSs; the electrical conductivity change (or conversely change in resistance)

of the nanocomposite is attributed to electron tunnelling and hopping mechanisms at the CNT-

CNT junctions.
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The gauge factor evaluated in the elastic regime indicates the strain sensitivity, while the gauge
factor evaluated in the inelastic regime indicates the damage sensitivity. The PPR/CNT 0° dogbone
specimens comprising 4, 6 and 8 wt.% CNT loading exhibit piezoresistive strain sensitivity gage
factor kg 0f 17.4 (¢ < 8.52%), 14.7 (¢ < 8.62%) and 10.1 (¢ < 8.79%)), respectively before yield
(see Table 3). The piezoresistive response of 0°/PPR-4 composite in the inelastic regime was
approximated by a bi-linear fit with regime | over 8.52% < ¢ < 51%, giving damage sensitivity
kL = 78.8 and regime 1l over 51% < & < 104%, giving k!/ = 411.3. Similarly, the damage
sensitivity in inelastic regime I, k; = 33 (8.62% < ¢ < 30%) and in inelastic regime Il, kY =
54.29 (30% < ¢ < 46.5%) was obtained for 0°/PPR-6 composites. The 0°/PPR-8 composites
exhibit, k;, = 17.8 (3.2% < € < 15%) and k& = 26.1 (15% < & < 33.2%) as summarized in
Table 3. The gauge factors in regimes | and 11 are higher compared to those in the elastic regime
as the resistance evolution in regimes | and Il (hysteretic regime) is dominated by inelastic
processes such as damage and plasticity. Similarly, the 90° dogbone samples with 4, 6 and 8 wt. %
of CNT loading show piezoresistive strain sensitivity kg of 4.5 (¢ < 7.42%), 3.6 (¢ < 7.39%) and
2.9 (¢ < 7.55%) respectively before yield (see Table 4). In case of 90° composites, the
piezoresistive response in the inelastic regime was approximated by linear fit with regime | over
7.42% < € < 30% for 90°/PPR-4, 7.39% < ¢ < 25% for 90°/PPR-6 and 7.55% < ¢ < 21.6%
for 90°/PPR-8 samples, giving damage sensitivity, k% of 15.5, 9.7 and 5.9 respectively (see Table
4). At lower CNT loading, both 0° and 90° samples show higher gauge factors within the elastic
regime. This is due to a smaller number of conductive paths within the PPR matrix and therefore,
change in resistance is relatively large to small, applied strain. CNTs form a denser network at
high loading of CNT (i.e., 6 and 8 wt. %) in the matrix and the change in resistance is naturally

reduced, leading to lower gauge factor with increase in CNT content. Thus, one might consider an
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optimum CNT loading that is a compromise between sensing and mechanical reinforcement,
suggesting tunability as studied here.

The piezoresistive sensitivity and the mechanical response of PPR/CNT composites printed in 0°
direction were found to be higher than those for 90° samples, confirming the influence of printing-
induced mechanical and multifunctional anisotropy of FFF AM composites. 0°/PPR samples
(Figure 4a) displays higher piezoresistive sensitivity (gauge factor, k) and mechanical properties
(Table 1 and 2) as the applied load is resisted by the fibre-like printed beads whose longitudinal
direction is parallel to the loading direction. In such loading scenario, each adjacent extruded bead
is loaded along its longitudinal direction, contributing to enhanced mechanical performance, while
in the 90° samples the loading direction is perpendicular to the printing direction and load is
transferred through the relatively compliant and weak inter-bead weak interfaces. SEM
micrographs (Figure S6a) of hand-fractured surfaces (at room temperature) of 0°/PPR-4 samples
clearly reveals coarser fibrillated structures than in the 90° cases and displays the presence of fibril
type continuous networks with the appearance of crazing. Thus, the fracture surface morphology
undergoes a transition from extensive fibrillated networks to crazing-mediated restriction of plastic
flow across the composition regime of 0° samples, while 90° samples display continuous brittle
fracture like morphology (Figure S6b). A second reinforcement that is hypothesized, but was not
studied, is that the filament fabrication and FFF printing process both act to align the CNTs along
the printed fibre direction, thus providing an aligned-CNT nanocomposite morphology where
anisotropy in stiffness has been observed in past work with non-AM aligned-CNT polymer matrix

nanocomposites 36
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Mechanical and piezoresistive response of PPR/CNT AM composites under cyclic loading

The performance of PPR/CNT nanocomposites were also assessed under strain-controlled tensile
cyclic loading (at 5 mm/min, same as in the monotonic testing to failure in the last section) up to
100 loading-unloading cycles with constant strain amplitude, and also repetitive tensile cyclic
loading with increasing strain amplitude up to 10 cycles. Samples comprising 4 wt.% CNT loading
were chosen for cyclic tests as this formulation exhibited good piezoresistive response as well as
the best balance of mechanical properties including strain tolerance (100%) and high toughness
under monotonic tensile loading (see Figure 4, and Table 1), as discussed in previous section.
Repetitive tensile cyclic loading-unloading tests with constant and increasing strain amplitude help
to assess the durability, long-term performance, and the hysteresis response of the nanocomposites.
The stress increases in response to applied strain up to a maximum and returns to zero upon
unloading forming the hysteresis loop (see Figures 5a-b and S7). Strain-controlled constant
amplitude cyclic tests indicate that secant elastic modulus increases with number of cycles in the
neat PPR and decreases in PPR/CNT AM nanocomposites, while the maximum strain imposed is
less than yield strain, and from a higher starting point than the 0 wt.% case. Interestingly, the
maximum stress decays with cycling as observed from the stress-strain curves of 1%, 501" and 100™"
cycles (Figure 5 and 6). This is likely due to polymer chain relaxation phenomenon . Figures 5,
6 and S7 also show that the maximum and minimum electrical resistances reduce slowly as the
number of cycles increase. This is attributed to CNT-polymer chains interactions (supported by
SEM and Raman spectroscopy; Figure S2 and S3) where during loading, the PPR chains are
strained into in entropically unstable condition following the mechanical deformation direction
resulting in CNT rotation towards the stretching direction. The average distance between

individual CNTs increases leading to larger higher change in electrical resistance. As the cycling
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continues, the PPR chains gradually return to their more entropically stable condition.
Subsequently, the average CNT distance reduces and the sample gains back some of its electrical
conductivity due to these hysteretic effects. Although the reduction in stress is small (~17%)
between the 1%t and 50™" cycle, the stress during 50" and 100" cycle is almost the same (a difference
of ~2.1%), showing that the mechanical performance of the nanocomposites is relatively stable
up to 100 repetitive stretch/release cycles for an imposed strain of 5%. The instantaneous gauge
factor during the 50" and 100" loading part of cyclic tests (See Figure 7b) relative to the first cycle
indicates stable piezoresistive performance under constant amplitude cyclic loading. The
difference in peak resistance between 50" and 100" cycle is ~1.5%. Dissipated energy as a function
of cycles (Figures 5 and 6) confirms the change in stress peaks with loading and unloading cycles.
The dissipated energy decreases as the number of cycles increases primarily due to the viscoelastic
nature of PPR. The decrease in dissipated energy between 50" and 100" cycle is ~6.2%. The
mechanical and piezoresistive performance of PPR/CNT samples under increasing cyclic loading
up to 10 repetitive cycles is shown in Figure S8. The piezoresistive response shown in Figures 5,
6, S7 and S8, shows single peak pattern indicating a proper relation between electrical resistance
and strain for sensing applications *°. Further, the printing direction also affects the sensitivity,
long term performance, durability, and hysterics response of polymer composites. It is clear from
the Figures 5, 6, S7 and S8 that the samples printed in 0° direction (0%PPR-4) show higher values
in terms of change in resistance and stress than 90° (90°/PPR-4) samples. During cyclic loading-
unloading tests 0°%PPR-4 sample showed almost double sensitivity (gage factor) compared to
90°/PPR-4 sample, showing non-isotropy in sensing ability with greater anisotropy ratio than the

mechanical properties.
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As a demonstration of the use of the AM nanocomposites, 2D lattice structures possessing a
relative density of 30% were additively manufactured using the 4 wt.% PPR/CNT nano-engineered
filament (Figure 7). The re-entrant and S-unit cell geometries impart negative Poisson’s ratio,
usually referred to as auxetic behaviour %°, to the lattice structure, which can be useful in
applications such as knee and elbow pads and stents*'. These auxetic lattice structures were tested
under uniaxial tension and the load-displacement behaviour together with their piezoresistive
sensing response, as shown in Figure 7 (see video V1 in Sl, Section S3 for stress and sensing time-
synchronized deformation of the loaded auxetic lattice structure). The mechanical properties of
these 2D auxetic lattice structures exhibit the usual scaling with relative density as expected,
although neat (PPR-0) re-entrant structure exhibits higher modulus (+3840%) and strength (+25%)
as well as lower strain tolerance (-96%), compared to the S-unit cell structure of the same relative
density. However, both re-entrant and S-shaped CNT-engineered auxetic structures (PPR/CNT-4)
exhibit improved modulus (+51.5% and +15.4%) and strength (+73.1% and +63.3%) with
concomitant reduction in failure strain (-37.9% and -50.8%) respectively, compared to their non-
reinforced counterparts (PPR-0) as quantified in Table 5. Note that the S-unit cell geometry
significantly reduces stress concentration effects #? and promotes strain tolerance compared to the
re-entrant structure of the same relative density, facilitating the design of auxetics with tuneable
strain tolerance. Interestingly, comparison of the piezoresistive response of the auxetic structures
with PPR/CNT 4 wt.% shows a considerable change in strain- and damage-sensitivity for the
auxetic lattice structures compared to bulk counterparts. The strain sensitivity, k; of PPR-4 re-
entrant and S-unit cell auxetic lattice structures (of 30% relative density) is found to be 13.2 and
0.06 over 0 < & < 4.45% and 0 < € < 4.73% (see Table 6) respectively. On the other hand, the

damage sensitivity, k; of PPR-4 re-entrant and S-unit cell structures in the inelastic regime was
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found to be 53.7 and 1.23 over 4.45% < € < 14.1% and 4.73 < &€ < 196% respectively, offering
insight into to rate of damage evolution. Higher damage sensitivity indicates faster damage
progression and fracture of ligaments within the lattice structure under tension due to stress
concentrations. The results obtained from 2D auxetic structures demonstrate that the mechanical
and piezoresistive characteristics of PPR/CNT auxetic lattice structures can be tailored by tuning
the cell-topology and relative density besides the CNT content in the PPR matrix.

Conclusions

This study presents tuneable mechanical and piezoresistive characteristics of bulk and PPR/CNT
auxetic structures processed via FFF AM. The mechanical and piezoresistive response of the bulk
and PPR/CNT auxetic structures, both under monotonic tensile and repetitive cyclic tensile
loading, were studied considering the two principal printing directions (0° & 90°) towards self-
sensing biomedical applications. CNTs in the PPR nanocomposite filament feedstock are shown
to reinforce the neat polymer, including contributions from enhanced crystallinity in the PPR. The
printing directions significantly affect the performance of the AM-enabled nanocomposites: the
samples printed in 0° direction show a maximum elastic modulus and yield stress improvement of
56% and 52%, respectively, while lower improvement was observed in case of 90° samples
(maximum elastic modulus and yield stress improvement of 34% and 12%, respectively). These
FFF-printed bulk nanocomposites also display electrical percolation (1.48 wt.%) which indicates
good dispersion of CNTs within the polymer matrix. Furthermore, the piezoresistive response
confirms that the samples printed in 0° direction exhibit more pronounced piezoresistive response
over a large strain range with high values of gauge factor (strain sensitivity, k; = 10.1 — 17.4
before yield, damage sensitivity, k;, = 19.8 —78.8 and k/ = 26.1 — 411.3 in the hysteretic

regime | and I1) than the samples printed in the 90° direction (strain sensitivity, k, = 2.9 —4.5in
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elastic regime, damage sensitivity, k;, = 5.9 — 15.5 in the inelastic regime). These results suggest
that both the mechanical and piezoresistive properties of the AM-enabled nanocomposites heavily
depend on the degree of adhesion between adjacent beads, similar to many FFF AM materials,
besides other factors. The piezoresistive response of nanocomposites under tensile cyclic loading
with constant strain amplitude (within the elastic regime) and with increasing strain amplitude
showed consistent piezoresistive behaviour as the electrical resistance change of PPR/CNT
followed the mechanical deformation, both during loading and unloading with a slight discrepancy
primarily attributed to the viscoelastic nature of the PPR/CNT composite. The extent of such a
difference correlates with the amount of accumulated damage. Likewise, the AM-enabled
nanocomposites remained conductive and show good piezoresistivity even after 100 repetitive
loading-unloading cycles under a strain amplitude of 5%.

CNT-engineered re-entrant and S-unit cell auxetic structures (30% relative density) were created
with the 4 wt.% PPR/CNT FFF filaments and shown to exhibit improved modulus (+51.5% and
+15.4%) and strength (+73.1% and +63.3%) respectively, relative to their unreinforced PPR
counterparts. Although the S-unit cell geometry is not efficient in terms of strength and stiffness,
its structure significantly reduces stress concentration and promotes strain tolerance. The strain
and damage sensitivity of the re-entrant lattice is found to be much higher than that of S-unit cell
lattices. Higher damage sensitivity of re-entrant structure indicates faster destruction of the
electrically conductive network and fracture of ligaments within the lattice structure under tension.
These FFF-printable AM nanocomposites with good electrical and mechanical properties along
with tuneable piezoresistive response are a likely candidate for making highly strain- and/or
damage-sensitive structures. The results suggest that these multifunctional materials can self-sense

strain as well as instantaneous and accumulated damage. The demonstrated PPR/CNT auxetic
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structures underscore the potential of AM-enabled PPR/CNT composites for the creation of smart
patient-specific biomedical devices. For example, self-sensing orthopaedic bracing used for the
treatment of complex three-dimensional deformity in adolescent scoliosis patients would offer the
ability to sense and accurately adjust the stiffness of the bracing in different directions, and to
determine the optimal timing and manner of brace adjustments. These requirements remain unmet
with conventional rigid bracing made from passive materials via conventional manufacturing
approaches. Deployment of this technology poses several challenges in realizing any medical
application, such as scoliosis bracing with spatially and directionally tuneable cellular architecture
(so as to tailor the strength and stiffness) and locally tuneable shape transformation upon demand.
The challenges associated with the design, fabrication, and then human-trial will be addressed in
a subsequent study. Such biomedical braces have tremendous implications for over 68,000
children being treated each year in the U.S. alone for idiopathic scoliosis, as well as patients
suffering from many other orthopaedic conditions.
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ToC
Mechanical and piezoresistive performance of carbon nanotube doped thermoplastic
nanocomposites enabled via FFF additive manufacturing is demonstrated. Further, the 2D
multifunctional auxetics have significantly enhanced mechanical performance and exhibit
tuneable strain- and damage-sensitivity, with application to self-sensing patient-specific
biomedical devices, where the ability to sense strain can provide direct information for

optimization of device design/fit over the course of treatment.
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Figure 1. Feedstock filament fabrication (via extrusion) and fused filament fabrication (FFF) of
polypropylene random copolymer (PPR)/carbon nanotube (CNT) nanocomposites. 3D printed
dogbone specimens (two print-directions) and auxetic lattice structure shown are for testing
piezoresistive behavior and development of individually tailored biomedical devices, such as

scoliosis braces. Inset from*3.
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Figure 2. Plot of electrical conductivity (o) versus CNT content (wt. %) for FFF-printed PPR/CNT
composites. Inset shows the log-log plot of o as a function of (p — p.), giving a percolation
threshold p. = 1.4 wt. %, where p is CNT wt. % and S is the critical exponent.
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Figure 3. Mechanical response of FFF-enabled PPR/CNT dogbone specimens: (a) and (b) show
representative stress-strain response and bar charts of elastic modulus and yield stress as a function
of CNT loading for PPR/CNT nanocomposites printed in 0° and 90° directions, respectively.
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Figure 4. Piezoresistive response of FFF-enabled PPR/CNT dogbone specimens: (a) and (b) show
resistance change with strain for composites printed in 0° and 90° directions, respectively.
Piezoresistive strain sensitivity, k, is calculated before yield and damage sensitivity, k’; and k% is

calculated post-yield.
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Figure 5. Cyclic loading and unloading (up to 100 cycles) response of PPR and PPR/CNT
nanocomposites (comprising 4 wt. % CNT loading) printed in 0° direction: (a) displays the stress-
strain curve at 1st, 50th and 100th cycle and dissipated energy per cycle for the PPR-0 samples
and (b) displays the stress-strain curve at 1st, 50th and 100th cycle, dissipated energy per cycle
and normalized resistance change evolution as a function of number of cycles for the PPR-4
samples.
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Figure 6. Cyclic loading and unloading (up to 100 cycles) response of PPR and PPR/CNT
nanocomposites (having 4 wt. % CNTSs loading) printed in 90° direction: (a) displays the stress-
strain curve at 1st, 50th and 100th cycle and dissipated energy per cycle for the PPR-0 samples
and (b) displays the stress-strain curve at 1st, 50th and 100th cycle, dissipated energy per cycle
and normalized resistance change with respect to number of cycles for the PPR-4 samples.
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Figure 7. Mechanical and piezoresistive response of PPR/CNT-4 nanocomposite auxetic lattice
structures comprising 4wt. % CNT: (a) stress-strain response of re-entrant structure, (b) stress-
strain response of S-unit cell structure and (c) piezoresistive response of re-entrant and re-entrant
and S-unit cell structures. k, is calculated before yield and damage sensitivity, k’ is calculated

post-yield.
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Table 1. Mechanical response of FFF-enabled PPR/CNT dog-bone samples: Elastic modulus,
yield strain, yield stress, tensile strength, failure strain and modulus of toughness with CNT loading
of PPR/CNT nanocomposites in 0° printing direction. Standard errors as well as % change from
PPR-0 baseline response, where statistically significant are indicated.

Sample Elastic Yield strain | Yield stress Tensile Failure Modulus of
Type modulus (%) (MPa) strength strain (%) toughness
(MPa) (MPa) (10° 4
J/mm?® )
0°/PPR-0 476+ 14 8.02+0.12 | 19.2+0.46 | 21.17+2.87 | 802 + 140 | 157.21+ 36
£ <3.92%
0°/PPR-4 531+ 11 8.52+0.17 | 24.04+£0.54 | 28.27+ 1.2 124 + 4 3242+ 2.7
£<4.02% (+6.2%) (+25%) (+33%) (-84%) (-79%)
(+12.7%)
0°/PPR-6 594+ 19 8.62+0.16 | 27.45+0.66 | 31.7+ 1.01 72 + 1.1 2021+ 0.4
e<41% (+7.4%) (+42%) (+49%) (-91%) (-87%)
(+25.9%)
0°/PPR-8 743+ 16 8.79 £0.09 | 29.1£0.49 | 339+ 1.2 35+0.5 9.98+ 0.2
£ <4.12% (+9.6%) (+52%) (+60%) (-95%) (-93%)
(+56.4%)

Table 2. Mechanical response of FFF-enabled PP-CNT dog-bone specimens: Elastic modulus,
yield strain, yield stress, tensile strength, failure strain and modulus of toughness for different
PPR/CNT nanocomposites printed in 90° direction. Standard errors as well as % change from PPR-
0 baseline response, where statistically significant are indicated.

Sample Elastic modulus | Yield strain | Yield stress Tensile Failure | Modulus
designation (MPa) (%) (MPa) strength strain of
(MPa) (%) toughness
3
(10
3
J/mm )
90°/PPR-0 377+ 9 7.28 + 14.86+0.29 16.36+1.22 58 £ 8+ 0.1
€ <3.14% 0.11 0.2
90°/PPR-4 410+ 11 7.42 + 15.52+ 0.3 16.88+0.87 29 + 435 +
€ <3.23% 0.08 (+5%) (+3%) 0.1 0.03
(+9%) (+1.9%) (-50%) | (-45%)
90°/PPR-6 437+ 12 7.39 15.6940.35 17.56+0.93 25+ 3.57+
£ <3.24% +0.21 (+6%) (+7%) 0.1 0.04
(+16%) (+1.5%) (-56%) | (-55%)
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90°/PPR-8

506+ 16 7.55 +
£<3.27% 0.17
(+34%) (+3.7%)

16.624+0.39( | 18.02+0.66(+ | 23 + 3.52+
+12%) 10%) 0.1 0.04
(-60%) | (-56%)

Table 3. Piezoresistive response of FFF-enabled PPR/CNT dog-bone specimens printed in 0°
direction: Strain sensitivity and damage sensitivity are summarized.

Sample Strain Sensitivity, kg Damage Sensitivity, Damage Sensitivity,
designation (AR/Ry) kL (AR/Ry) kX (AR/Ry)
0°/PPR-4 17.4,0 < £ <£8.52% 78.8,8.52% < ¢ < 51% 411.3,51% < ¢ < 104%
0°/PPR-6 14.7,0 < £ £ 8.62% 33,8.62% < ¢ < 30% 54.29,30% < € < 46.5%
0°/PPR-8 10.1,0 < £8.79% 17.8,8.79% < ¢ < 15% 26.1,15% < ¢ < 33.2%

Table 4. Piezoresistive response of FFF-enabled PPR/CNT dog-bone specimen printed in 90°
direction: Strain sensitivity and damage sensitivity are summarized.

Sample Strain Sensitivity, kg (AR/Ry) Damage Sensitivity, k}; (AR/Ry)
designation
90°/PPR-4 45 0<e<742% 15.5,7.42% < ¢ < 30%
90°/PPR-6 3.6,0<e<7.39% 9.7,7.39% < £ < 25%
90°/PPR-8 29,0<e<755% 5.9,7.55% < ¢ < 21.6%
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Table 5. Mechanical response of FFF-printed auxetic lattice structures using PPR-0 and PPR-4:
Elastic modulus, strength, modulus of toughness and failure strain are summarized.

Sample designation | Elastic Modulus Strength Modulus of | Failure Strain
(MPa) (MPa) Toughness (%)
3 3
(10 J/mm )
PPR-0 154 3.46 0.62 14.56%
e <1.01%
Re-entrant | ppR_4 233 5.99 0.55 9.04%
€ <0.99% (+73.1%) (-11.3%) (-37.9%)
(+51.2%)
PPR-0 3.9 2.78 9.22 429%
€ <3.72%
S-structure | ppR.4 4.5 4.54 3.01 211%
€ <3.70% (+63.3%) (-67%) (-50.8%)
(+15.4%)

Table 6. Piezoresistive response of FFF-printed auxetic structures using PPR-4: Strain sensitivity
and damage sensitivity are summarized

Sample designation Strain Sensitivity, k Damage Sensitivity, kg4
(AR/Ry) (AR/Ry)
Re-entrant PPR-4 13.2,0% < € < 4.45% 53.7,445% < e <
14.1%
S-structure PPR-4 0.06,0% < e<4.73% | 1.23,4.73% < ¢ < 196%
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