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ARTICLE INFO ABSTRACT

Keywords: Herein, we present the mechanical and piezoresistive behavior of MWCNT/UHMWPE nanocomposites processed
3D printing via selective laser sintering (SLS) under tensile, flexural and cyclic loadings. We show that the uniform dispersion
Sintering

of MWCNTs in UHMWPE enhances crystallinity (+10% for 0.5 wt% MWCNT) and decreases porosity (as evi-
denced by pCT images), evincing the lowest porosity (~1%) and the highest tensile strength of 20.3 MPa which
is ~ 45% higher than the maximum tensile strength of extant SLS processed UHMWPE and UHMWPE-based
composites. The nanocomposite also exhibits superior piezoresistive characteristics, showing a sensitivity fac-
tor (in tension) of 0.6 and 2.6 in the elastic and inelastic regime, respectively. Furthermore, 2D-hexagonal
nanocomposite lattices with a relative density of 50% reveal a linear piezoresistive response with a gauge fac-
tor of 1 and show consistent and stable strain sensing capability over 100 repeated load cycles. The results
demonstrate the potential of MWCNT/UHMWPE nanocomposites for the development of smart biomedical

Strain sensing
Polymer-matrix composites (PMCs)

devices.

1. Introduction

Over the last two decades, additive manufacturing (AM), also known
as 3D printing, has opened new horizons in manufacturing, offering
several unique benefits, such as a high degree of design flexibility and
the ability to fabricate complex geometries with good dimensional ac-
curacy and low wastage of materials. Further, AM enables the fabrica-
tion of structural components with functionalities such as self-healing,
self-healing or morphing, in a single step without the need of any post-
processing steps (e.g. machining etc.) [1, 2].

Among various AM techniques, selective laser sintering (SLS) being
one of the four powder-bed fusion processes, exhibits various advan-
tages such as relatively high strength of the printed parts, the absence of
support structures, as well as the ability to produce large batches and to
recycle unfused powder [3]. In this technique, powder particles are
spread over the print bed through a roller and are selectively sintered
together inside an enclosed chamber using a laser source. This process is
then repeated layer-upon-layer until the final product is realized.
Although SLS offers several advantages, there are practical limitations in
the choice of feedstock polymers because the process relies upon com-
plex diffusional processes across length scales requiring a specific set of
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thermomechanical and thermophysical properties [4].

Ultra-high molecular weight polyethylene (UHMWPE) is a semi-
crystalline thermoplastic polymer, possessing extraordinary character-
istics such as good lubricity, high abrasion and impact resistance,
chemical inertness against many acids and alkalis, thermal stability and
biocompatibility [5, 6]. Due to these excellent mechanical and physical
properties, UHMWPE has found many practical applications in various
fields, including transportation, machineries, textiles and sports equip-
ment [6]. Most importantly, UHMWPE is extensively being used in
biomedical applications for artificial joints and orthopedic implants, and
has contributed to the success of total knee arthroplasty (TKA) and total
hip arthroplasty (THA) [7]. On the other hand, the use of UHMWPE in
orthopedic implants has some drawbacks since the wear debris from the
implant can cause local reaction leading to osteolysis [8, 9]. Further-
more, there are some limitations regarding the processing of UHMWPE
due to its higher molecular weight and melt viscosity, rendering
extrusion-based processing difficult [10]. The major difficulties in pro-
cessing UHMWPE via SLS are hard caking of the powder bed and curl-
ing/sliding of the sintered part during printing [11] which can lead to
failed prints. These issues are related to the narrow window of SLS-
process parameters for UHMWPE due to which its potential in 3D
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printing applications has not been fully tapped.

Only a few reports of SLS 3D printed UHMWPE are currently avail-
able in the literature. Early studies in this field date back to Rimell et al.
[12] who used a non-commercial SLS machine to print simple linear
geometries from UHMWPE powder. However, they were unable to print
sheet-like geometries due to high porosity and shrinkage of the printed
parts. Later, Goodridge et al. [13] optimized the SLS-processing pa-
rameters (i.e, laser power, bed temperature etc.) and printed UHMWPE
specimens for tensile and flexural testing, which showed relatively poor
mechanical properties. They noted that very precise sintering parame-
ters were required to print UHMWPE due to its narrow processing
window. Khalil et al. [14-16] studied the effect of laser power on the
tensile and flexural properties of UHMWPE processed via SLS. They
found improvement in the parts’ tensile strength and density by
increasing the laser power but at the expense of the parts’ dimensional
accuracy. In an attempt to enhance the mechanical properties of laser-
sintered UHMWPE, Song et al. [7] performed post-heat treatments on
tibial inserts processed via SLS, which was shown to increase the tensile
strength of the printed parts from 14.1 MPa to 24.1 MPa. Recently, Zhu
et al. [11] used anti-caking agent (fumed silica) to aid the processing of
UHMWPE via SLS. While the addition of fumed silica reduced the extent
of caking, it also deteriorated the mechanical properties of the 3D
printed parts.

In the recent years, AM has emerged as a versatile technique for
fabricating electrically conductive polymer-based nanocomposites
capable of exhibiting piezoresistive response [1]. Such an attribute en-
ables in situ monitoring of the deformation/damage induced in a load-
carrying component in service (e.g. orthopedic implant). Among
various conductive nanofillers, carbonaceous fillers such as CNTs
possess high strength (~1-10 GPa) and modulus (~1.0 TPa), as well as
excellent thermal (3000-6000 W/m K) and electrical conductivity
(10*-10% S/cm) [17, 18]. Due to high aspect ratio of CNTs, conductive
network can be established in the polymer matrix even at low electrical
percolation thresholds [19]. However, uniform dispersion of the CNTs in
the polymer matrix remains a major challenge. Although the fabrication
of polymer-based nanocomposites via SLS has been the topic of recent
investigations [20-26], studies on SLS 3D printing of UHMWPE-based
nanocomposites with multifunctional attributes are currently lacking.

Due to processing challenges associated with narrow sintering win-
dow and high molecular weight and melt viscosity of UHMWPE, there
have so far only been limited attempts to additively manufacture
UHMWPE. To the best of our knowledge, this study is the first to report
the successful fabrication of multi-walled carbon nanotubes (MWCNTSs)
incorporated UHMWPE nanocomposites via SLS technique and evaluate
their mechanical and piezoresistive characteristics. These AM-enabled
multi-functional UHMWPE-based nanocomposites hold promise for ap-
plications in an array of patient-specific smart orthopedic implants and
devices. Initially, MWCNT/UHMWPE composite powders with 0.3, 0.5
and 1.0 wt% CNT loading were prepared via ball milling, and were then
used to fabricate electrically conductive standard test specimens as well
as 2D lattice structures via SLS. A large number of test prints were
executed to optimize the SLS process parameters that maximize the
mechanical properties of the printed parts while limiting common issues
such as hard caking of the powder bed. The mechanical and piezor-
esistive characteristics of the 3D printed MWCNT/UHMWPE nano-
composite structures were measured under quasi-static and cyclic
loading conditions, and the underlying structure-processing-property
relations were discussed.

2. Experimental work
2.1. Materials
UHMWPE having a purity of 99.99% and molecular weight of > 4.5

x 10° g/mol was procured from Nanoshel®, India. The average particle
size was found to be 130 + 33 pm via scanning electron microscopy
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(SEM) analysis (see Fig. 2a). PEG coated multi-walled carbon nano-
structures (MWCNS) consisting of bundles of aligned MWCNTSs were
procured from Applied Nanostructured Solutions LLC, USA. Further
details on these MWCNTs can be found in our previous studies [27,28].

2.2. Preparation of nanocomposite feedstock

The nanocomposite powders were prepared via low-energy ball
milling (Pulverisette 5, Fritsch, Germany) at 200 rpm for 45 min with a
ball to powder ratio of 10:1. Steel jars and steel balls were used in all
experiments (Fig. 1a). Weighted amounts of MWCNTSs were added to the
pure UHMWPE powder to obtain nanocomposite powders with 0.3, 0.5
and 1.0 wt% MWCNT loading, which are referred to as U-0.3, U-0.5 and
U-1, respectively. Additionally, U-0* represents the ball-milled pure
UHMWPE powder. To ensure uniformity in the properties of all prints,
the powders were artificially aged as recommended in literature [3].

2.3. 3D printing via selected laser sintering

All samples were printed flat in z-build direction using a Sharebot
SnowWhite (Italy) SLS 3D printer equipped with a CO5 laser (Fig. 1b).
Note that the geometric details of samples are discussed in Section 2.5.
Several test prints were executed in which we observed common issues
associated with SLS of UHMWPE, such as warping and caking of the
samples, as described in Section 1, Supplementary Information.. The
optimal processing parameters were identified for each powder
composition, as listed in Table S1 to eliminate these issues. For example,
the powders with higher MWCNT loading were sintered at relatively
lower bed temperature to avoid caking because MWCNTs increase the
thermal conductivity of the powder due to their higher laser power
absorption [29]. Furthermore, the powder feedstock was pre-heated for
an hour to avoid warpage, as suggested elsewhere [10].

2.4. Characterization of feedstock and 3D printed samples

2.4.1. Scanning electron microscopy (SEM)

A high-resolution scanning electron microscope (FEI Nova NanoSEM
650) was used to examine the morphologies of the powder particles and
cryogenically fractured surfaces of the printed parts. To avoid charging
effects, a gold coating of thickness ~ 10 nm was deposited on all samples
prior to the SEM analysis using a sputter coater (JEC-3000FC, JEOL).

2.4.2. Micro-computed tomography (uCT)

Micro- and meso-scale pores and defects in the 3D printed specimens
were analysed using a Phoenix nanotom® M nanoCT 3D scanner (GE
Sensing & Inspection Technologies GmbH) which has a maximum res-
olution of 5 pm/voxel. All scans were taken at a resolution of 15 pm/
voxel.

2.4.3. Differential scanning calorimetry (DSC)

A DSC analysis (DSC131 EVO, Setaram Instrumentation) was carried
out on the nanocomposite powders to examine their thermal properties,
such as melting and crystallization temperatures as well as melting en-
thalpies. All the powder samples were placed in Aluminum crucibles and
tested between 25 °C and 200 °C with the same heating/cooling rate of
10 °C /min in Ny environment. The crystallinity percentage (X) was
calculated as follows:

_ AH,

X =
Higo

-100 (€D)]

where AHy, is the melting enthalpy of the tested sample, and AH; g is the
enthalpy of fusion of 100% crystalline UHMWPE (289 J/g according to
[9D.
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Fig. 1. Schematic of steps involved in processing of MWCNT/UHMWPE nanocomposites via SLS: (a) preparation of nanocomposite powders via ball milling, (b) 3D
printing via SLS, (c¢) 3D printed 2D lattice structure.

Fig. 2. SEM characterization of (a) as-received UHMWPE powder, (b) as-received MWCNTs, (c-e) ball-milled MWCNT/UHMWPE powders; the insets are magni-
fied images.

2.4.4. Thermogravimetric analysis (TGA) was carried on powder feedstock in N, environment over a temperature

TGA analysis (SDT-Q600, TA Instruments) was performed to deter- range of 25-600 °C using Aluminum crucibles. A heating rate of 10 °C/
mine the thermal stability of the samples in terms of thermal degrada- min was used in all experiments. Note that Tq was chosen as the point of
tion temperatures, T4, and weight loss percentages. The TGA analysis intersection of two tangents constructed at the starting and completion
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onsets, respectively.
2.5. Mechanical testing

2.5.1. Quasi-static tensile tests

Quasi-static tensile tests were performed on dogbone-shaped speci-
mens using a Zwick-Roell (Z005) universal testing machine (UTM)
equipped with a 2.5 kN load cell. The dogbone specimens had a gauge
section measuring 35 x 5 x 2 mm® (ASTM D638 Type IV standard) and
were loaded to failure at a crosshead speed of 2.5 mm/min [3]. In
addition, 2D lattice structures with hexagonal unit cells (Fig. 1c) were
also tested in tension using the same setup and loading speed of 2.5 mm/
min. These lattice structures had a relative density (fraction of solid in a
cellular structure) of 50% and were printed to a size of 77 x 45 x 3 mm?®,
The specimens were clamped between the grips of the UTM to obtain a
gauge section of 45 x 45 x 3 mm®. The CAD model of the 2D hexagonal
lattice structure with its unit cell dimensions is presented in Fig. S5
(Supplementary Information). Note that each test was repeated at least
three times on identical specimens to ensure that the results are statis-
tically consistent.

2.5.2. Repeated cyclic tests

The 3D printed 2D lattice structures with 0.5 wt% MWCNT loading
were tested to assess their performance under strain-controlled cyclic
loading considering the following two different test protocols:

a. Incremental cyclic loading: The 2D lattice structures were subjected to
an incremental repeated tensile loading at a cross-head speed of 2.5
mm/min to examine the effect of plasticity/damage accumulation in
the structure on the mechanical response and self-sensing charac-
teristics. The cyclic test consisted of six stretch-release cycles with
0.25, 0.5, 1, 2, 3 and 5 % strain, respectively. In each of these stretch-
release cycles, the specimens were loaded until the strain reached its
maximum and then unloaded to zero stress without any holding
time.

b. Constant amplitude cyclic loading: The sample was subjected to
repeated stretch-release cyclic loading over a range of 1% < ¢ < 2%
to examine the stability of piezoresistive performance. The cross-
head speed was set to 2.5 mm/min throughout the test and the
specimen was subjected to a total of 100 load cycles (without holding
time). Note that we decided to limit the maximum strain to 2% to
avoid the occurrence of plastic deformation or failure of the struc-
ture, while the minimum strain of 1% was chosen to ensure that the
induced stresses remain tensile during the test. Note that unloading
to zero strain could result in compressive stresses due to the visco-
elastic nature of UHMWPE.

2.5.3. Piezoresistance measurements

The change in the electrical resistance of the samples was measured
in situ during the mechanical tests described in Sections 2.5.1 and 2.5.2.
This was done using a DMM 4050 Multimeter (Tektronix, USA) whose
wire connectors were clipped onto the specimens through a layer of
copper foil to minimize the contact resistance, as shown in Fig. S6
(Supplementary Information). The fixtures and loading train of the UTM
were well-insulated with PVC tape to avoid charge leakage. The gauge
factor, k, was calculated as follows:

_ A(AR/R))

k
Ae

(2)

where AR is the measured change in electrical resistance, Ry is the initial
zero-load resistance, and ¢ is an applied macroscopic strain.
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3. Results and discussion
3.1. Morphology of the UHMWPE and MWCNT/UHMWPE powders

Fig. 2 presents SEM images of as-received UHMWPE powder and
MWCNTs as well as the ball-milled nanocomposite powders. The parti-
cles of as-received UHMWPE powder (Fig. 2a) were of irregular shape
and had an average size of 130 + 33 pm. At a higher magnification (see
inset in Fig. 2a), we observe agglomerates of powder particles due to the
highly cohesive nature of the inter-particle contacts, signified by the
fibrils. It is clearly seen that the MWCNT/UHMWPE powder particles
(Fig. 2c-e) had smoother surfaces than as-received UHMWPE particles,
as a consequence of repeated collision between particles occurred dur-
ing ball milling, making it easier to spread uniform layers of powder on
the print bed [30]. Furthermore, the SEM images show that the
MWCNTs were well dispersed in the powder up to 0.5 wt% MWCNT
loading (Fig. 2c-d); however, relatively large MWCNT agglomerates,
similar to those observed in the as-received MWCNT nanostructure
flakes (Fig. 2b), were observed at 1 wt% MWCNT loading (Fig. 2e).

3.2. Thermal behavior

Fig. S2a-b (Supplementary Information) present, respectively, the
heating and cooling curves obtained from the DSC analysis of pure
UHMWPE and MWCNT/UHMWPE powders; we also include in these
figures the results obtained for a ball-milled pure UHMWPE powder
(dashed curves). As seen from heating curves (Fig. S2a), the melting
temperatures, Tp,, of the powders were largely unaffected by the pres-
ence of nanofillers. Only for the U-1 sample, a slight shift in Tr, to lower
temperatures was observed (see Table S3, Supplementary Information).
Although the observed trends in Ty, guided the choice of the SLS bed
temperatures, Ty, the addition of nanofillers increased the caking ten-
dency of UHMWPE powder during SLS and therefore, the T}, values were
chosen lower than what the trends in Ty, would suggest. As seen from the
cooling curves (Fig. S2b), the recrystallization temperatures steadily
increased with increasing MWCNT loading due to nucleation sites pro-
vided by MWCNTs promoting heterogeneous nucleation (see Table S3,
Supplementary Information), as observed in previous studies (see e.g.
[31]), which further limited the sintering window of the UHMWPE.

Based on the DSC thermograms in Fig. S2a, we evaluated the melting
enthalpies, AHp, and crystallinities, X, of the feedstock powders, as
listed in Table S3 (Supplementary Information). It should be noted that
the ball milling did not affect the crystallinity of as received pure
UHMPWE. In general, the addition of MWCNTs increased the crystal-
linity as compared to the pure UHMWPE powder (U-0). However, the
maximum increase in X of ~ 10% was reported for the composite
powder with 0.5 wt% MWCNT loading relative to the U-0; at higher
concentrations of MWCNT, the crystallinity dropped slightly which can
be attributed to the presence of agglomerated MWCNT bundles that act
as impurities and hamper the alignment of polymer chains during the
crystallization process [6].

In Fig. S2c-d (Supplementary Information) we present the TGA re-
sults (in wt.%) for the pure UHMWPE, the neat MWCNTs and the
MWCNT/UHMWPE composite powders, while the corresponding ther-
mal degradation temperatures, T4, and weight loss percentages are listed
in Table S4 (see Supplementary Information). We observe a slight shift
in Tq to higher temperature with increasing MWCNT loading (see
Fig. S2d and Table S4), in line with previous studies [32, 33]. This can be
attributed to the high thermal stability of the MWCNTSs (see Fig. S2c)
which hampers the movement of polymeric chains at elevated temper-
atures. The residual weight percentages of the tested materials at T ~
600 °C (see Fig. S2d) scale with their nanofiller content, and are found in
reasonably good agreement with their respective MWCNT weight
fractions.
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3.3. Mechanical and piezoresistive response of MWCNT/UHMWPE
composites

The tensile stress—strain responses of 3D printed UHMWPE and
MWCNT/UHMWPE nanocomposites presented in Fig. 3a, show
nonlinear trends without clearly discernible yield points. These non-
linearities can be attributed to the viscoelastic behavior of the UHMWPE
matrix which exhibits relatively high loss factors (tané) in the range of
0.08-0.09 at room temperature, as confirmed via DMA (see Fig. S3,
Supplementary Information). We also observe, from Fig. 3a, an increase
in both tensile strength and Young’s modulus with increasing MWCNT
loading. As seen from Table 1, the U-0.5 exhibited the highest tensile
strength (20.3 MPa) and Young’s modulus (595 MPa) which exceeded
those of the pure UHMWPE (U-0) by ~ 51% and ~ 34%, respectively. At

a)
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higher MWCNT loadings (i.e. 1 wt%, U-1), the modulus and strength
dropped but remained above those of the pure UHMWPE (U-0). Note
that these trends are similar to those observed in three-point bending
experiments (presented in Section S4, Supplementary Information) and
can be explained as follows. Firstly, it is has been observed in previous
studies [34] that the addition of carbonaceous nanostructures to
UHMWPE promotes the formation of nanofibrils that align with the
stretching direction, resulting in an increased tensile strength. Note that
such nanofibrils are clearly visible in the SEM images of cryogenically
fractured U-0.3, U-0.5 and U-1 samples, but are less evident for the pure
UHMWPE sample (U-0) (see Fig. S7, Supplementary Information). Sec-
ondly, and more importantly, we found that the addition of MWCNTSs to
UHMWPE reduced the porosity of the 3D printed MWCNT/UHMWPE
samples due to their high and broad optical absorption spectra in the

b)
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Fig. 3. Mechanical and piezoresistive behavior of pure UHMWPE and MWCNT/UHMWPE nanocomposites under uniaxial tension: (a) representative stress-strain
response, (b) comparison of tensile strength of U-0.5 to similar UHMWPE-based materials reported in the literature, c) representative piezoresistive response; (d)
gauge factors calculated in elastic and inelastic regimes where the error bars correspond to the standard deviation; insets are the photographs of 3D printed samples;
(e) schematic of piezoresistive mechanisms in an electrically conductive CNT filled polymer nanocomposite.



M.U. Azam et al.

Table 1
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Summary of mechanical and piezoresistive characteristics of 2D lattice structures made of pure UHMWPE and MWCNT/UHMWPE nanocomposites subject to uniaxial

tensile loading.

Sample ID  Tensile Strength (MPa)  Young’s Modulus (MPa)  Tensile Fracture Strain (%)  Gauge factor elastic ~ Gauge factor inelastic ~ Zero-load conductivity (S/cm)
U-0 13.4 + 0.5 444 + 31 7 +0.49 - - -

U-0* 14 + 0.7 460 + 30 7 +0.52 - - -

U-0.3 19.6 £1 518 + 34 7 +£0.53 - - -

U-0.5 20.3 £ 0.5 595 + 34 6.3 +0.5 0.6 £ 0.15 2.6 £0.1 3.6 £ 0.6

U-1 146 +1 510 + 41 4.5+ 0.3 0.3+0.1 1.3+0.1 256 + 9

near-infrared regions. High optical absorption implies that MWCNTs
absorb more incident light and converting absorbed light into heat. The
higher thermal conductivity and laser power absorption of the
MWCNTs, results in wider and deeper heat conduction, as reported in
[29,35], contributing significantly to the enhancement in mechanical
properties of the MWCNT/UHMWPE composites. Greater heat conduc-
tion can reduce the interspace between two successive layers, and result
in the increase of the parts’ density and properties. Note that, at higher
concentration, MWCNTSs can make processing via SLS difficult, due to
increased melt viscosity and caking tendency, which impose further
constraints on the maximum bed temperature and thus increases the
porosity of the printed samples. Further details on the processing chal-
lenges associated with SLS of UHMWPE can be found in Section S1
(Supplementary Information) and Section 2.3. This is evident from the
pCT images shown in Fig. 4 where we observe the presence of relatively
large pores in the pure UHMWPE (U-0) sample, resulting in a high
porosity of 15%. With the addition of MWCNTs in the range of 0.3-1 wt
%, the average pore size was substantially reduced and the porosity
decreased to 1-4 %. The detailed statistical analysis of porosity deter-
mined by pCT is presented in Fig. S11 (Supplementary Information). It
should be mentioned that the porosity values reported in Fig. 4 only
include the sintering pores and do not account for the volume fraction of

larger CNT agglomerates, which are not discernable from the polymer
matrix in the pCT images. The variation of the Young’s modulus and
tensile strength of the samples with the extent of porosity are plotted in
Fig. 5, showing that the mechanical properties dropped steadily with
increasing porosity. Note that the influence of porosity on mechanical
properties is relatively more dominant than the reinforcing effect of the
MWCNTs for the nanocomposites reported herein. This observation is
further substantiated by the theoretical predictions obtained from a rule-
of-mixture model for porous composites with discontinuous re-
inforcements, as detailed in Section S6 (Supplementary Information).
Returning to Fig. 3a, we also observe that the U-1 composite failed at the
lowest strain as compared to the other compositions. This can be
attributed to the presence of large MWCNT agglomorates (see SEM
images in Supplementary Fig. S7) which served as the starting points for
damage. Furthermore, we observe, from Fig. 3a, that the ball-milled
pure UHMWPE (U-0*) had a slightly higher modulus and tensile
strength as compared to those of the U-0, possibly due to the favorable
surface morphology of the ball-milled powder particles, as discussed in
Section 3.1. By comparing the tensile strength of our 3D printed
UHMWPE-based composites to those of previously reported UHMWPE
and UHMWPE-based materials processed via SLS (see Fig. 3b), we found
that our U-0.5 composite is the first to exceed 20 MPa in tensile strength,

Vol (mm?) a) U_0 Vol (mm?) c) U_o.s
0.070 0.00035
0.065 0.00030
0.062 0.00027
0.055 0.00024
0.050 0.00022
0.046 0.00020
0.042 Porosity =~15% 0.00018
0.0 0.00017 Porosity =~1%
0.030 0.00015
0.020 0.00013
0.010 0.00010 |
0.000 0.00000
Vol (mm?) b) U_0.3 Vol (mm?) d) U-l
0.00045 0.045
0.00040 0.040
0.00037 0.032
0.00034 0.030
0.00032 0.026
0.00030 . 0.023
000028 Porosity = ~2% 0.020 Porosity = ~ 4%
0.00024 7 7 SRR TS
0.00018 -
0.00016 |
0.00010 |
0.00000 | 2 mm 2 mm

Fig. 4. pCT analysis of (a) pure UHMWPE (b) U-0.3, (c) U-0.5 and (d) U-1 samples.
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Fig. 5. Effect of porosity (measured via pCT) on (a) tensile strength and (b) Young’s modulus of the 3D printed UHMWPE and MWCNT/UHMWPE composites (error

bars denote standard deviations).

which is ~ 45% higher than the highest tensile strength of laser-sintered
UHMWPE reported in the literature (without post-treatments).

In Fig. 3c we present the corresponding piezoresistance measure-
ments in the form of AR/R vs. € plots. Note that the U-0 as well as the U-
0.3 samples did not show a measurable piezoresistive response as they
were non-conducting, due to the absence of a percolating network of
MWCNTs. Apart from the concentration of conductive filler, the perco-
lation threshold depends on various factors such as conductivity,
morphology and dispersion state of filler within the polymer matrix
along with the morphology of the polymer [36, 37]. The U-0.5 and U-1
samples showed an isotropic conductivity of 3.6 + 0.6 S/cm and 256 +
9 S/cm, respectively, across the gauge section at zero load. The
MWCNT/UHMWPE composites under tension show a positive change in
normalized change in resistance (with limits being 0 and ). Moreover,
the piezoresistance curves in Fig. 3¢ show nonlinear trends which
become more pronounced at higher levels of strain. In polymer-based
nanocomposites, the morphology of conductive network changes in
response to an applied tensile load due to changes in contact resistance
between MWCNTs, electron tunneling, and the destruction of conduc-
tive paths [36, 38], as illustrated in Fig. 3e. At lower strains, the pie-
zoresistance curve is nearly linear because the change in network
resistance is governed by changes in the contact resistance, while at
higher strain levels, the tunneling resistance becomes more dominant,
yielding nonlinear piezoresistive response concomitant with the changes
in the tunneling distances [9, 36, 38, 39]. For both the U-0.5 and U-1
samples, average gauge factors were evaluated, one corresponding to
the elastic regime, k; and another one, kj, over the inelastic regime
(between yield and fracture strain). The yield strain, ¢, represents a
point on the stress—strain curve from where unloading to zero stress
would yield a permanent strain of 0.1% [40] (e, ~ 1% for both U-0.5 and
U-1 samples). As shown in Fig. 3d, the U-0.5 showed higher gauge
factors in the elastic and inelastic regimes (k; = 0.6 and kj = 2.6) as
compared to U-1 samples (k; = 0.3 and kj; = 1.3), and the same trend was
also observed in three-point bending tests (see Section S4, Supplemen-
tary Information). Note that the gauge factors k; and kj signify sensi-
tivity to elastic deformation and sensitivity to inelastic deformation and
damage, respectively [41], and were comparable, in magnitude, to those
of other types of nanocomposites reported in the literature (see Table S5,
Supplementary Information). In the U-0.5 composite, the MWCNTs are
more sparsely distributed due to which the morphology of the conduc-
tive network changes swiftly through mechanisms such as tunneling,
changes in contact resistance between MWCNTSs and destruction of
conductive networks under tensile loading, resulting in a higher

sensitivity to the applied strain [36, 38]. In comparison, both U-0.5 and
U-1 showed lower sensitivity in the linear-elastic regime than in the
inelastic regime.

3.4. Mechanical and piezoresistive response of MWCNT/UHMWPE
lattice structures

To identify an optimal set of process parameters for printing the 2D
lattice structures, several test prints were executed with the U-0.5
composite powder in which the laser power was varied between 4.2 and
8.4 W, while all other process parameters were chosen as listed in the
Supplementary Table S1. In Fig. S8 (Supplementary Information) we
present photographs and pCT images of the 3D printed samples for
different choices of laser power. It can be seen that the samples printed
at higher laser powers (i-e, 7 W and 8.4 W) showed poor dimensional
accuracy (i.e. thickened struts) due to sintering of non-laser irradiated
powder on the print bed. In contrast, the samples printed at the lowest
laser power (4.2 W) was found to be fragile due to their high level of
porosity (~8%), as observed form pCT images (see Fig. S8). Keeping this
in view, we selected a laser power of 5.6 W for printing the 2D lattice
structures examined herein.

3.4.1. Tensile response of 2D hexagonal lattice structures

Fig. 6a presents the uniaxial tensile stress—strain response along with
the corresponding piezoresistance measurements for a 2D hexagonal
lattice structure printed using the U-0.5 powder. Here, stress is defined
as the average engineering stress induced in the lattice structure, and
was calculated by dividing the applied force with the effective cross-
sectional area (45 x 3 mrnz). The structure failed in a brittle manner
at € = 6.6 % due to fracture of the struts near the nodes, as seen from the
inset of Fig. 6a and Video SV1 (Supplementary Information). Regarding
the piezoresistive response, the sample exhibited an almost linear in-
crease in AR/R with increasing ¢, reporting a gauge factor (k), of 1,
which lies between the elastic and inelastic gauge factors measured for
the parent nanocomposite in uniaxial tension, k; = 0.6 and kjy = 2.6,
respectively. In the hexagonal lattice structure, the MWCNT network
experiences non-uniform strains, since the inclined struts undergo a
combination of stretching, bending and shearing deformations under an
applied tensile load (see schematic diagram in Fig. S12, Supplementary
Information). Hence, it is reasonable to expect that both elastic and
inelastic zones coexist in these lattice struts during tensile loading,
yielding an average gauge factor of k; <k<kj. Further, it is plausible to
assume that the relatively thin struts of the 2D lattice structures
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Fig. 6. Mechanical and piezoresistive responses of MWCNT/UHMWPE 2D hexagonal lattice structures (0.5 wt% MWCNTSs) under: (a) quasi-static uniaxial tension;
(b, ¢) incremental cyclic loading in tension; (d-f) constant cyclic loading in tension (100 cycles).

experience different thermal histories during 3D printing as they were
processed using a laser power of 5.6 W (see Fig. S8) which is different to
the laser power used for processing the bulk specimens (printed at 8.4
W, see Table S1), and this may affect the degree of sintering, to some
extent, and hence the piezoresistive characteristics of the printed
nanocomposite. However, since the differences in the porosities
observed in the hexagonal lattice structure (Fig. S8) and the bulk spec-
imens (Fig. 4) were very similar, the difference in the laser power is
expected to have insignificant influence on the piezoresistance.

3.4.2. Cyclic response of 2D hexagonal lattice structures

In Fig. 6b, we show the time history of the applied strain, ¢, together
with the corresponding AR/Rq response of the 2D lattice structures (U-
0.5; relative density, p = 50%) for the case of incremental cyclic loading
(see Section 2.5.2); the average stress generated in the lattice structure
as a function of imposed strain from the same test is plotted in Fig. 6¢c.
The hysteresis loops observed in the stress—strain response (see Fig. 6¢)
indicate that energy was dissipated in each of the initial load-unload
cycles due to the viscoelastic nature of the UHMWPE matrix (loss

factor of U-0.5, tané = 0.08 at room temperature, see Supplementary
Fig. S2). In the subsequent cycles, due to increased strain amplitude, the
energy was dissipated predominantly via viscoplastic deformation. Note
that the residual inelastic strains upon unloading to zero stress, &,
increased with increasing strain amplitudes, due to the occurrence of
viscoplastic deformation. Moreover, it is seen from Fig. 6b that the
measured peaks in the AR/Ry vs. time histories follow similar trends as
the maximum strain applied in each cycle. However, we also observe
some fluctuations in the recorded AR/R signals which can be attributed
to configurational changes in the polymer network and the embedded
nanofillers that are not fully reversible upon unloading [36]. As shown
in the Supplementary Fig. S9, the AR/R( values measured at the peaks
and valleys of the cyclic piezoresistance curve (Fig. 6b), follow similar
trends as in the quasi-static tensile test.

In Fig. 6d-f we show the mechanical and piezoresistive responses of
the 2D lattice structure (U-0.5) subject to 100 strain-controlled constant
amplitude (2%) load cycles. Since the propagation of fatigue cracks was
not observed during this test, the mechanical and piezoresistive re-
sponses reported in Fig. 6d-f correspond to the viscoelastic deformation
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of the 2D lattice structure. Similar to what observed for the case of in-
cremental cyclic loading, the AR/Rq vs. time histories do not exactly
follow the same trends as the applied strain histories (see Fig. 6d),
particularly during the initial phase of the test where the measured AR/
Ry peaks drop significantly over the first four load cycles. As seen from
Fig. 6f, the hysteresis loops in the stress—strain response became nar-
rower with time, indicating that less energy was dissipated by visco-
elastic deformation as the test proceeded (see Fig. S10, Supplementary
Information), resulting in more stable AR/R( signals. As seen from
Fig. 6e, the slopes of the AR/R( histories are nearly identical during
loading and unloading and correspond well with the applied strain
histories, suggesting that the MWCNT/UHMWPE lattice structure ex-
hibits good strain sensing performance under cyclic loading conditions.

4. Conclusions

In this study, we experimentally studied the mechanical and pie-
zoresistive characteristics of MWCNT/UHMWPE nanocomposites
fabricated via selective laser sintering (SLS) technique. First, the as-
received UHMWPE powder was blended with MWCNTs via ball mill-
ing and composite powders with 0.3, 0.5 and 1.0 wt% MWCNT loading
were synthesized. These powders were then used as the feedstock for SLS
3D printing of electrically conductive MWCNT/UHMWPE composites
and 2D lattice structures. The mechanical and piezoresistive character-
istics of the 3D printed structures were measured under quasi-static
tensile and repeated cyclic loadings, and the underlying structure-
processing-property relations were discussed.

It was found that the addition of MWCNTs to UHMWPE improved the
elastic modulus and ultimate strength of the sintered parts which was
mainly attributable to the reduction in the specimens’ porosities, as
observed from pCT and SEM images. However, it is believed that the net
effect of increase in crystallinity, reduction in porosity and the rein-
forcing effect due to the addition of MWCNTSs govern the macroscopic
mechanical properties of composite. Among all compositions considered
herein, the MWCNT/UHMWPE composite with 0.5 wt% MWCNT
loading had the lowest porosity (~1%) and therefore exhibited superior
mechanical properties, reporting a tensile strength of 20.3 MPa which
was ~ 51% higher than that of the pure UHMWPE, and ~ 45% above the
highest tensile strength reported in the current literature for SLS-printed
UHMWPE and UHMWPE-based nanocomposites. The MWCNT/
UHMWPE nanocomposite with 0.5 wt% MWNCT loading also out-
performed the other compositions in terms of piezoresistive response,
showing a gauge factor of 0.6 and 2.6 in the elastic and inelastic regime,
respectively. At a higher loading (1 wt%), the MWCNTs formed larger
agglomerates in the UHMWPE matrix which deteriorated the mechani-
cal and piezoresistive properties of the nanocomposite.

The MWCNT/UHMWPE composite with 0.5 wt% MWCNT loading
was used to print 2D hexagonal lattice structures which showed a nearly
linear piezoresistive response with a constant gauge factor of 1.
Furthermore, strain-controlled cyclic tests demonstrated that the
MWCNT/UHMWPE 2D lattice structure is able to maintain a reliable and
stable strain sensing capability over 100 repeated load cycles. The long-
term performance and the fatigue behaviour of the nanocomposite is left
to a subsequent study. The results suggest that the 3D printed multi-
functional UHMWPE-based nanocomposites exhibit desirable attributes
relevant to developing self-sensing orthopedic implants and devices.
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