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Abstract

®

CrossMark

Electrically conductive elastomeric fibres prepared using a wet-spinning process are

promising materials for intelligent textiles, in particular as a strain sensing component of the
fabric. However, these fibres, when reinforced with conducting fillers, typically result in a
compromise between mechanical and electrical properties and, ultimately, in the strain
sensing functionality. Here we investigate the wet-spinning of polyurethane (PU) fibres with a
range of conducting fillers such as carbon black (CB), single-walled carbon nanotubes
(SWCNTs), and chemically converted graphene. We show that the electrical and mechanical
properties of the composite fibres were strongly dependent on the aspect ratio of the filler and
the interaction between the filler and the elastomer. The high aspect ratio SWCNT filler
resulted in fibres with the highest electrical properties and reinforcement, while the fibres
produced from the low aspect ratio CB had the highest stretchability. Furthermore, PU/
SWCNT fibres presented the largest sensing range (up to 60% applied strain) and the most
consistent and stable cyclic sensing behaviour. This work provides an understanding of the
important factors that influence the production of conductive elastomer fibres by wet-
spinning, which can be woven or knitted into textiles for the development of wearable strain
Sensors.

Online supplementary data available from stacks.iop.org/SMS/25/035015 /mmedia

Keywords: composite fibres, fibre spinning, conductive elastomer, multifunctional materials,
nanocarbons

(Some figures may appear in colour only in the online journal)

1. Introduction

It has been established that the addition of a filler to polymer
matrices can impart useful functionalities such as enhanced
mechanical properties and electrical conductivity [1-4].
A wide range of polymer composite materials have been
produced and have found applications in flexible and
stretchable electronics [5, 6], stretchable energy storage
and conversion devices [7], sensors and actuators [8, 9],
strain sensing [10-19], and electromagnetic interference

0964-1726/16,/035015+-09$33.00

shielding [20]. Of technological importance are composites
with strain sensing functionality. The homogeneity of
conductive fillers in the elastomer matrix dictates the
strain sensing property (i.e. the change in electrical resistance
from an applied strain). Elastomers such as natural rub-
ber [17], polyurethane (PU) [10, 13, 15, 18], and poly(styr-
ene-b-isobutylene-b-styrene)  (SIBS) [12, 14], and
organic conductors such as polyaniline [15], polypyrrole
[21, 22], poly(3-hexylthiophene) (P3HT) [14], poly(3,
4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:

© 2016 IOP Publishing Ltd  Printed in the UK
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PSS) [18, 19], PEDOT:p-tosylate [10], carbon black (CB)
[11], single-walled carbon nanotubes (SWCNT) and multi-
walled carbon nanotubes [12, 13], and graphene [16] have
been used previously for the production of conductive elas-
tomer composites.

Recently, there has been a surge of interest in wearable
strain sensors for application in body movement measure-
ment [11, 23, 24], medical monitoring [25, 26], sports
rehabilitation, and injury prevention [22, 27]. The devel-
opment of wearable strain sensors requires fibres that are
soft, and flexible, and that can preserve the inherent prop-
erties of textiles such as wearability and comfort; properties
not realized with conventional silicon or metal-based elec-
tronics. However, the production of fibres with strain sen-
sing functionality has been challenging because the addition
of a conductive filler into an elastomer significantly affects
the processability of the resultant formulations, in particular
when using the fibre wet-spinning process, which is highly
dependent upon the homogeneity of the spinning
formulation.

Conductive elastomeric composite fibres need to possess
critical properties to be used as functional strain sensors. They
should be able to stretch and recover without significant
deterioration in mechanical and electrical properties, because
they will undergo cyclic deformation and relaxation during
practical applications [14]. It is also important that these fibres
can be made into a textile and/or incorporated within con-
ventional fabrics by textile processing techniques such as
knitting or weaving in order to realize the development of
wearable strain sensors.

Achieving spinnability from composite formulations of
elastomers and conductive fillers requires that the for-
mulations are homogeneous (i.e. free from large aggregates)
even at high filler loadings. This is difficult to achieve
because most conducting fillers are inherently difficult to
disperse in solvents and can also have poor compatibility
with the elastomers. To date, there has been some success
in spinning fibres from SIBS/P3HT [14], SIBS/SWCNT
[12], and PU/PEDOT:PSS [18] with the resultant fibres
displaying useful strain sensing properties. However, there
is a lack of detailed understanding of how conductive fillers
and their amount influence the electrical, mechanical, and
strain sensing properties of the resultant fibres. This work
addresses these key issues by developing a facile, efficient,
and versatile wet-spinning method for the production of
elastomeric conductive composite fibres. This platform has
enabled the comparison of the properties of the composite
fibres from three different types of organic conductors. The
effects of the filler type (spherical, rod-like, and platelet)
and filler loading on the electrical and mechanical proper-
ties of the resultant composite fibres were studied. This
work provides practical insights on how the spinning plat-
form, the conductive filler type, and loading levels influence
the resultant mechanical and electrical properties of the
conductive elastomeric fibres, as well as the strain sensing
performance of the composite fibres.

2. Experimental

2.1. Materials

Polycarbonate-based thermoplastic PU (AdvanSource Bio-
materials Chronoflex® C 80A), CB (VULCAN® XC72R, Lot
No. GP-3919), SWCNTs (HiPco®, Continental Carbon, Lot
No. P1001), N, N-dimethylformamide (DMF, Sigma-
Aldrich), 1-cyclohexyl-2-pyrrolidone (CHP, Sigma-Aldrich),
and isopropanol (Chem-Supply) were used without further
purification.

2.2. Preparation of spinning formulations

The composite formulations for fibre spinning were prepared
by making homogenous solvent-based dispersions of the fil-
ler, and then dissolving into them the required amount of PU
pellets. For PU/CB, the CB was first dispersed in DMF at a
concentration of 5mgml ™" with the aid of probe sonication
(Branson digital sonifier S-450D, 400 W, equipped with a 1/
2" disruptor horn and a 1/8" microtip) at 30% amplitude for
60 min before the addition of PU pellets. For PU/SWCNT,
the SWCNT was first dispersed in CHP at a concentration of
0.5 mg ml~! by probe sonication at 30% amplitude for 30 min
before the addition of PU pellets. For PU/chemically con-
verted graphene (CCG), CCG was synthesized using the
previously described method [28, 29]. PU was dissolved at
different concentrations in the CCG dispersion (in DMF) and
were sonicated for 30 min prior to fibre spinning.

2.3. Fibre wet-spinning

PU/CB, PU/SWCNT and PU/CCG fibres were prepared
using a wet-spinning method [12, 14, 18, 30-37]. This
involved injecting the spinning formulations into a non-sol-
vent bath with a vertical tubing attached, both of which
were filled with isopropanol (as the non-solvent). The spin-
neret was a 23 gauge needle (nozzle diameter ~0.34 um). The
spinning solution flow rate was controlled at 1-5 ml h™ " using
a syringe pump. The composite fibres were collected on a
winder and dried in air for 24 h. Annealing was carried out in
an oven (Binder E28) at 170 °C for 12 h in air.

2.4. Characterization

An optical microscope (Leica DM EP) was used for mea-
suring the diameter of the fibres. Measurements were carried
out using the built-in image analysis tool in the Leica appli-
cation suite with a minimum of 10 measurements along the
fibre length). Fibre cross-sections were studied using a field
emission SEM (JEOL JSM-7500FA). Fibres were broken
while immersed in liquid nitrogen (~30s) and then sputter
coated (EDWARDS Auto 306) with platinum (~10 nm). The
electrical conductivity of the composite fibres was measured
under laboratory humidity and temperature conditions using
an in-house linear four-point probe cell with 230 um probe
spacing. A galvanostat (Princeton Applied Research 363) was
used to apply currents (I) between the outer probes and the
voltages (V) between the two inner probes were recorded
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using a digital multimeter (Agilent 34401A). The electrical
conductivities were calculated from the /-V curves and
reported based on more than ten measurements for each
condition. The mechanical properties of the composite fibres
were measured using a tensile testing instrument (Shimadzu
EZ-L) with a 2 N load cell. At least ten samples were tested
for each condition. Samples were prepared by attaching the
fibres to paper frames (10 mm in aperture). Uniaxial tensile
tests were carried out until failure of the fibres with a strain
rate (crosshead speed) of 10 mm min~' (100% min").
Values for Young’s modulus, yield stress (stress at 5% strain),
elongation at break, and toughness were calculated from the
data using a custom-coded program in MATLAB® compu-
tational software. Electromechanical tests were carried out
using real-time monitoring of the resistance during the cyclic
extension—relaxation mechanical tests on the fibres using a
digital multimeter (Agilent 34410A). Copper tape was placed
at each end of the fibre to establish the connection and to
allow the resistance measurements. The test was carried out
by cyclic stretching of the fibre (10 cycles) to an applied strain
of 10% and releasing the fibre to return to its unstretched state
(zero strain). The applied strain magnitude was increased
incrementally (with 10% strain steps) and the test was con-
tinued until failure of the sample. The resistance data was
captured every 0.05s and recorded in a personal computer
using an analogue to digital (A/D) interface.

3. Results

The PU composite fibres containing various fillers (CB,
spherical; SWCNTs, rod-like; and CCG, platelet) at different
loadings (up to 16.7 wt.%) were prepared using the estab-
lished wet-spinning protocol and the set-up reported pre-
viously by our group [12, 14, 18, 30-35]. The preparation of
spinnable formulations was developed for each filler type as
described in the experimental section. Table S1 (supplemen-
tary data) summarizes the spinning formulations for each filler
type. It can be noted from this table that that the maximum
SWCNT loading is 4.8 wt.%. Above this loading, the for-
mulation was no longer spinnable. By contrast, significantly
higher filler loadings were achieved for CB (16.7 wt.%) and
CCG (12.5 wt.%). During fibre spinning, it was observed that
each spinning formulation required different fibre spinning
conditions (i.e. flow rate) to achieve continuous fibre lengths
of more than 10 m with circular diameter. This is in agree-
ment with previous reports that the coagulation rate of fibre
formation is dependent upon the filler loading and the sol-
vent/non-solvent system during wet-spinning [18, 35, 38]. In
order to ensure that optimal fibre spinning conditions were
used for each sample, the cross-section of each fibre was
monitored for its circularity. It can be seen from figure 1 that
the utilized fibre spinning conditions resulted in fibres that
exhibited good circularity. This observation suggests that the
spinning conditions used for each sample have enabled effi-
cient extraction of the solvent from the spinning dope (i.e.
sufficiently low coagulation rates were attained) and have
prevented the formation of a thick ‘skin’ layer around the jet.

Despite this uniformity, it can be observed from the SEM i-
mages that the fibres have distinct differences in their
morphologies. PU/CB fibres contain CB aggregates that were
uniformly distributed within the fibre. The cross-section of
PU/CCG and PU/SWCNT fibres did not have the same
features and it was not possible to isolate and identify indi-
vidual or aggregates of CCG or SWCNT. These results
suggest that these two fillers were highly exfoliated in the
solvents and remained exfoliated and dispersed well within
the PU matrix. It also suggests that both fillers have very good
interactions with PU.

The electrical conductivity of PU/CB, PU/SWCNT, and
PU/CCG fibres with various loadings were measured to
elucidate the effects of filler type (spherical, rod-like, and
platelet) and filler loading. Figure 2 shows the electrical
conductivity of all samples. It can be seen that the lowest
percolation threshold (i.e. the lowest onset of electrical con-
ductivity) was obtained for PU/SWCNT fibre (rod-like filler)
with 1.6 wt.% SWCNT loading. Fibres with lower SWCNT
loadings did not exhibit electrical conductivity. The percola-
tion thresholds of other PU composite fibres (with spherical or
platelet fillers) were significantly higher than PU/SWCNT,
which were obtained at 10.0 wt.% and 16.7 wt.% for PU/
CCG and PU/CB fibres, respectively. For all fibres, the
electrical conductivity increased with filler loading. The
highest electrical conductivity of ~1.4 Sm™" was obtained for
PU/CB fibre, albeit at a very high CB loading of 16.7 wt.%.
However, when the conductivity was normalized to filler
content in terms of weight percent (figure S1(a)) and volume
fraction (figure S1(b)), the PU/SWCNT fibres exhibited the
highest conductivities even at the significantly lowest filler
loadings compared to the PU/CB and PU/CCG fibres.

Uniaxial tensile stress—strain tests were carried out on the
various PU composite fibres to identify the effects of filler
type and filler loading on the degree of reinforcements and
their mechanical behaviour. Figure 3 shows representative
stress—strain curves for pure PU and for the PU composite
fibres. Other fibres tested with the same composition exhib-
ited very similar stress—strain behaviours. It was first noted
that there were only minor variations in the stress—strain
curves for pure PU fibres (figure S2(a)) which were reflective
of the different solvents used in spinning formulations (DMF
for PU/CB and PU/CCG fibres and CHP for PU/SWCNT
fibres). Nevertheless, the pure PU fibres exhibited stress—
strain behaviours that are typical for elastomers [39—41]. This
behaviour is exemplified by the three distinct regions (figure
S2(b)) that have been identified as follows: 1) the initial stiff
response and yield (low strain, region I); 2) the strain-induced
softening plateau region (medium strain, region II), and 3) the
strain-induced hardening or crystallization region (high strain,
region III). It was observed that the shape of the stress—strain
curves for the composite fibres differed from that of the pure
PU fibres. For example, the composite fibres displayed higher
stresses in both the low and medium strain regions. This
upward shift to a higher stress increased with filler loading for
all PU composite fibres. The effects of filler loading on the
properties in the high strain region varied significantly with
filler type and loading.
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Figure 1. SEM images of the wet-spun PU/CB (16.7 wt.% CB), PU/SWCNT (4.8 wt.% SWCNT), and PU/CCG (12.5 wt.% CCG)
composite fibres at different magnifications showing the circular cross-section morphology and homogeneous dispersion of the fillers.
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Figure 2. Electrical conductivity of the PU composite fibres at
different loadings.

To differentiate the effects of filler type and loading in
PU composite fibres, the stress—strain curves were analysed to
quantify the values of Young’s modulus (E), yield stress
(stress at 5% strain, o), tensile strength (o), elongation at
break (¢), and toughness (7). It was found that both E (figure
4(a)) and oy, (figure 4(b)) increased with filler loading for all
PU composite fibres, albeit at varying degrees. The highest
increase in E (50 times higher than pure PU) and o, (28 times
higher than pure PU) was observed for PU/SWCNT at the

maximum loading (4.8 wt.%). It was also noted that the use of
CCG resulted in significantly lower E and required much
higher loading for similar reinforcement in E and o, com-
pared to PU/SWCNT. Very low enhancements of E and o,
were achieved when CB was used as the filler. In terms of
tensile strength (o, figure 4(c)), an initial increase in o with
filler loading was observed for all PU composite fibres up to a
filler loading of ~6wt.%. After this loading, o decreased
slightly with filler loading. Nevertheless, all composite fibres
showed significant enhancement in tensile strength with the
highest o observed for PU/CCG fibres, which was ~60%
higher than the pure PU. When o was normalized to filler
loading, all composite fibres exhibited similar behaviour
indicating that o of the PU composite fibres was significantly
affected by filler loading but not by filler type (figure S3).
The elongation at break (¢) of all PU composite fibres
decreased with filler loading (figure 4(d)). However, the rate
and magnitude of decrease in € varied with filler type. For
PU/SWCNT fibres, there was an initial significant drop in &
compared to pure PU, while there was a gradual decrease
for PU/CCG and even more gradual for PU/CB. At the
highest filler loading, PU/CB showed the least damaging
impact on ¢, achieving a very high ¢ of ~295% at CB loading
of 16.7 wt.%. By comparison, PU/SWCNT and PU/CCG
fibres only achieved ¢ of ~119% and 56% at the highest filler

loadings of 4.8 and 12.5 wt.%, respectively.



Smart Mater. Struct. 25 (2016) 035015

S Seyedin et al

50— ‘ : ' '
PU
——— PUICB 10.0 wt.% a
..... PU/CB 14.3 wt.%
401 ——puics 16.7wt%
= 304
o
£
"
@ 201
fs
=
(/2]
10
0
50
b PU
----- PU/SWCNT 1.6 wt.%
PU/SWCNT 2.4 wt.%
404 PU/SWCNT 3.2wt.% [
PU/SWCNT 4.8 wt.%
= 304
o
2 ¢
@ rd
g 204
e
E /
10
0
50 :
PU
..... PUICCG 6.3 wt.% c
PUICCG 7.7 wt.%
409 PUICCG 10.0 wt.% //
===-PU/CCG 11.1 Wt.% 4
PU/CCG 12.5 wt.% :
_ e
< 30 -
o
£
@
2 20
@ 20
bt
E
(7]
10
0
0 100 200 300 400 500

Strain (%)

Figure 3. Representative stress—strain curves for (a) PU/CB, (b) PU/
SWCNT, and (c) PU/CCG fibres.

In terms of toughness (figure 4(e)), it was observed that
the effect of increasing the filler loading is different for PU/
SWCNT compared to PU/CCG and PU/CB. Although the
toughness of PU/SWCNT initially decreased compared to
pure PU, it increased with subsequent increase in SWCNT
loading. By contrast, PU/CCG and PU/CB initially showed
an increase in toughness that decreased as filler loading was
increased. The highest toughness of ~79.3MJIm * was
achieved for PU/CCG at filler loading of 6.3 wt.%.

To evaluate the strain sensing properties of the various
composite fibres, electromechanical cyclic tests were per-
formed on selected samples. This test was carried out by
monitoring the change in resistance during the extension—
relaxation cycles. A sample for each composition was selec-
ted on the basis of elongation at break (>50%) and high
electrical conductivity. The representative electromechanical
results for each sample are shown in figure S4. From these
data, strain sensing properties such as sensing range and
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Figure 4. Mechanical properties of PU composite fibres: (a)Young’s
modulus, (b) yield stress (stress at 5% strain), (c) tensile strength, (d)
elongation at break, and (e) toughness.
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Figure 5. Strain sensing properties of PU composite fibres. Cyclic
loading resistance (@) and unloading resistance (M) for the
electromechanical test on: (a) PU/CB, (b) PU/SWCNT, and (c) PU/
CCG fibres.

sensitivity were calculated. Figure 5 plots the loading resist-
ance (Ryoading) and unloading resistance (Rynioading) Of the
fibres during the electromechanical cyclic tests. The PU/
SWCNT fibre exhibited the highest sensing range (up to of
60% applied strain), followed by PU/CB (50%) and then
PU/CCG (40%). At all applied strains, the resistance
response of PU/SWCNT increased with stretching and
decreased with relaxing (i.e. Ryoading > Runioading)- By con-
trast, PU/CCG and PU/CB revealed mixed strain sensing
behaviours. In the case of PU/CB fibre, the cyclic Rivading
was lower than Ry,joaqing TOr up to 20% applied strain. This
behaviour was reversed above 30% applied strain and the
difference between R u4ing and Rypioqding increased sig-
nificantly. For PU/CCG, the reversal was observed at 30%
applied strain and the difference in resistance
(RLoading - RUnloading) was maintained.

The gauge factors (GF) of the composite fibres were
calculated at different stretching cycles. GF gives an

indication of the sensitivity and stability of the sensors at each
applied strain cycle. GF is calculated based on the resistance
of the fibres at the unstretched (Ry), loading (R;qding)> and
unloading (Rynioading) States for each applied strain () using
equation (1).

RLoadin - RUnloadin
GF = £ g
€R 0

x 100. (1)

PU/SWCNT and PU/CB displayed a stable sensing
response at strain magnitudes of up to 40% for which the GF
values remained linear within different cycles of each applied
strain (figure S5). In agreement with the above observations
on the mixed sensing behaviour of the PU/CB and PU/CCG
fibres, the sign of GF changed for these fibres from negative
to positive with increasing applied strain. These results show
that PU/SWCNT fibre has the most consistent strain sensing
behaviour (i.e. positive gauge factor at all applied strains with
minimal variations).

4. Discussion

The addition of different filler types to PU has affected the
properties of the resulting composite formulations. This effect
was demonstrated by the loading required for the high aspect
ratio filler (SWCNTs ~10°%, length ~0.8-1.2 um) [42], which
was significantly lower than the low aspect ratio fillers (CB
~1, particle size 20-50 nm [43, 44], and CCG ~300, lateral
size ~300-400nm) [28, 29]. These changes have flow-on
effects in achieving enhancements in electrical conductivity
and mechanical properties. It was found that the aggregation
of fillers in the PU/filler formulation was detrimental to
electrical conductivity. For example, CB spherical particles
were highly aggregated in the PU/CB fibres and exhibited a
high percolation threshold for electrical conductivity. This
result was consistent with previous reports on CB-filled
elastomers [45, 46]. In contrast, composite fibres prepared
from rod-like SWCNT and platelet CCG fillers, which were
observed to be homogeneously dispersed within the PU
matrix, have lower percolation thresholds. It is also likely that
SWCNTs became orientated along the fibre axis during
spinning, similar to previous reports [47, 48], which led to
efficient filler contact and network formation resulting in
enhanced electrical conductivity and mechanical reinforce-
ment. The lower electrical properties and mechanical rein-
forcement of CCG than SWCNTSs can be attributed to the
inefficient interlocking and contact of the sheets in forming
filler networks [49, 50].

The results in this study also highlight how each filler
type influences the filler concentration dependent properties
of the composite fibres. In terms of Young’s modulus (E)
reinforcement, the data was analysed using the Voigt [51]
model for the rule of mixture (equation (2)) because the fillers
are much stiffer than PU

E= (nE; — E,)¢ + E, 2)
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Figure 6. Reinforcement effect of fillers in PU composite fibres (the
linear lines represent the best fit obtained by the Voigt model).

In this equation, E, Eand E, are Young’s moduli of the
composite, the filler, and the polymer, respectively. ¢ is the
volume fraction of the filler and 7 is the filler efficiency factor.
¢ was calculated based on the following density values:
1.2 gcm_3 for PU [52], 1.8 gcm_3 for CB [53], 1.6¢g cm 3
for SWCNT [54], and 2.2 g cm > for CCG [55]. By fitting the
E data for each composite fibre using equation (2) (figure 6),
it was found that the slope (dE/d¢, referred to as the rate of
reinforcement) is significantly higher for PU/SWCNT
(6.52GPa) than for PU/CCG (2.15GPa) and PU/CB
(0.15 GPa) fibres. The dE/d¢ for PU/SWCNT fibres is also
higher than those of previously reported values for filled
elastomers (table S2). These results clearly show that rein-
forcement rates reflect the differences in the aspect ratios of
the fillers. The highly debundled/exfoliated states of
SWCNTs and CCG promoted PUfiller interactions that are
much stronger than the interaction of aggregated and small
aspect ratio CB with PU. These results are consistent with
previous reports where high aspect ratio fillers were found to
enhance the filler-PU interactions [3, 4, 56, 57]. The higher
dE/d¢ for PU/SWCNT could also be the result of the -
formation of a more effective reinforcing filler network
[58, 59], with better interlocking of the filler particles and PU
soft segment chains as well as very little damage to the PU
hard segment domains with filler addition [60, 61] as reported
previously.

In the case of reinforcement in tensile strength (o), pre-
vious reports on PU composites have shown that good filler—
PU interactions enhance o, while the interruption in strain-
induced crystallization of the soft segment phase and the
disruption in hard segment domains both decrease o [60, 61].
The results in this study suggest that the PU—filler interactions
are effective only at low filler loadings, i.e. within the loading
range used for SWCNTs. The significantly higher loading
range used for both CCG and CB suggest detrimental effects
on soft segment crystallization and hard segment domains. It
can be deduced that high aspect ratio filler can enhance o at
low loading. Also, at high filler loading, o is independent of
the type of filler.

It has been shown that the inclusion of fillers in the PU
soft segment phase interlocks the fillers and the PU chains in

this phase [62]. This interlocking is generally reflected in the
increase in slope of the medium strain region of the stress—
strain curves (region II, figure S2(b)), as seen in the PU
composite fibres (figure 3). Very high interlocking levels,
however, impede the extensibility of the soft segment phase
resulting in low elongation at break (¢) [60, 61]. Fibre com-
posites with SWCNT fillers resulted in a significant and
abrupt decrease in ¢ even at low loading, while CB resulted
only in a slow and marginal decrease even when the loading
was much higher than the SWCNT. It can therefore be
deduced that the interlocking of soft PU chains was depen-
dent upon filler aspect ratio such that the spherical fillers have
the least damaging impact on ¢. This is further supported by
the observed similar decrease in € with CCG but with much
higher loading than SWCNTs.

The combinations of the improved stiffness, favourable
interactions for increased strength, and low interruption of
strain-induced crystallization and hard segment domains were
manifested in the toughness (7) of the composite fibres. The
strong dependence of T on the filler type is similar to the
trends observed for e, where spherical CB and rod-like
SWCNT resulted in the highest and lowest 7, respectively.

The ability to impart electrical conductivity to elastomers
while maintaining or enhancing their mechanical properties
provide the opportunity to expand their applications in strain
sensing. It has been shown through electromechanical cyclic
tests that the PU composite fibres respond to stretching by the
change in electrical resistance. For each composite fibre
combination, the composition with the highest conductivity
and elongation at break of more than 60% were selected on
the basis that body movements typically apply strains of up to
~55% [23].

The mechanisms for the observed strain sensing beha-
viours (i.e. increasing or decreasing resistance with stretching,
and vice versa) have been previously attributed to the rear-
rangement of fillers and the re-structuring of conducting
networks [18]. When the conducting networks break during
stretching, it is likely to result in resistance increase.
Stretching, however, can also align filler particles and give
rise to the formation of new conducting networks, thereby
decreasing resistance [63]. The differences in strain sensing
behaviours of the PU composite fibres can be attributed to the
differences in the aspect ratio of the conducting fillers. In the
case of PU/CB and PU/CCG fibres, during the first cycle, the
initial increase in resistance is likely due to the loss of con-
duction paths from the breakage of the network of highly
aggregated CB particles or CCG sheets. In the succeeding
cycles, the mechanism for strain sensing may be driven by the
alignment of the conducting fillers (having low deformation).
The alignment of CB or CCG during stretching allows for the
new conduction paths or networks to be created, which
decrease the resistance. Further stretching, however, results in
the separation of the conducting fillers and increases the
resistance. In PU/SWCNT fibres, the high aspect ratio is
likely to result in filler alignment during fibre spinning. The
separation of the conducting fillers during stretching can
decrease the number of conduction paths ther-
eby increasing the resistance.
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5. Conclusions

Electrically conductive elastomer composite fibres were suc-
cessfully prepared using wet-spinning with various filler
types and loadings. The analysis of the electrical and
mechanical properties of the composite fibres revealed nota-
ble dependence on filler type, i.e. spherical CB, rod-like
SWCNT, and platelet CCG as well as filler loading. The rod-
like filler resulted in a significantly lower percolation
threshold (~1.6 wt.%) and higher normalized conductivity
than the spherical and platelet fillers (percolation threshold
>10wt.%). The Young’s modulus and yield stress of the
fibres increased with filler loading at varying degrees for
different fillers, whereby the high aspect ratio SWCNT
resulted in the highest enhancement in low strain tensile
properties. The tensile strength of the fibres revealed strong
dependence on filler loading and was found to be independent
of filler type. The stretchability of the composites displayed
dependence on the filler aspect ratio with the spherical CB
having the least damaging impact on elongation at break. In
terms of strain sensing properties, the resistance response of
PU/SWCNT fibres increased with stretching and decreased
with relaxing at all applied strains (i.e. the gauge factor values
remained positive at all times). By contrast, the PU/CCG and
PU/CB fibres exhibited mixed strain sensing behaviours (i.e.
the gauge factor changed signs with applied strain). The lar-
gest sensing range was observed for the PU/SWCNT fibre
(up to 60%), followed by PU/CB (50%) and then PU/CCG
(40%). These results reveal the sensing strain range where
each fibre type would most suitable for practical applications.
The next research challenge is to evaluate whether these fibres
can be developed into strain sensor textiles (and the evalua-
tion of how they perform) for wearable strain sensing appli-
cations such as body movement measurement, medical
monitoring, and sports injury prevention.
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