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ABSTRACT: Multiwall carbon nanotube (MWCNT)/elastomeric composite films were fabricated using two segmented polyurethanes:
an in-house synthesized one (SPU) and a commercial medical grade one (Tecoflex®, TF). Electrical, mechanical, and electromechani-
cal (piezoresistive) properties of both composites were evaluated as a function of the MWCNT weight concentration (1-10 wt %). An
increase in electrical conductivity for both types of polymers was observed for MWCNT concentrations as low as 1 wt %. The electri-
cal conductivity of MWCNT/TF composites was higher than that achieved for MWCNT/SPU composites. Mechanical properties of
8 wt % MWCNT/SPU composites showed a threefold increase in stiffness compared to neat SPU. The changes in electrical resistance
of the composites showed higher sensitivity to strain for lower MWCNT concentrations. The piezoresistive signal of the composites
allows to measure strains up to ~400% before electrical depercolation occurs. The strain at which electrical depercolation occurs
depends on the conductivity of the composite in its unloaded state. This kind of composites may find sensing applications in pros-

thetics, biomedical devices, and smart textiles. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 375-382, 2013
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INTRODUCTION

Thermoplastic elastomers are known for combining their elasto-
meric mechanical behavior with the processability of thermo-
plastics. Segmented polyurethanes (SPU) are thermoplastic
elastomers characterized by the urethane group, consisting of
multiple alternating blocks of flexible and rigid segments.' In
addition, SPUs have the advantage that their properties can be
tailored by modifying the molar ratio of the flexible (polyol)
and hard (diisocyanate) segments, which makes them suitable
for a vast variety of applications. In spite of the numerous
advantages of this family of polymers, they suffer from low elec-
trical conductivity. On the other hand, it has been proved that
carbon nanotubes (CNTs) can provide electrical conductivity to
electrically insulating polymers,”> and they may also provide
mechanically reinforcement. Coupling between the electrical
conductivity and an external excitation can provide sensing
capabilities to CNT composites, which can be used for meas-
uring changes in glucose concentration,* impact damage’ the
presence of gases,® or liquids.” CNT/polymer composites with
strain sensing capabilities have recently been also aggressively
studied. For example, Wichmann et al.® studied the piezoresis-
tive properties of multiwall carbon nanotube (MWCNT)/epoxy
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composites finding that a MWCNT concentration of at least
0.1 wt % is needed to obtain strain sensing capabilities; for this
epoxy composite, the average gage factor ranged between 3.4—
4.3 and the maximum strain measurement capability was 6%.
Pham et al.” reported a much lower range of strain measure-
ment (~0.6%) but higher gage factors (1.44-15.3) using
MWCNT/poly(methyl methacrylate) composites at 6-10 wt %.
Zang et al.'’ compared the sensitivity of MWCNT/polycarbon-
ate composite with a commercial strain gage, finding that these
nanocomposites are ~3.5 times more sensitive than a metallic
strain gage. Other works where the piezoresistive properties of
CNT/thermoplastics composites were studied report gage factors
in the order of 0.5-1 and a maximum of 5% strain measure-
ment capability.'>'? The piezoresistivity of CNT/elastomeric
composites has been significantly less studied than for the case
of thermoplastic or thermosetting polymers. Kang et al.'”> found
that it is possible to measure tensile and compressive strains by
using a 20 wt % MWCNT/ethylene—propylene—diene rubber
composite. Bokobza'* reports that cycling strain can be meas-
ured by using a 10 wt % MWOCNT/styrene butadiene rubber
composite. Slobodian et al.'> examined the use of a composite
made from a thin buckypaper embedded in a polyurethane
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matrix as a strain monitor, finding that the composite is able to
monitor bending of a prosthetic knee. MWCNT/polyurethane
composites have very promising piezoresistive and large strain
sensing capabilities, although irreversible phenomena and
hysteresis at large strains is difficult to avoid for cyclic load-
ings.">™"” Based on the existent literature, it also seems that
larger concentrations of MWCNTs are required to obtain reli-
able piezoresistive properties using elastomers, in comparison to
common thermosetting or thermoplastic polymers. However,
the concentration needed using other more conventional fillers
like carbon black (CB) in an elastomeric matrix is higher than
that needed for MWCNTs. For example, Flandin et al.'® studied
the piezoresistive properties of a CB/ethylene—octene elastomer,
finding a nonlinear piezoresistive behavior and a ~300% strain
measurement capability using 20 wt % of CB. On the other
hand, it has been reported that it is possible to measure strains
of the order of ~80% using MWCNT/thermoplastic polyur-
ethane composites by adding only 1 wt % of MWCNTs."?

Thus, the aim of this study is to investigate the mechanical,
electrical, and piezoresistive properties of two SPUs (an in-
house synthesized one and a commercial one) modified by
MWCNTs, and the influence of their mechanical and electrical
properties on their coupled piezoresistive response.

MATERIALS

Materials Used for Composite Preparation

Commercial MWCNTs grown by chemical vapor deposition
were supplied by Bayer Material Science (“Baytubes, C150P7;
Bayer Material Science, Leverkusen, Germany; www.baytubes.
com). The MWCNTs have inner and outer diameters of approx-
imately 4 and 13 nm, respectively, and length in the range of
1-4 pm. The MWCNTs were subjected to a mild oxidative treat-
ment based on nitric acid and peroxide, as reported elsewhere.?’
Two thermoplastic elastomers were used as matrices: (a) a com-
mercial segmented polyurethane, Tecoflex (TF) SG-80A, with an
average molecular weight (M,) of ~40,000 g/mol supplied by
“Lubrizol” (The Lubrizol Corporation, Ohio, www.lubrizol.-
com), and (b) an in-house synthesized segmented polyurethane
(hereafter named simply “SPU”) with M, of ~38,000 g/mol.
SPU was synthesized according to Ref. *' using a molar ratio of
2.05:1:1 of 4,4'-methylene bis (cyclohexyl isocyanate):1,4 buta-
nediol:poly (tethramethylene glycol ether). The first two were
purchased from Simga-Aldrich (Sigma-Aldrich, Milwaukee;
www.sigmaaldrich.com) while the last one was acquired from
Lyondell (Lyondell Chemical Company, Barcelona, Spain;
www.lyondellbasell.com), with an approximate M, of ~2000
g/mol. Both polymers have similar chemical composition and
were chosen because of their capability to deform about 10
times their initial length.

Preparation of MWCNT Filled Polymer Composites

Composites of 1-10 wt % were prepared by dissolving 1 g of
polymer (TF or SPU) in 10 mL of chloroform (CHCIl;). In par-
allel, MWCNTs (1-10 wt %) were dispersed in 15 mL of CHCl;
by using an ultrasonic probe (VC750, Sonics & Materials, 150
W, 20 kHz) for 1 min and then sonicated in an ultrasonic bath
(70W, 42 kHz) for 2 h. Both MWCNT/CHCI; and SPU/CHCl;
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solutions were then mixed to form a CHCI;/SPU/MWCNT
blend which was further stirred for 2 h. In this way, 0.3 mm
thick MWCNT/polymer composite films of 1-10 wt % were
finally obtained by solution casting onto a Teflon mold and
dried for 24 h at room temperature.

EXPERIMENTAL

Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra were obtained from
thin films of 5 wt % MWCNT/polymer composite deposited
onto KBr pellets in the 4000-600 cm ™' spectral range averaging
100 scans and with resolution of 4 cm ™.

Electrical Conductivity

Electrical resistance (R) of the composite films (25 mm long,
6 mm wide, and 0.3 mm thick) was measured at room tempera-
ture employing a Keithley electrometer model 6517B. Two
5 mm long silver painted areas located at the film edges were
used as electrodes, leaving an effective span (L) of 15 mm. The
electrical conductivity (g,) was calculated from the measured R
as the ratio of L over the product A x R, where A is the cross-
sectional area of the specimen. Six replicates were measured for
each composite.

Mechanical and Piezoresistive Characterization

Mechanical properties were measured using a crosshead speed
of 50 mm/min. Rectangular films of 60 mm length and 10 mm
width were employed with 10 mm tabs at the film edges defined
by adhesive tape. Since the stress (o)-strain (¢) behavior was
nonlinear, the secant modulus was obtained at strains of 100%
(E100) and 600% (Egq). Since most of the samples failed at very
large strains (above 600%), the stress at & = 600% (0gp0) 1S
reported.

Tensile piezoresistive properties were evaluated using samples
and test conditions similar to that used for mechanical testing.
For the piezoresistive specimens, two copper wires separated
30 mm and centered at the midspan of the specimen were used
as electrodes. The wires were gently pierced through the film
thickness and cemented with silver paint. Electrical resistance
was measured in situ during the tension test using a portable
Fluke 289 electrometer with data logging capabilities. Six speci-
mens were tested for each polymer and MWCNT concentration
for mechanical testing and the same amount of replicates was
used for piezoresistive characterization.

RESULTS AND DISCUSSION

Infrared Spectroscopy of Polymers and Composites

Figure 1 shows the FTIR spectra of oxidized MWCNTs [Figure
1(a)], synthesized SPU, commercial TF and a 5 wt % MWCNT/
SPU composite [Figure 1(b)]. Both polymers are transparent in
film geometry and become dark upon inclusion of the
MWCNTs. Oxidized MWCNTs show bands corresponding to
CH, asymmetric stretching at ~2923 cm™',”> O-H bending at
~1365 cm~ !, C-O stretching at ~1222 cm™',* and C=0
absorptions at ~1712 ¢cm™'.**** In Figure 1(b), synthesized
SPU and TF exhibit typical N-H stretching urethane absorp-
tion at ~3330 cm™ '*>***” and combined vibrations of bend-
ing of the N-H bond and stretching of the C-N bond at
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Figure 1. FTIR spectra of MWCNTSs, polymers and composites. (a) Oxi-
dized MWCNTs, (b) SPU, TF, and 5 wt % MWCNT/SPU composite.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

~1533 cm™ "% The urea group is seen at ~1635 cm™',** and

the absorption at ~2931 cm™' is assigned to CH, from the
poly(methyl-ether-glycol) used for the SPU synthesis.**

The FTIR spectrum of the commercial TF and the in-house syn-
thesized SPU are very similar, which confirms their similar
chemical composition. The FTIR spectra of the MWCNT/SPU
and MWCNT/TF (not shown) composites are similar to that of
the matrix, given the low concentration of MWCNTs used and
the strong IR signal of the polymer.

Electrical Conductivity

Figure 2 shows the measured DC electrical conductivity (o,.) of
MWCNT/TF and MWCNT/SPU composites at MWCNT con-
centrations between 0 (neat polymer) and 10 wt %. It is seen
that the conductivity of TF is higher than that of SPU and that,
in general, MWCNT/TF composites have higher conductivity
than MWCNT/SPU composites. The difference between the
conductivities of TF and SPU composites is possibly due to
the presence of processing aids and/or antioxidants added to the
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Figure 2. Electrical conductivity of SPU and TF composites as a function
of MWCNT concentration.

commercial TF by the manufacturer.”® These additives modify the
polymer rheology upon dissolution, which in turn affects the final
configuration of the MWCNT network inside the polymer. 2>
For both composites, at 1 wt % there is an increase in o, of
almost two orders of magnitude, which can be associated to the
formation of conductive percolating paths. However, a small
number of conductive paths are formed at such a low MWCNT
concentration, since the increase in electrical conductivity with
respect to the neat polymer is not very pronounced at 1 wt %.

Significantly higher conductivity is observed for MWCNT com-
posites with concentrations higher than 2 wt %. MWCNT/SPU
composites with 3 wt % show a conductivity of ~10~7 S/m,
while the conductivity of the corresponding MWCNT/TF com-
posites is ~107> S/m. The maximum conductivity achieved (at
10 wt %) was 091 S/m for MWCNT/TF composites and
0.42 S/m for MWCNT/SPU composites. It is worth to mention
that elastomeric matrices filled with carbon black "' typically
require large filler concentrations (10-20 wt %) to achieve simi-
lar levels of conductivity than those found in this study.

Mechanical Properties

The mechanical behavior of the investigated composites is
depicted in Figure 3. Figure 3(a) shows representative stress
(0)-strain (&) curves of 0, 4, 5, and 8 wt % MWCNT/TF com-
posites, while Figure 3(b) shows the corresponding curves for
MWCNT/SPU composites.

MWCNT/TF composites with 4 wt 9%, Figure 3(a), show
reduced tensile mechanical properties with respect to the neat
polymer; however, at and above 5 wt %, MWCNT/TF compo-
sites show a reinforcement effect especially for properties at
600% strain (Ego0, Te00). This suggests that there is a minimum
MWCNT weight concentration needed to effectively reinforce
the polyurethane matrix. Increasing the amount of MWCNTs
into a thermoplastic polyurethane leads to a state in which the
MWCNTs form a continuous percolated network. Above this
concentration an increase in the mechanical properties of the
composite is expected due to the formation of two co-continu-
ous phases.®” It has also been reported that the presence of
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Figure 3. Representative tensile stress—strain curves of MWCNTs compo-
sites. (a) MWCNT/TF and (b) MWCNT/SPU. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

MWCNTs may enhance the crystallinity of soft segments in seg-
mented polyurethanes during elongation of the composites.”®
Both phenomena may lead to a stiffening effect in the
MWCNT/polymer composites investigated here, and both of
them require a concentration of MWCNTs above electrical per-
colation. MWCNT/TF composites loaded with 5 and 8 wt %
show similar mechanical properties, although MWCNT/TF
composites at 8 wt % show slightly larger stiffening effects. For
8 wt % MWCNT/TF composites, Ejoo was 1.3 times higher than
the corresponding value for neat TF, whereas Egop and agno
increased 10%. For MWCNT/SPU composites [Figure 3(b)] a
reinforcing effect (stiffening) is observed for concentrations as
low as 4 wt %. 4 and 5 wt % MWCNT/SPU composites show a
value of Ejo, which is ~1.6 times larger than the E;on of neat
SPU. The largest stiffening effect of all examined materials
occurred for SPU composites with 8 wt %, which show a three-
fold increase in Ejyy and a twofold increase in Egyy and oo
with respect to the neat SPU. In the case of 8 wt % MWCNT/
SPU composites, Egg, and g9 were actually taken at ¢ = 550%
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since the specimens failed at this strain. Thus, the large stiffen-
ing effect caused by the MWCNTs in the SPU matrix comes
with the concomitant effect of reduced ultimate strain. The con-
tent of flexible (soft) and rigid (hard) segments influence the
mechanical properties of segmented polyurethanes and there is
an intrinsic incompatibility between the hard and soft segments,
which tends to form a two-phase microstructure.>® It has been
reported that MWCNTs tend to present stronger interactions
with the hard segments in a SPU?® and also that the crystallinity
of the soft segments may increase because of the nucleation
effect of the CNTs.”> Therefore, the stiffening effect of the
MWCNTs for segmented polyurethanes may be explained
mainly by the interaction between the carboxylic groups on the
surface of the functionalized MWCNTs with the hard segments
of the segmented polyurethane, although other indirect phe-
nomena such as the increase in soft segment crystallinity and
strain-induced crystallization may also be relevant.’*

Piezoresistive Properties

The coupled electromechanical properties of composites with
conductivity >10"* S/m were characterized by tensile piezore-
sistive testing. This corresponds to TF composites with
MWCNT concentration >3 wt % and SPU composites with
MWCNT concentration >6 wt %. Figure 4 shows typical
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Figure 4. Representative piezoresistive curves of 6 wt % MWCNT compo-
sites. (a) MWCNT/TF and (b) MWCNT/SPU.
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piezoresistive curves (AR/R, vs. & where R, is the electrical
resistance in the unloaded state) for 6 wt % composites with TF
[Figure 4(a)] and SPU [Figure 4(b)] matrices. AR/R, increases
with increased ¢, suggesting that the distance between the
nanotubes is also increased leading to a higher electrical resist-
ance. Once the applied strain reaches a critical value, the
separation between MWCNTs is so large that the electrically
percolating network breaks down. This behavior occurs in
highly deformable polymers and has been named “electrical
depercolation”'® The strain at which electrical depercolation
occurs is identified here by the label “epp” as indicated in Fig-
ure 4. In this study, epp was defined as the strain at which
the conductivity of the composites decreases below 107> S/m,
which is close to the conductivity threshold reported for the
transition from semiconductors to electrically insulating mate-
rials.’” For the geometry of the samples examined, this
value corresponds to an electrical resistance of the order of
~10> MQ which is also a practical limit for laboratory meas-
urements. The complete piezoresistive curves showed in
Figure 4 can be fitted to a cubic (MWCNT/TF) or quadratic
(MWCNT/SPU) polynomial functions.

In Figure 4, the investigated composites have a large strain
capability with a non-linear piezoresistive behavior. Because of
the large axial strain achieved by elastomers and their high Pois-
son’s ratio,”**® a large reduction in cross-sectional area is also
expected. However, as pointed out in Ref. *°, the strain trans-
ferred to the CNT is very low and this geometric contribution
is minor in the measured piezoresistive response. Factors such
as variations in CNT-to-CNT distance, tunneling and CNT-to-
CNT contact resistance, are accepted among the major contrib-
uting factors to the piezoresistivity of polymer composites.”™**
Acoording to Zhang et al.**, for MWCNT/polyurethane compo-
sites, the changes in electrical resistance during stretching can
be described by the deformation of the MWCNT network and
the increase in the tunnel junction gap. At large strains, the sec-
ond behavior may be dominant.*? In our case, the reduction in
cross-sectional area may tend to align the MWCNTs in the load
direction® and such rotations may also influence AR.*'

Table I list AR/R, as function of ¢ for the composites showed
in Figure 4. As seen from this table, 6 wt % MWCNT/SPU
composites are more sensitive than 6 wt % MWOCNT/TF
ones, since for any fixed strain AR/R, is higher for SPU
composites.

ARTICLE

This behavior can be due to the combination of the lower elec-
trical conductivity (Figure 2) and lower stiffness (Figure 3) of
MWCNT/SPU composites. At 10% strain AR/R, of MWCNT/
SPU is 4.76% (AR/¢R, = 0.48) whereas for MWCNT/TF AR/R,
is only 0.91% (AR/eR, = 0.091). The strain sensitivity, quanti-
fied by the factor AR/¢R, in Table I, increases with increased
applied strain. However, although the strain sensitivity is signifi-
cantly higher for MWCNT/SPU composites, the depercolation
strain (epp) is higher for MWCNT/TF composites. This is likely
due to the higher conductivity of the TF composites. For the
case of 6 wt % MWCNT/TF composites, epp is ~105% while
for MWCNT/SPU composites at the same MWCNT concentra-
tion epp is ~25% (Figure 4).

Figure 5 shows the piezoresistive [Figure 5(a)] and correspond-
ing stress—strain [Figure 5(b)] curves of MWCNT/TF compo-
sites at several MWCNT concentrations. All piezoresistive curves
can be fitted to polynomial functions of order 2 to 4.

From Figure 5, it is concluded that the 3 wt % MWCNT/TF
composite is the most sensitive one among the TF composites,
since exhibits higher AR/R, than the other composites for a
fixed ¢. This higher sensitivity correlates with its lower electrical
conductivity (Figure 2). For ¢ = 35 %, AR/R, for this compos-
ite is ~0.30. On the other hand, this composite also exhibits the
lowest epp (~40 %) of the TF composites examined, which
seems to correlate also with its lowest electrical conductivity.
For MWCNT concentrations above 8 wt %, the measured AR
signal fluctuates as shown in Figure 5(a), indicating that the
CNT network is densely packed. Such a high MWCNT concen-
trations may not be adequate for sensing applications of these
MWCNT composites.

The piezoresistive [Figure 6(a)] and corresponding stress—strain
[Figure 6(b)] curves of MWCNT/SPU composites at different
MWCNT concentrations are shown in Figure 6. The piezoresis-
tive curves of the MWCNT/SPU can be fitted to polynomial
functions of order 2 to 4.

According to Figure 6(a), the most sensitive MWCNT/SPU
composite is again the one with the lowest concentration of
MWCNT (6 wt %). épp also increases by increasing the
MWCNT concentration, which in turns increases the conductiv-
ity of the composite. This behavior is in agreement with the
piezoresistive properties obtained for MWCNT/TF composites,
suggesting that the sensitivity is reduced and the depercolation

Table I. AR/R, as Function of & for 6 wt % MWCNT/TF and MWCNT/SPU Composites

AR/Rq (%) AR/eRq
g (%) MWCNT/TF MWCNT/SPU MWCNT/TF MWCNT/SPU
10 091 = 0.25 476 = 1.05 0.091 = .025 0.48 = 0.105
15 1.94 = 0.52 109 = 0.87 0.13 = 0.035 0.73 = 0.058
20 337 = 0.77 20.2 = 1.08 0.17 = 0.039 1.01 = 0.054
25 510+ 113 31.5+263 0.20 = 0.045 1.26 = 0.105
30 7.21 = 0.94 = 0.24 = 0.031 =
90 2372 = 76.4 - 2.64 = 0.85 -
- = ¢ above ¢pp.
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Figure 5. Electrical and mechanical responses of MWCNT/TF composites
as a function of applied strain. (a) Electrical response and (b) correspond-
ing stress—strain curve. [Color figure can be viewed in the online issue,

20 40

which is available at wileyonlinelibrary.com.]

strain increased by increasing the concentration of MWCNTS.
Increasing the MWCNT concentration yields stiffer composites
(less CNT mobility) and a densely packed network (less change
in AR), which may justify this experimental observation.

Further analysis of the depercolation strain is possible with the
assistance of Figure 7, which shows the values of epp for
MWCNT/TF and MWCNT/SPU composites as a function of the
MWCNT  concentration. The highest ¢pp observed for
MWCNT/TF composites (~400%) occurred at 8 wt %, while
the lowest epp (40%) was obtained at 3 wt %.

The largest strain measurement capability found herein (~400%,

dictated by epp) is larger than that reported for the majority of
MWCNT/elastomeric composites,'®'”'? and is similar only to

that reported for MWCNT composites with an especially designed
(layered) architecture.’>** For MWCNT/TF composites, &pp
increases when the MWCNT content increases from 3 wt % to 8
wt %, but decreases after 8 wt %. This behavior may be explained
by clustering and network saturation at such high MWCNT con-
centrations. It is possible that above 8 wt %, clusters and zones
deficient of MWCNTs are formed, increasing the probability of
breaking the percolated network upon strain application.
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Figure 6. Electrical and mechanical responses of MWCNT/SPU compo-
sites as a function of applied strain. (a) Electrical response and (b) corre-
sponding stress—strain curve. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

For MWCNT/SPU composites the lowest epp (~25%) occurred
at 6 wt % while the highest epp (~200%) was found at
10 wt %. For these composites (which are less conductive than

500F o MWCNT/TF
| O MWCNT/SPU
400 |
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8DF’ 3
(%) 200k %
100 = o o
= @
0 2 I Il 2 2 Il Il 2
3 4 5 6 7 8 9 10
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Figure 7. Depercolation strain as a function of MWCNT wt % for

MWCNT/TF and MWCNT/SPU composites. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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the TF ones), ¢pp increases monotonically as the MWCNT con-
tent increases, which is possible due to the increase in electrical
conductivity of the composites with increased MWCNT
concentration.

CONCLUSIONS

Segmented polyurethane/MWCNT composites were manufac-
tured and characterized electrically, mechanically, and electro-
mechanically. Two kinds of segmented polyurethanes were
employed, an in-house synthesized one (SPU) and a commercial
one (Tecoflex, TF). The influence of the mechanical and electri-
cal properties on the coupled piezoresistive behavior of the
composites, and the strain at electrical depercolation as a func-
tion of the MWCNT concentration and matrix type were of
main interest. Electrical percolation was found around 1 wt %
and the electrical conductivity of composites fabricated with TF
was higher than those fabricated with the in-house synthesized
SPU. The maximum conductivity achieved was 0.91 S/m for
10 wt % MWCNT/TF composites, and 0.42 S/m for 10 wt %
MWCNT/SPU composites. Mechanical reinforcement was evi-
dent as a stiffening effect in both polymers at MWCNT concen-
trations >5 wt %; the stiffening effect was more notorious for
higher MWCNT concentration (up to 8 wt %) and for SPU
composites. Higher piezoresistive sensitivity was obtained for
SPU composites, reaching values of AR/R, ~30% for 25%
strain, and changes in electrical resistance as high as ~200%
with respect to its original value for ~180% strain. The piezore-
sistive properties obtained suggest that as the MWCNT
concentration increases, the piezoresistive sensitivity of the poly-
urethane composites is reduced. The strain at electrical deperco-
lation varied from ~25% to ~400%, depending on the initial
electrical conductivity of the composite. Composites with higher
electrical conductivity in its unstrained state reached higher val-
ues of depercolation strain. The large deformation capability of
these composites and the large changes in electrical resistance
produced by the strain application makes them a suitable candi-
dates as strain sensing elements in biomedical, structural health
monitoring, and smart textiles applications.
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