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ABSTRACT: In this study, the electromechanical and
dynamic mechanical properties of electrically conducting
polymer blends were investigated. The blends were com-
prised poly(styrene-b-butylene-ran-ethylene-b-styrene) (SEBS)
containing polypyrrole doped with dodecylbenzenesulfonic
acid (PPy.DBSA). The two types of PPy.DBSA (with and
without an excess of DBSA) were blended with SEBS
through the solution casting method at room temperature.
The dynamic mechanical characterization of the SEBS/
PPy.DBSA blends demonstrated that the use of PPy.DBSA
with and without free DBSA molecules results in different

degrees of interaction with the two phases of the SEBS co-
polymer matrix. The changes in the electrical conductivity
of the blends during repeated pressure loading/unloading
were investigated. The conducting SEBS/PPy.DBSA poly-
mer blends exhibited an increase in the electrical conduc-
tivity on pressure loading and underwent a corresponding
decrease on unloading. VC 2010 Wiley Periodicals, Inc. J Appl
Polym Sci 120: 351–359, 2011
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thermoplastic elastomer

INTRODUCTION

Blends of intrinsically conducting polymers (ICP) and
insulating polymers constitute a class of conducting
materials which can present attractive mechanical
properties and electrical conductivity with excellent
processability. New technological applications are
being found for these materials, such as electromag-
netic shielding,1 optoelectronic displays,2 chemical sen-
sors,3 biosensors,4 and electromechanical sensors.5–8

Considerable efforts have been made to develop
electromechanical sensors with fast and linear
response, reliability, high reproducibility, and low
cost. Blends with rubber as the matrix and ICP as
the disperse phase are very attractive systems for
use in electromechanical sensors, due to the mixture
of these components offering flexibility, stress/strain
recovery characteristics, and controlled levels of elec-
trical conductivity. The mechanical sensitivity of
conducting polymer blends is dependent on the test
conditions, such as temperature and the compressive

or tensile forces applied. Under compressive force, the
electrical conductivity rises due to an increase in the
contact of the conducting filler, i.e., the arrangement of
ICP particles, and a conducting pathway is formed.
When the compressive force is released, the conduct-
ing pathway is discontinued, reducing the electrical
conductivity to a value corresponding to that without
compression force.9,10 Alternatively, there are other
systems, such as carbon black (CB) composites, in
which the electrical conductivity decreases when com-
pressive forces are applied.10,11 This behavior has been
attributed to the destruction of the conducting CB net-
work. Some unsaturated rubbers, such as poly(cis-1,4-
isoprene) (PIP),7 polyurethane (PU),8 natural rubber
(NR),12 nitrile rubber (NBR),13,14 silicone rubber,15,16

and thermoplastic rubbers,17–20 have been used as
matrices to obtain conducting elastomeric blends.
Polypyrrole (PPy) has been used extensively as a

conducting filler in polymer blends due to its good
environmental, thermal stability, and electrical prop-
erties. However, PPy is usually immiscible when
blended with rubbers, and gross phase separation
processes may restrict the formulation of compatible
materials. The compatibility of conducting polymer
blends was enhanced through inserting counter ions,
such as dodecylbenzenesulfonic acid (DBSA), into
the PPy chains, making it possible to form blends
compatible with an insulating polymer. Blends
of polypyrrole doped with dodecylbenzenesulfonic
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acid (PPy.DBSA) and rubbers prepared through the
solution casting method have been reported to be
quite efficient when both polymers are soluble in a
common solvent.21 The conductivity of solution-cast
blends is dependent on the ability of the PPy to
finely disperse in the solvent and its compatibility
with the rubber solution.

The focus of this study was to evaluate the effect
of the PPy.DBSA characteristics, such as doping
degree and DBSA concentration, on the morphology,
electrical conductivity, and dynamic mechanical and
electromechanical properties of conducting blends.
To this end, PPy.DBSA samples with and without
an excess of DBSA were mixed separately with
poly(styrene-b-butylene-ran-ethylene-b-styrene) (SEBS)
through the solution casting process.

EXPERIMENTAL

Materials

Pyrrole (analytical grade, Merck) was distilled twice
under vacuum and stored in a refrigerator. Ammo-
nium persulfate (APS) (analytical grade, Merck), and
DBSA (technical grade, Pro-Quı́mica do Brazil) were
used without purification. The polymer used in this
study was a block copolymer with styrene hard seg-
ments and ethylene-butadiene rubbery segments.
The copolymer poly(styrene-b-butylene-ran-ethylene-
b-styrene) (SEBS), commercially designated Kraton
G1652, was kindly supplied by Shell Quı́mica (Bra-
zil). The number average molecular weight of Kra-
ton G 1652 is 54,000 g mol�1 (according to the sup-
plier), with a polystyrene block content of 30 wt %.

Synthesis of PPy.DBSA

The polymerization of pyrrole was performed as
described by Lee et al.22 First, 0.15 mol of DBSA
were dispersed in 500 mL of distilled water under
stirring and 0.3 mol of pyrrole was added. The mix-
ture was then stirred for 20 min, at 5�C, following
which 0.06 mol of ammonium persulfate (APS) dis-
solved in 100 mL water was slowly added, and the
reaction mixture was stirred for 24 h. The reaction
mixture was precipitated in acetone, and the precipi-
tate was filtered, washed with acetone and dried in an
oven at room temperature, and a black powder was
formed with 30% yield. The PPy.DBSA samples
washed with acetone were denoted as PPy.DBSA-W1.
To remove the excess DBSA, PPy.DBSA-W1 samples
were stirred in distilled water for 24 h, filtered,
washed with distilled water, and dried. These samples
were denoted as PPy.DBSA-W2. The doping degrees
of PPy.DBSA-W1 and PPy.DBSA-W2 were determined
through X-ray photoelectron spectroscopy (XPS).

Preparation of blends

Toluene solutions of PPy.DBSA-W1 or PPy.DBSA-
W2 at 2% w/v and SEBS at 10% w/v were mixed in
different compositions and stirred for 3 h. The solu-
tions were cast on glass plates to evaporate the sol-
vent at room temperature, obtaining films with
thicknesses of 300–350 lm.

Characterization

The XPS measurements of the polymer samples
were obtained using a VG ESCALAB 220i - XL spec-
trometer with an Al K-a X-ray source (1486.6 eV)
operating at 150 W. The electron analyzer equipped
with 5 channel trons was operated at fixed pass
energy of 50 eV for the survey spectra and 20 eV for
the N-1s and C-1s spectra. To compensate for sur-
face charging effects, all binding energies (BEs) were
referenced to the C-1s neutral carbon peak at 284.6
eV. The area ratio corrected by the sensitivity factor
was used for quantitative analysis of the XPS data.
Perkin–Elmer UV-Vis (Lambda 16) spectrometer

was used to obtain the spectral features of the
PPy.DBSA samples. The surfaces of the thin films
were studied by optical microscopy, on an Olympus
BX50 optical microscope at 200 � magnification.
The dynamic mechanical properties of the blends

and SEBS were studied using a dynamic mechanical
analyzer (DMA-983 interfaced to a TA 2000). The
DMA measurements were carried out in a nitrogen
gas environment, at a heating rate of 5�C min�1 and
at 1, 10, 30, and 50 Hz with a single cantilever.
The electrical conductivity values of the blends

and undiluted components were determined using
the two-probe standard method with a Keithley,
Model 6220, current source to apply the current
anda Keithley, Model 6517, electrometer to measure
the potential difference. The conductivity was calcu-
lated through eq. (1), where d is the electrode diame-
ter (cm), w is the specimen thickness (cm), and I and
V are the applied current and voltage measurement,
respectively.

r ¼ 4wI

pVd2
(1)

Measurements of the electrical conductivity of the
blends on pressure loading/unloading were per-
formed using the system schematized in Figure 1.
Small strips of conducting blends with a diameter of
24.5 mm and 100–300 lm thickness were placed
between two metallic electrodes which were con-
fined to a special poly(tetrafluoroethylene) cylinder.
The electrodes were connected to a Keithley, Model
6220, current source to apply the current (1 nA to
0.1 mA), anda Keithley, Model 6517, electrometer to
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measure the potential difference. A digital force
gauge (MK Instruments) connected to a microproces-
sor was used to measure the compression force. A
continuous conductivity response curve with the
application and removal of a mechanical load was
plotted. All specimens were electrically isolated
from the mechanical testing fixtures and loaded at
10 MPa for 90 s. The pressure was removed and the
unloaded state was also maintained for 90 s. Sequen-
ces of 10 cycles were performed on each sample.

RESULTS AND DISCUSSION

The structure of the PPy highly doped with DBSA
schematized in Figure 2 contains 0.33 positive
charges per monomer unit.23 The doping degree of
the PPy.DBSA used in this study was determined
from XPS analysis by calculating the amount of dif-
ferent neutral and positive nitrogen species of the
PPy chain from the properly curve-fitted N-1s core-
level spectrum. The PPy.DBSA-W1 samples, as
shown in Figure 3(a), exhibit four peaks related to
the nitrogen atom. The peak with BEs at 399.5 eV is
related to amine groups.23 The peak at 398.2 eV is
related to imine group in the macromolecule chain,
probably formed due to the overoxidation process
during the polymerization reaction, as described in
the literature.24 The two peaks with BEs at 400.8 and
402.3 are attributed to the positively charged nitro-
gen, according to reports in the literature.23,24 The
proportion of charged nitrogen (Nþ) was around
0.36, which corresponds to the doping degree.
PPy.DBSA-W1 recovered from the acetone medium
was washed with water to verify the effect of the
purification process on the doping level and electri-
cal conductivity value, obtaining a sample denoted

as PPy.DBSA-W2. From the analysis of the N-1s
peak, in Figure 3(b), the proportion of charged nitro-
gen in the PPy.DBSA-W2 sample was around 0.33.
Table I summarizes the surface elemental analysis

of the PPy.DBSA-W1 and PPy.DBSA-W2 samples,
where the doping degree and conductivity values of
the PPy.DBSA samples do not present a significant
decrease after washing with water. However, the
solubility of PPy.DBSA-W2 in organic solvents, such
as toluene, chloroform, and m-cresol, was lower than
that of PPy.DBSA-W1.
The amount of DBSA present as the molecular

species can be calculated from the difference
between the S/N molar ratio and the proportion of
positively charged nitrogen (S/N � Nþ). In general,
PPy highly doped with DBSA contains theoretical
S/N and C/N ratios of around 0.33 and 10.0, respec-
tively. The ratios of S/N and C/N for PPy.DBSA-W1
are higher than the theoretical values, indicating that
a considerable amount of molecular DBSA is present
in the sample. The difference between the value for
the S/N molar ratio (0.63) and the positively charged
nitrogen (0.36) corresponds to an excess of DBSA in
the range of 0.27 mmol. On the other hand,
PPy.DBSA-W2 has molar ratios very close to the theo-
retical values, indicating that all the DBSA is bound
to the carbon site of the quinoid rings, forming p elec-
tron radicals on the PPy macromolecules.
The UV-Vis spectra of the PPy.DBSA samples pre-

sented absorption bands at 345 nm and 475 nm, cor-
responding to the energy to p-p* transition of the p
electrons of the neutral pyrrole trimer, and the oxi-
dized form.
Figure 4(a) shows the variation in the storage

modulus (E’) as a function of temperature, for undi-
luted SEBS and SEBS/PPy.DBSA blends. A sudden
fall in the storage modulus is observed for undiluted

Figure 1 Experimental device for the electrical mechanical measurements.
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SEBS at �36�C, which corresponds to the glass-rub-
ber transition of the ethylene-ran-butylene segments
of the SEBS triblock copolymer. As expected, the
storage modulus values for the blends are higher
than those for the undiluted SEBS over the whole
temperature range evaluated. Below the glass-rubber
transition temperature of the rubber segments, a
slight increase in the modulus was observed for the
blends when compared with the undiluted SEBS.
However, the blends exhibit a marked increase in

the storage modulus in the rubbery region (up to
�36�C), compared with the glass region. This behav-
ior is similar to those found when CB11,25 is used as
the conducting filler in composite systems. The ri-
gidity of the blend increases due to the presence of
conducting agglomerates, which restricts the mobil-
ity of the matrix polymer chains. It was noted, that
the storage modulus values for the SEBS/PPy.DBSA
blends were affected by the PPy/DBSA ratio of the
PPy.DBSA-W1 and PPy.DBSA-W2 composition, as
can be seen in Figure 4(a).
Figure 4(b) shows the loss tangent (tan dmax) of

the blends and undiluted SEBS as a function of
temperature. The two glass transition temperatures
at �36�C and 96�C, corresponding to the ethylene-
ran-butylene and styrene segments, respectively,
are not affected by the presence of PPy.DBSA-W1
or PPy.DBSA-W2. The peak intensity, correspond-
ing to the glass transition temperature of ethylene-
ran-butylene and styrene blocks, reduces on
increasing the amount of conducting polymer, but
due to the presence of a DBSA excess in the
PPy.DBSA-W1, acting as the plasticizing agent, the
variation in the tan dmax value is lower for SEBS/
PPy.DBSA-W1 than for SEBS/PPy.DBSA-W2 blends.
These changes in the magnitude of the loss tangent
are related to the incorporation of PPy.DBSA,
which reduces the flexibility of the EB and styrene
blocks.

Figure 2 Chemical structure of polypyrrole doped with
dodecylbenzenesulfonic acid (PPy.DBSA).

Figure 3 Nitrogen 1s (N-1s) XPS core-level spectrum of
(a) PPy.DBSA-W1 and (b) PPy.DBSA-W2 samples.

TABLE I
Electrical Conductivity, Doping Degree and Area Ratio (atom %) of Elemental Composition of PPy.DBSA-W1

and PPy.DBSA-W2 Samples Obtained from the Wide XPS Scans

Samples
Doping

degree (%)
Electrical

conductivity (S cm�1)

Area ratio (atom %) Molar ratio

S/N – NþC N S O C/N S/N

PPy.DBSA-W1 36 0.34 71.8 5.2 3.3 19.7 13.8 0.63 0.27
PPy.DBSA-W2 33 0.46 71.3 6.8 2.3 19.6 10.5 0.34 0.01
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According to Leyva et al., the heterogeneous dis-
tribution of the conducting polymer in one preferen-
tial phase of a triblock copolymer can be estimated
using the normalized curve of tan d/tan dmax versus
T/Tmax. The tan d represents the loss tangent values
at any temperature T and the tan dmax represents the
loss tangent value at the corresponding Tmax temper-
ature.25,26 The extent of broadening of the normal-
ized plots in the relaxation process of a specific
phase can be correlated to the presence of the con-
ducting additive inside this phase.27

Figures 5 and 6 show the normalized curves
for SEBS/PPy.DBSA-W1 and SEBS/PPy.DBSA-W2,
respectively, at frequencies of 1 and 50 Hz. For
SEBS/PPy.DBSA-W1, there is broadening of the nor-
malized curves for the PEB and PS phase transitions
with increasing conducting filler, indicating that the
PPy.DBSA is distributed in both phases. The PEB
phase relaxation curves are coincident for all blend
compositions in the SEBS/PPy.DBSA-W2 blends,
with no difference in the broadening. On the other

hand, the width of these curves for the PS phase
enhanced with increasing conducting polymer con-
centration, suggesting that PPy.DBSA-W2 is prefer-
entially distributed in the PS phase. These results
indicate that DBSA acts as a compatibilizing agent,
promoting a better compatibility with the PS and
PEB phases in the SEBS matrix.
The activation energy (Ea) values related to the

relaxation processes for each blend composition were
determined from the temperature corresponding to
the tan dmax taken at different measurement frequen-
cies, using the Arrhenius equation [eq. (2)]. These val-
ues are related to the interaction between the conduct-
ing filler and the phases of the copolymer matrix.27

f ¼ f0e
�Ea=RT (2)

where f is the frequency used in the experiment and
T is the corresponding temperature at the damping
peak maximum, that is, the glass transition tempera-
ture Tg.
The activation energy values, calculated through

the plot of log f versus log 1/T for the relaxation of
PEB and PS (Table II), are consistent with the discus-
sion on the normalized curves, where only the PEB
phase in the SEBS/PPy.DBSA-W2 blends has the
same Ea values. These results are similar to those
obtained for SBS/PAni.DBSA and SBS/EB (emeral-
dine base) blends.25

The dependence of the electrical conductivity on
the blend composition is shown in Figure 7 for
SEBS/PPy.DBSA-W1 and SEBS/PPy.DBSA-W2. As
expected, the electrical conductivity values increase
with increasing amount of PPy.DBSA in the insula-
tion SEBS matrix. For 20 and 40 wt % of PPy.DBSA-
W1, the electrical conductivity values were 1.1 �
10�5 and 3.1 � 10�4 S cm�1, respectively, which are
106- and 107-fold higher than the values for the
undiluted SEBS. Furthermore, SEBS/PPy.DBSA-W2
blends displayed lower electrical conductivity values
than SEBS/PPy.DBSA-W1 in all blend compositions
studied.
The data presented in Figure 7 can be fitted to the

scaling law of percolation theory21 K. Levon, as
described in eq. (3)

rf ¼ cðf� fpÞt (3)

where c is a constant, t a critical exponent, rf the
conductivity, f the fraction of the conductive me-
dium and fp the fraction at the percolation threshold
expressed as a weight fraction.
The values for the critical exponent and percola-

tion threshold were 2.6 and 3 wt % for SEBS/
PPy.DBSA-W1, and 4.1 and 10 wt % for SEBS/
PPy.DBSA-W2, respectively. The values for the

Figure 4 Dependence of (a) bending modulus and (b) tan
d on temperature for undiluted SEBS and its blends with
10 and 40 wt % of PPy.DBSA-W1 or W2.
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critical exponent were in the range of 2-4, which can
be explained by multiple percolation in the conduct-
ing polymer blends, as proposed by Levon and Mar-
golina.28 The lower fp value for SEBS/PPy.DBSA-W1
reflects a lower compatibility of the components in
this blend, since the presence of DBSA in excess
increases the electrical conductivity of the blend.
These results are consistent with those obtained in
the morphological and dynamic mechanical analysis.

The microstructure of the SEBS/PPy.DBSA blends
revealed typical phase separation morphology with
the presence of PPy.DBSA agglomerates (the dark
regions seen in the optical micrograph of the insert
in Fig. 7). SEBS/PPy.DBSA-W1 blends [Figs. 7(A,C)]
presented disperse agglomerates composed of con-
ducting pathways, with the disperse phase better
interconnected compared to the SEBS/PPy.DBSA-
W2 blends [Figs. 7B,D)]. The microstructure of the
SEBS/PPy.DBSA-W1 blends indicates that the DBSA
excess was able to improve the distribution of the
conducting polymer agglomerates in the SEBS ma-

trix, and consequently improve the electrical conduc-
tivity values.
The relative conductivity (Dr) was calculated

according eq. 4, where rs is the electrical conductivity
under compressive stress and ro is the electrical con-
ductivity for the original shape. The ratio between
the relative conductivity and the compressive stress
variation is defined as the compression sensitivity.19

Dr ¼ ðrs � roÞ
ro

(4)

The SEBS/PPy.DBSA-W1 blends showed a change
in the relative conductivity values as a function of
compressive stress, as can be seen in Figure 8. For a
filler content below 20 wt %, there is no significant
increase in the relative conductivity during the elec-
tromechanical assay. Under these conditions, defor-
mation of the blend specimen at constant tempera-
ture due to applied compressive stress can decrease
slightly the PPy.DBSA agglomerate distances, and

Figure 5 Normalized curves of tan d/tan dmax versus T/Tmax at 1 and 50 Hz for PEB and PS phase relaxations in undi-
luted SEBS and in SEBS/PPy.DBSA-W1.
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no significant changes in the relative electrical con-
ductivity were observed. For a filler content above 20
wt %, the conducting polymer particles are close,
which contributes to an increase in the electrical con-
ductivity of the blends. Under compressive stress, the
contact between the conducting particles increases

and, consequently, the relative electrical conductivity
of the polymer blend increases significantly. For the
blends with a conducting polymer content of 25 wt %,
there was around a 36-fold increase in the relative
conductivity with applied compressive stress of up to
6.0 MPa, reaching a constant value above this com-
pressive stress [Fig. 8(a)]. Similar results were obtained
for the blends with 30 wt % of conducting filler,
although for these blends the compression sensitivity
was around 2.1 MPa�1, that is, there was around a
0.5-fold decrease compared with the blends with 25
wt % PPy.DBSA-W1 due to the greater number of
conducting pathways in the latter. For a PPy.DBSA
content of 40 wt %, there was only a 2.5-fold increase
in the relative conductivity for the whole range of
compressive stress. This behavior suggests that the
PPy.DBSA particles are compact enough to allow the
limit value of relative conductivity to be only slightly
influenced by the compressive stress applied.
The SEBS/PPy.DBSA-W2 blends did not show

a significant variation in the relative conductivity
during the electromechanical assays, for the same

Figure 6 Normalized curves of tan d/tan dmax versus T/Tmax at 1 and 50 Hz for PEB and PS phase relaxations in undi-
luted SEBS and in SEBS/PPy.DBSA-W2.

TABLE II
Activation Energy of the Relaxation Process of PEB

and PS Phases in the SEBS Matrix

Blend composition (wt %)
Activation energy

(kcal mol�1)

SEBS/PPy.DBSA-W1 PEB PS
100/00 30 184
90/10 37 193
80/20 37 194
60/40 38 194

SEBS/PPy.DBSA-W2 (EB) (S)
100/00 30 183
90/10 30 234
80/20 30 234
60/40 32 233
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reason as that proposed for the SEBS/PPy.DBSA-W1
blends with a conducting polymer content below the
percolation threshold (around 20 wt %). For these

blends, a gross separated phase is observed and the
conducting agglomerates are separated by a polymer
matrix insulation layer and hence, the electrical con-
ductivity is low in all compositions, even for 50 wt %
of PPy.DBSA-W2 (1.4 � 10�8 S cm�1). Similar behav-
ior was observed by Hussain et al.9 for silicone/
conductive carbon particle composites that show a
conducting particle distribution and dispersion suit-
able for obtaining electrically conducting blends
with high compression sensitivity.
The dependence of the relative conductivity on

pressure during loading and unloading was meas-
ured for the blends, as can be seen in Figure 9. The
irreversibility and hysteresis under mechanical stress
are due to the breakdown of the conductive network
or plastic deformation of the matrix. Thus, a slight
difference between the final and initial relative con-
ductivities, denominated the electrical set, in the
cycles (1 to 100) can be observed for the blends with
25 and 30 wt % of PPy.DBSA-W1 content.

Figure 7 The effect of PPy.DBSA content on the electrical
conductivity of SEBS/PPy.DBSA blends. Micrographs of
(A, C) PPy.DBSA-W1 and (B, D) PPy.DBSA-W2 incorpo-
rated in SEBS matrix.

Figure 8 Relative conductivity (Dr) as a function of
applied pressure for SEBS/PPy.DBSA blends with (a) 20
wt %, (b) 25 wt %, (c) 30 wt %, and (d) 40 wt %.

Figure 9 Relative conductivity (Dr) as a function of load
and unload cycle for SEBS/PPy.DBSA blends with (a) 25
wt % and (b) 30 wt %.
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CONCLUSIONS

The characteristics of PPy.DBSA used to prepare
conducting polymer blends with SEBS strongly
affected the electrical conductivity, dynamic mechan-
ical and electromechanical properties of the blends.
The presence of free DBSA in the PPy.DBSA-W1 acts
as a compatibilizing agent, inducing more disperse
conducting particles in the SEBS matrix. A heteroge-
neous microstructure was observed for SEBS/
PPy.DBSA-W2 and lower electrical conductivity val-
ues were obtained compared with SEBS/PPy.DBSA-
W1. The dynamic mechanical analysis showed that
PPy.DBSA-W1 exhibits affinity for PEB and PS
phases in the SEBS matrix, whereas PPy.DBSA-W2
presents more affinity with the PS phase. For the
SEBS/PPy.DBSA-W1 blend specimens with 25 and
30% wt PPy.DBSA-W1 content, the compressive
stress showed a considerable influence on the electri-
cal conductivity and compressive sensitivity. The rel-
ative conductivity is almost the same as its previous
value after the SEBS/PPy.DBSA-W1 sample loading
is removed, which makes this material suitable for
the development of pressure sensors.
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