
1. Introduction

Conductive composites based on electrically insu-
lating rubber matrix have attracted both scientific re-
search and industrial interest for several years [1].
The two main parts in such composites are (i) the in-
sulating rubber matrix and (ii) the conducting filler.
The filler needs to form conductive pathways in the
matrix for carrying electrons, thereby making the
composite a semiconductor or a conductor [2]. Such
filler pathways are perturbed, by breakage and re-
arrangement inside the matrix, during deformations
[3]. This changes the resistivity during elongation,
which is known as piezoresistivity and can be used
in motion sensor applications [4]. Hence, the sensi-
tivity of a composite sensor is affected by the type

of rubber matrix, and by choice of filler(s), such as
carbon black (CB), carbon fiber, graphene, graphite,
or carbon nanotubes (CNT) [5–9].
CNT has several advantages, especially in creating
conductive paths in a rubber matrix, owing to its ex-
tremely high aspect ratio [10, 11]. The CNT filled
composites can serve in sensor applications due to
exceptional electrical conductivity, which can re-
spond to various external stimuli, such as tempera-
ture, organic solvents, vapor, strain, and damage [12].
Stress or strain in a structure under loading may need
to be detected for avoiding serious damage during
service, or even breakdown or collapse of the entire
structure. Such sensing becomes essential when the
structure is used to safeguard or transport humans or

970

Piezoresistive carbon-based composites for sensor

applications: Effects of polarity and non-rubber components

on shape recovery

Y. Nakaramontri1,4*, C. Kummerlöwe2, C. Nakason1, S. Pichaiyut1, S. Wisunthon1, F. Clemens3

1Faculty of Science and Industrial Technology, Prince of Songkla University, 84000 Surat Thani, Thailand
2Faculty of Engineering and Computer Science, University of Applied Sciences Osnabrück, 49076 Osnabrück, Germany
3EMPA Dübendorf, Überlandstrasse 129, 8600 Dübendorf, Switzerland
4Present address: Department of Chemistry, King Mongkut’s University of Technology Thonburi, Bangkok, Thailand

Received 9 January 2020; accepted in revised form 27 March 2020

Abstract. Natural rubber (NR) composites filled with carbon nanotubes (CNT), and carbon black (CB) were prepared. Also,
other rubber matrices were tested, namely epoxidized-NR (ENR) and isoprene rubber (IR). The aim was to examine the
effects of polarity and non-rubber constituents in rubber on mechanical and piezoresistive sensor properties. Thus, the relative
resistances during extension were determined under static (stepwise) and dynamic (cycling) deformation of the composites.
It was found that ENR-CNT/CB exhibited mechanical properties superior to NR-CNT/CB and IR-CNT/CB. This is attributed
to the chemical ENR-CNT/CB linkages and physical interactions of non-rubber components with CNT/CB surfaces. This
also helps the recovery of resistivity to the original value after 20 extension cycles. After 10000 cycles, the resistivity had
changed by 2 orders of magnitude before showing the constant resistivity. Thus, ENR-CNT/CB composites can serve in sen-
sors for health monitoring, motion sensors, and other related products, being cost-effective and easy-to-process materials.

Keywords: polymer composites, nanocomposites, rubber, material testing, mechanical properties

eXPRESS Polymer Letters Vol.14, No.10 (2020) 970–986
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2020.79

*Corresponding author, e-mail: yeampon.nak@kmutt.ac.th
© BME-PT



essential commodities [12]. However, to achieve an
appropriate sensor for such use, there are require-
ments on cost, conductivity, flexibility and elasticity,
water resistance (human presence requires comfort-
able levels of humidity), and mechanical properties
[13, 14]. As CNT filler is comparatively high priced,
CB has been applied to reduce cost and to improve
the electrical properties of the composites [15–17].
It was reported that the percolation threshold con-
centration of composites was significantly increased,
while optimal conductivity increased, on adding con-
ductive CB in CNT composites [18]. Furthermore,
using CB also improves the sensitivity of electrical
resistivity to stress and strain, due to its spherical
shape that eases disconnection of conductive parti-
cles by strain, while the long cylindrical CNT parti-
cles can have sliding contact. This increases poten-
tially the piezoresistive responsiveness, combining
excellent conductivity of CNT with strain sensitivity
of the electrical pathways on using CNT-CB blended
filler [12, 19].
A flexible piezoresistive deformation sensor needs
to be characterized for responses to static (stepwise)
and dynamic (cycling) loading. Here, natural rubber
(NR) is the main focus of interest as the matrix. Using
NR, incorporation of CNT and CB hybrid filler can
keep a very stable sensor performance, showing good
mechanical properties, when the composites are dy-
namically elongated several times [12, 20]. Also, NR
composites are easy to process, cost-effective, and
well-known as hydrophobic biopolymers [21], so
that humidity does not affect on an NR sensor.
However, piezoresistivity not only depends on the
intrinsic properties of the rubber (molecular weight,
polarity, and chain entanglement) and the fillers but
also their interactions [22]. To our knowledge, this
correlation of rubber-filler interaction and changing
of piezoresistive properties of the composites has not
been reported previously. Therefore, in the present
work, three alternative rubber matrices are tested,
namely NR, epoxidized-NR (ENR), and isoprene rub-
ber (IR). This aims to clarify the real effective role of
the rubber matrix in a strain sensor containing CNT
and CB as a hybrid filler. The ratio of CNT:CB was
fixed at 1:1.5, which is appropriate for forming filler
networks that span throughout the matrix. This fol-
lows with our previous work, which found that the
composites exhibited superior mechanical, dynamical,
and electrical properties after using the synergistic

CNT:CB ratio of 1:1.5 [18]. Melt blending was cho-
sen as the mixing process, to prepare the composites
with an internal mixer and a two-roll mill. This aims
to optimize the state of dispersion and distribution
of fillers in the rubber matrix. Furthermore, the
piezoresistivity (strain sensitivity of electrical resist-
ance) was investigated in terms of the relative
change in resistance, ΔR/R0 (ΔR is the change in re-
sistance with strain, and R0 is the initial resistance of
the composite) [12, 23]. Also, both static (stepwise)
and dynamic (cycling) deformations were used to as-
sess the mechanical properties as well as the resis-
tivity as functions of strain or cycles. Such conduc-
tive elastomer composite sensors will have the po-
tential for use in future soft body monitoring sys-
tems, like motion sensors, to detect body movements
with high precision, or for observing and recording
physical activities [24, 25].

2. Experimental

2.1. Materials

Natural rubber (NR) in the form of standard
Malaysian rubber (SMR) and epoxidized-NR with
25 mol% epoxide (i.e., ENR-25) were manufactured
by Weber & Schaer GmbH (Hamburg, Germany).
Also, isoprene rubber (IR) was purchased from
Fushun Yikesi New Material Co., Ltd. (Liaoning,
China). The multi-walled carbon nanotubes (NC7000)
with 9.5 nm in diameter, ca. 1.5 µm length, and 90%
purity were manufactured by Nanocyl S.A. (Sam-
breville, Belgium). The carbon black (CB), Vulcan
XC72R with 30 nm particle diameter, was manufac-
tured by Cabot Corporation (Texas, USA). The other
compounding chemicals, namely stearic acid, zinc
oxide (ZnO), 2,2′-Dithiobis-(benzothiazole) (MBTS),
and sulfur curing agent were purchased from ACROS
Organics, Belgium. The compounding formulations
are summarized in Table 1.
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Table 1. Chemical ingredients and compounding formula-
tion of the composites.

Ingredient 
Content

[phr]

Rubbers 100

CNT:CB (1:1.5 phr) 0–7 

ZnO 5

Stearic acid 1

MBTS 1

Sulfur 2



2.2. Preparation of rubber composites

The rubber composites with CNT/CB hybrid filler
were carefully prepared, using an internal mixer
(Brabender VR GmbH & Co. KG, Duisburg, Ger-
many) with 60 rpm rotor speed at 80°C. The rubber
was first masticated on an open two-roll mill (Servi -
tech GmbH, Wustermark, Germany) to reach a
Mooney viscosity in the desired range (i.e., ML
1+4(100°C) = 55–60) before compounding. Filler
(CNT:CB = 1:1.5 phr) was mixed with ethanol in the
ratio of 1:10 using ultrasonication at 80 W for
10 min. It is noted that the ethanol was directly evap-
orated in the internal mixer during the mixing. The
mixing operation was started by masticating rubber
in the internal mixer for 1 min before adding the filler
dispersed in ethanol, and the mixing continued for
another 6 min. The activators (i.e., stearic acid and
ZnO) and the curatives (i.e., MBTS and sulfur) were
consecutively added into the rubber compound, with
mixing continued until 12 min total mixing time.
Also, all gum rubber compounds (i.e., the unfilled
gums NR, ENR, and IR) were prepared by the same
procedure and total mixing time, for comparison pur-
poses. Eventually, the compound was passed through
the 1 mm nip of the two-roll mill for several times
to achieve optimal dispersion of filler in the rubber
matrix, before conditioning at room temperature in
a desiccator for at least 24 h. Finally, rubber com-
posite sheets with dimensions 150×160×2 mm3 were
prepared by compression molding at 160 °C using
the cure times based on rheometer tests. 

3. Characterization

Mechanical properties in terms of tension and com-
pression sets of gum rubbers (NR, ENR, and IR) and
their composites with CNT/CB hybrid filler were
measured following ASTM D412 and ASTM
D395(B), respectively. For tension set, dumbbell-
shaped specimens (type 5A, ISO 527) were used.
Here, the samples were clamped with the holder of
a tensile testing machine (Zwick GmbH & Co., KG.,
Ulm, Germany) at room temperature. The samples
were then elongated to 100% strain with a cross-
head speed of 200 mm/min, held for 10 min, released
to 0% strain, and let stand for another 10 min before
measuring the changes from the original dimensions.
In addition, in the case of compression set, cylindri-
cal samples were compressed in a mold and stored
in a hot air oven at 100°C for 22 h. The samples were
then cooled down and removed from the molds, let

stand for 30 min, and the change in sample thickness
was measured. The compression set (CB) was calcu-
lated as shown by Equation (1):

(1)

where t0, t1 and tn are the original, recovered and
compressed (space in the mold during compression)
thicknesses, respectively.
The electrical volume resistivity of the gum rubbers
(NR, ENR, and IR) and their composites with CNT/
CB filler was measured at room temperature using
an LCR meter (Hioki IM 3533, Hioki E.E. Corpora-
tion, Nagano, Japan) at a frequency of 50 Hz. The
sample was first placed between two parallel plates
of the dielectric test fixture (16451B dielectric test
fixture, Test Equipment Solutions Ltd., Berkshire,
United Kingdom) with a 5 mm electrode diameter.
The resistance (Rp) was then detected and converted
to resistivity (ρ) and conductivity (σ) by using Equa-
tion (2) [26]:

(2)

where d and A refer to the sample thickness and the
area of an electrode, respectively.
The change in resistance (ΔR) during strain, so-called
piezoresistivity, was measured using a universal ten-
sile testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) in parallel with a multimeter (Digital mul-
timeter, Sungwon Co. Ltd., Daegu, Korea) [27]. Here,
insulation grips were used to eliminate noise corrupt-
ing resistivity measurements. The dumbbell-shaped
specimen (ISO527 type 5A) was then inserted be-
tween the grips aligned with the direction of exten-
sion. Then, the clamps of the tensile testing machine
were set to move at the crosshead speed of
40 mm/min, as seen in Figure 1. The strained sample
with the clamps was connected to an in-house built
multimeter by wires. The applied voltage was around
~1 V, and resistances up to 20 MΩ can be measured.
The maximum possible strain in this set-up was
250%. The relative change of resistance (ΔR/R0) was
calculated, where ΔR refers to the change in resist-
ance at a given strain, and R0 refers to the initial re-
sistance of the sample [12].
The relaxations of composites were determined by
stepwise tensile testing. Here, the sample was ini-
tially pre-strained at the 90% strain and held for 60 s
before releasing the force to 0 N, and the resulting
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dimension was assigned 0% strain. This aims to re-
lease prior stresses (erase effects of stress history)
before performing the actual measurements [27]. It
is recognized that the properties of the pure rubber
and its composites are significantly influenced by the
stress history that occurred from the processing and
compression molding. Then, the relaxation test was
started, and the sample was extended to 10% strain,
held for 60 s, and the strain was increased by 10%
at each step until 80%, before releasing the force and
strain. This measurement was performed using a
cross-head speed of 200 mm/min to investigate the
static load responses of the piezoresistive elastomer
composites.
To analyze the dynamic load responses, a cycling
test was performed. The sample was first pre-strained
as in the recoverability measurement above. Then, the
sample was consecutively extended to 80% strain
[27], released to zero force, and extended again to
80%, repeating this for 20 cycles using a cross-head
speed of 200 mm/min to detect the drift in force and
the relative resistance of the composites at each cycle.
Furthermore, numbers of cycles were measured using
a combination of a Fatigue to failure tester (Monsan-
to GmbH, Düsseldorf, Germany) and a Faraday cage
(Fetronik GmbH, Langenfeld, Germany). Here,
dumbbell-shaped specimens (ISO527 type 5A) were
used and clamped to the sample holder. The cyclic
test was then set for 50, 100, 500, 1000, 3000, 5000,

or 10000 cycles with 50% strain amplitude. For each
test run, the samples were removed, pre-conditioned
at room temperature for 120 s, and the resistance was
measured with a gage at 50 Hz frequency connected
directly to the multimeter.
The surface morphologies of composites were visu-
alized by transmission electron microscopy (TEM)
(Jeol JEM 2010, Jeol Ltd., Tokyo, Japan) with 200 kV
acceleration voltage. Ultrathin slices (about 80–
90 nm) were prepared using a diamond knife in the
RMC-MT-X ultramicrotome (Boeckeler Instruments,
Inc., Arizona, USA), under cryogenic conditions at
–100 °C. The thin samples were then mounted on
200 mesh copper grids for imaging.

4. Results and discussion

4.1. Elasticity under tension and compression

loads

In order to examine the elasticity of the composites,
which is one of the key factors for examining the du-
ration of sensor application, Figure 2 shows the plots
of tension and compression sets of gums NR, ENR,
IR, and their composites with CNT/CB filler. It is
seen that the gum NR exhibited the lowest tension
and compression sets. This means that NR had the
highest elasticity among the gums. This is attributed
to chain entanglement in NR and storage hardening
based on interactions of protein and phospholipid
molecules with end groups of NR [28]. On the other
hand, these phenomena do not occur in gum IR, and
therefore large tension and compression sets were
recorded. Considering NR, ENR, and IR composites
with CNT/CB, it is seen that tension and compres-
sion sets increased with CNT/CB loading. This is
due to a proportional decrease in rubber content as
filler content increases. Thus, as the elastic compo-
nent was lost, tension and compression sets in-
creased. Considering at over 3 phr CNT/CB where the
slopes of each curve are fixed, the degree of CNT/
CB agglomeration in each rubber is examined. NR-
CNT/CB and IR-CNT/CB exhibited higher slopes
than ENR-CNT/CB in both tension and compression
sets. This can be explained by strong CNT/CB ag-
glomeration, which was originated after the com-
pounding process. With poor filler-rubber interac-
tions, CNT/CB experienced strong re-agglomeration
after compounding, controlled by depletion forces
[29] that emerge from thermodynamics during the
cooling of the compounds. Thus, if the compound has
strong filler-rubber interaction, the re-agglomeration
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Figure 1. Instrumental setup for measuring electrical con-
ductivity and resistivity during mechanical tensile
strain.



of CNT/CB is lesser. This causes better dispersion
and distribution states of CNT/CB in the ENR-
CNT/CB composites than in either NR-CNT/CB or
IR-CNT/CB. It is noted that the functional groups
on ENR and CNT/CB surfaces, i.e. carboxylic and
hydroxyl groups, can chemically react to form chem-
ical linkages in ENR-CNT/CB composites [21]. This
linkage is sensitive to reform after extension and
compression tests. Thus, low tension and compres-
sion sets together with the lowest slope at over 3 phr
CNT/CB were observed for ENR-CNT/CB compos-
ites. In Figure 2, it is also found that the tension and
compression sets of ENR composites with 5–7 phr
of CNT/CB were below those of corresponding NR
composites. This corroborates the concept that strong
filler-rubber interactions in the ENR gave good dis-
persion of the CNT/CB hybrid filler.
However, on comparing NR-CNT/CB and IR-CNT/
CB composites, it is seen that NR-CNT/CB exhibited
the slightly lesser slope of these two. This means that
CNT/CB in NR matrix had better dispersion than in
IR. This might be due to the non-rubber components,
i.e. protein and phospholipids, in NR, which reacted
with CNT/CB surfaces through π-π stacking [30], so
that re-agglomeration of CNT/CB after compounding
is prevented and this improved the filler dispersion.

4.2. Electrical conductivity

The electrical conductivity of the gums NR, ENR,
and IR, and their composites with CNT/CB, tested
at 50 Hz, was calculated using Equation (2) and is
illustrated in Figure 3. It is seen that each composite
had significant differences in conductivity, affected
by filler dispersion and distribution. In IR-CNT/CB
composites, conductivity drastically increased after
0.5–1.0 phr filler loading and reached optimal con-
ductivity at approximately 3.0–4.0 phr. This is due to
the re-agglomeration of CNT/CB particles after com-
pounding, owing to poor filler-rubber interactions
[29]. Thus, the CNT/CB clusters are formed rapidly
in an IR matrix, and the network sharply increased
conductivity, but the composites reached optimum
conductivity below NR-CNT/CB and ENR-CNT/CB.
On the other hand, ENR-CNT/CB gave the highest
conductivity, while the percolation threshold con-
centration was approximately 1.5 phr CNT/CB, as
also seen for IR-CNT/CB composites. It is noted that
the percolation threshold is the concentration of filler
at which the composite transitions from an insulator
to a semiconductor or a conductor [2]. Thus, higher
optimal conductivity and lower percolation threshold
in ENR-CNT/CB indicate better homogenous CNT/
CB dispersion, which facilitates forming conductive
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Figure 2. Tension (a) and compression (b) sets of CNT/CB composites based on NR, ENR and IR matrices. The slope was
calculated only at 3–7 phr of CNT/CB. It is noted the tension and compression sets of pure NR, ENR and IR are
0.87±0.1, 2.23±0.4, 37±2.1% and 8±1.2, 12±2.1, 42±2.5%, respectively.



filler pathways throughout the ENR matrix, compared
to other rubber matrices [31]. This is the rationale of
better electrical conductivity for ENR-CNT/CB than
for the non-polar NR and IR composites. It has to be
noted that this broad percolation concentration of
ENR-CNT/CB composites is officially not found in
a non-flexible polymer matrix, such as polypropy-
lene (PE), polycarbonate (PC) and ethylene/1-butene
copolymer (TEPE) composites filled with CNT [32–
34]. Furthermore, considering the conductivity of
composites beyond the percolation concentration, it
is seen that ENR-CNT/CB and NR-CNT/CB com-
posites exhibited strong secondary increases of con-
ductivity that can be explained by filler agglomera-
tion. That is, at the percolation concentration, each
filler particle has just physically contacted others to
form a continuous cover of the composite. However,
beyond this loading level, excess filler concentration
causes large clusters of filler in the matrix. These
clusters increase conductivity significantly again be-
fore it saturates. It is seen that secondary increases
in conductivity of NR-CNT/CB and ENR-CNT/CB
occurred at approximately 4.0–5.0 phr. However, in
IR-CNT/CB composites, this behavior was not as
clear at approximately 3.0–4.0 phr since the filler ag-
glomeration in the IR matrix happened very early on,
due to low rubber chain entanglement, poor filler-
rubber interactions, and lack of non-rubber con-
stituents from the matrix.

4.3. Mechanical properties and piezoresistive

behavior

4.3.1. Tensile-strain tests

Figure 4 shows the stress-strain responses of NR,
ENR, and IR composites with 5 phr of CNT/CB hy-
brid filler. Here the samples were strained only to
250% to avoid strong effects from strain-induced
crystallization of NR and ENR. It is seen that ENR-
CNT/CB exhibited the highest stress at a given strain
among the composites. This is due to intrinsic chem-
ical interactions of the functional groups on ENR
with the CNT/CB surfaces, as seen in the model pro-
posed in Figure 5. It is noted that, during compound-
ing, shear, heat, and moisture opened the oxirane
rings on ENR, and these provide diol groups. These
polar groups then reacted with the functional groups
on CNT/CB surfaces, forming chemical linkages in
the composites. Thus, during extension, these com-
posites did not easily fail because of the compara-
tively strong filler-rubber interactions and high filler
reinforcement efficiency (Figure 5a). However, the
NR-CNT/CB composites had higher stresses than
the IR-CNT/CB, although the rubber was pre-mixed
before compounding to stabilize the molecular weight
distribution in each rubber matrix [28]. There may
have been physical π-π interactions between the pro-
tein and phospholipids in the NR matrix and the car-
bon-based filler sidewalls (Figure 5b) [9]. These in-
teractions may be the key factor protecting against
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Figure 3. Electrical conductivity as a function of CNT/CB loading for gum NR, ENR, IR and their filled composites.



filler re-agglomeration in the NR matrix after com-
pounding, providing better filler dispersion than in
the IR matrix. Thus, for strain-sensor applications,
ENR-CNT/CB appears a better choice than the other
composites with NR and IR, owing to its stronger
filler-rubber interactions.

As is well-known, on considering strain sensing ap-
plications, it is not only the mechanical properties
but also the electrical resistance of the composite that
has to be taken into account. Figure 6 shows the rel-
ative change in resistance (ΔR/R0) as a function of
extension time and strain for the NR, ENR, and IR
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Figure 4. Stress-strain curves of NR, ENR and IR composites with 5 phr of CNT/CB hybrid filler under up to 250% controlled
strain. The sub-figure highlights chemical linkages between polar functional groups of ENR and CNT/CB surfaces.

Figure 5. A proposed model of CNT/CB composites based on ENR and NR matrices due to interactions between (a) polar
functional groups on ENR and CNT/CB, and (b) non-rubber components in NR and CNT/CB surfaces.



composites with CNT/CB filler. Four regions of re-
sistance change were found, related to the arrange-
ment of filler particles and their clusters, during ex-
tension up to 250% strain. The first region is seen at
100–150% strains and has a sharp increase in resist-
ance due to the breakdown of filler networks, as seen
in the proposed model of Figure 7a. Here, filler net-
works in the rubber matrix are freely separated from
each other by extension deformation. It is seen that
the resistance of NR-CNT/CB and IR-CNT/CB com-
posites drastically increased in this region, while the
ENR-CNT/CB showed just a slight increase. In both
NR and IR composites, there were no chemical inter-
actions between the rubber matrix and filler surfaces
resisting filler-filler separation. Thus, during exten-
sion, the filler networks were disconnected in the di-
rection of extension, providing a sharp increase in
resistance around 100–150% strain. On the other
hand, the strong filler-rubber interaction in ENR-
CNT/CB composites (Figure 5a) caused only a slight
increase in resistance in this region, with about 20 s
duration of filler-filler breakdown, whereas only 5–
10 s was needed for NR-CNT/CB and IR-CNT/CB
composites. This affirms that the ENR-CNT/CB link-
ages retard deformations of filler networks in these
composites. Furthermore, considering the second re-
gion at 150–220% strains, it was found that the resist-
ance changes of the composites slightly decreased,
particularly for NR-CNT/CB and ENR-CNT/CB.
This suggests the re-connection of filler particles/
clusters during further extension with decreasing
cross-section area of the sample, as seen in Fig ure 7a.

That is, most of the filler is separated from other
fillers after the breakdown in the first region, and
therefore free to move with the straining. At this
stage, the filler can reconnect, forming conductive
filler pathways [27] again. This is the rationale for de-
creased resistance changes in each composite. How-
ever, in the IR-CNT/CB composites, this region had
less occurred. This might be explained by the strong
filler agglomeration in the IR matrix, which caused
fast filler re-connection since the composites have
poor filler-rubber interactions and no π-π coupling
from non-rubber components. However, after this re-
gion, the fillers become permanently broken apart,
and thus resistance strongly increased at 250% strain.
The IR-CNT/CB had strong filler agglomeration,
which caused poor optimal conductivity (Figure 3)
and mechanical properties (Figure 4). It might be pre-
sumed that large filler agglomerates still have a short
contact with each other during extension, causing
lesser resistance changes. On the other hand, due to
chemical interactions in ENR-CNT/CB and physical
π-π interactions of non-rubber components with
CNT/CB filler in NR-CNT/CB, sharp increases in
resistance changes are seen. This is due to the break-
down of filler particle/clusters that rapidly discon-
nected filler pathways, and the resistance then de-
pended on the insulating rubber matrix. In the last
region, extension force was released, and electrical
resistance then strongly decreased by re-connection
of filler based on the elastic recovery of original
shape [27], as seen in Figure 7b. It is seen that NR-
CNT/CB and ENR-CNT/CB composites exhibited a
strong decrease of resistance in only 5 s while IR-
CNT/CB showed slower molecular relaxation for
about 20 s. This matches well the observed elasticity
of the composites based on tension and compression
sets, see Figure 2. This means that high elasticity of
the composites with NR and ENR matrices promotes
fast recovery of the original resistance without strain.
On the other hand, slow relaxation of the IR-CNT/
CB composites is due to comparatively poor elastic-
ity. This correlates well to the estimated elasticity
observed in Figure 2 and Young’s modulus calculat-
ed from Figure 4 (Young’s modulus of NR-CNT/
CB = 4.9 MPa, ENR-CNT/CB = 7.1 MPa and IR-
CNT/CB = 3.0 MPa). This is also the reason why the
electrical resistances of the composites do not reach
their original values. In summary, the ENR-CNT/CB
composites are suited for use as strain sensors be-
cause of high elasticity (Figure 2), good electrical
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Figure 6. Relative change in electrical resistance of NR,
ENR and IR composites with 5 phr of CNT/CB
hybrid filler as a function of extension time and
strains of 0–250%.



properties (Figure 3), good mechanical properties
(Figure 4) and sensitive piezoresistivity (Figure 5).
This corresponds to strong filler-rubber interactions
based on reactions of polar functional groups of ENR,
and on CNT and CB surfaces. However, it was found
that non-rubber components (i.e., protein and phos-
pholipids) in the NR matrix provided π-π interactions

with CNT and CB. This significantly improved CNT/
CB dispersion together with the mechanical and
electrical properties of the NR-CNT/ CB composites
relative to IR-CNT/CB. This π-π interaction mecha-
nism is presumed to occur also in the ENR-CNT/CB
since protein and phospholipids remain in ENR after
NR is converted to this modified form [28].
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Figure 7. A proposed model of CNT/CB composites based on NR, ENR and IR matrices during extension for (a) 100–150%
and 150–220% strains, and (b) over 250% strain.



4.3.2. Static stepwise tensile test

To examine the relaxation by each composite, step-
wise tensile tests were investigated with mechanical
extension coupled with electrical resistance meas-
urements of the composites. Here, the samples were
first pre-strained to 90% with a 200 mm/min exten-
sion speed. This aimed to erase any memory of stress
history before the actual measurement. Figure 8
shows stress as a function of time and strain for the
CNT/CB piezoresistive composites with NR, ENR,
and IR matrices. It is seen that ENR-CNT/CB showed
the highest stress among these alternatives (Fig-
ures 8a and 8b). This matches the chemical coupling
of polar functional groups on ENR and CNT/CB sur-
faces, causing strong filler-rubber interactions that
resist the extensional deformation. However, for sen-
sor applications, stress as a function of strain must be
considered, and this is shown in Figure 8b. The stress
relaxation (σmax–min) at each strain level held for 60 s
can be calculated, and this is plotted in Figures 9. It
was found that ENR-CNT/CB and NR-CNT/CB
composites exhibited stronger stress relaxation than
the one with IR. This is attributed to the improved
filler dispersion in ENR and NR matrices caused by
chemical polar-polar bonding and physical π-π in-
teractions with the non-rubber components. These
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Figure 8. Stress as a function of extension time (a) and of applied strain (b) for the NR, ENR and IR composites with 5 phr
of CNT/CB hybrid filler. The strain was increased by 10% stepwise until 80% maximum before releasing the force
to 0 N.

Figure 9. Stress relaxation as a function of strain for the NR,
ENR and IR composites with 5 phr of CNT/CB
hybrid filler. The σmax-min values are the differ-
ences between maximal and minimal stresses at
each strain level tested in the stepwise sequence.



chemical linkages contributed to the relaxation of the
ENR and NR matrices, which had overall better elas-
ticity than the IR matrix.
Relative changes in electrical resistance of the com-
posites are shown in Figure 10, and it different states
of resistance are again observed. It is noted that the
negative values of relative change are due to the pre-
straining, which released some rubber filler bonds.
This facilitates the rotation of filler particles to form
new filler-filler contacts in the rubber matrix [24],
and these can decrease the resistance. It is also seen
in Figure 10 that the ENR-CNT/CB composites ex-
hibited the most stable resistances, while the NR-
CNT/CB and IR-CNT/CB showed strong increases,
particularly past 40% strain. The results for ENR-
CNT/CB are in a good agreement with the changes
shown in Figure 6, indicating filler pathway break-
down at over 100% strain. This clearly affirms that
strong filler-rubber interactions of polar functional
groups on ENR and CNT/CB surfaces cause resist-
ance in filler-filler and filler-rubber deformation dur-
ing extension processes. On the other hand, in the
NR-CNT/CB and IR-CNT/CB composites, resist-
ance changes strongly increased at over 40% strains.
Here, the large deformations broke down filler net-
works during extension, effectively because of the
poor filler-rubber interactions and stress history of
the sample due to the short relaxation time of 60 s.

However, the lesser resistance changes in IR-CNT/
CB composites might be caused by strong filler ag-
glomeration, which generated fast contacts of filler
clusters during extension. Such contacts may have
lowered the electrical resistance compared to NR-
CNT/CB and ENR-CNT/CB composites.
Figure 11 shows the changing of relative resistance
changes (ΔR/R0(max–min)) for the composites during
relaxation at each strain level. It is clear that the
ENR-CNT/CB composites showed nearly perfect re-
laxation of resistance during 60 s of relaxation. This
characterizes well the sensor performance of ENR-
CNT/CB, which is affected by the chemical linkages
that significantly improved elastic relaxation of
shape after deformation. As expected, the NR-CNT/
CB and IR-CNT/CB composites showed strong in-
creases in resistance during relaxation time, partic-
ularly at a 40–50% strain. This means that the sensor
function of NR-CNT/CB and IR-CNT/CB compos-
ites is strongly perturbed at 50% strain, and this re-
lates to the poor rubber-filler interactions.

4.3.3. Dynamic cyclic tensile test 

The dynamic behavior of NR, ENR, and IR compos-
ites with CNT/CB hybrid filler were examined under
cyclic changes in mechanical stress combined with
electrical resistance measurements after some count
of cyclic loadings, as shown in Figures 12 and 13,
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Figure 10. Relative change in electrical resistance as a func-
tion applied strain for the NR, ENR and IR com-
posites with 5 phr of CNT/CB hybrid filler.

Figure 11. Difference in relative change of resistance at each
stress level of the stepwise test for NR, ENR and
IR composites with 5 phr of CNT/CB hybrid
filler.



respectively. Here, the samples were cyclically ex-
tended for 20 times to 80% strain during the meas-
uring. Figure 12 shows stress as a function of strain
for the composites that had been pre-strained to 90%.
It was found that all the composites showed lower
stress than in the pre-straining. This is attributed to
the detachment of rubber from filler surfaces, which
lowers the filler reinforcement efficiency. However,
on comparing between the composites, it is clearly
seen that the ENR-CNT/CB composites showed the
highest stress. This was expected due to the strong
filler-rubber interactions from chemical ENR-CNT/
CB linkages. It is also interesting to consider that the
stress at 20 cycles of ENR-CNT/CB and NR-CNT/
CB still had a higher value than the first cycle of IR-
CNT/CB. This means that polarity and non-rubber
constituents of ENR and NR strongly affected the
mechanical properties of composites, as also ob-
served in Figures 4 and 8.
Figure 13 shows the electrical resistance after cy-
cling the piezoresistive composites for 20 times. It
is seen that the resistance changes differed due to po-
larity and non-rubber constituent effects. In Figure 13,
the resistance changes strongly decreased after ex-
tending for several times, particularly in NR-CNT/CB

and IR-CNT/CB composites. This is due to the de-
tachment of rubber from filler surfaces/sidewalls
[26], as seen in the proposed model of Figure 14a. It
is seen that the filler-filler clusters in NR and IR ma-
trices were first separated by 80% strain (confirmed
by Figures 6 and 8), and the rubber molecules were
then released from filler surfaces in the direction of
straining. Thus, filler was free to move without rub-
ber contact and had the opportunity to contact other
filler particles, especially during the release of strain.
This happened in the IR-CNT/CB composites with
strong filler agglomeration and poor filler-rubber in-
teractions. Also, it is seen that both NR-CNT/CB and
IR-CNT/CB had a second peak in each strain cycle,
whereas this peak was absent for ENR-CNT/CB.
This is also due to the poor filler dispersion, which
caused fast contact during the release of force and
strain, forming new filler contact and showing as the
second resistance peak in Figure 13. This confirms
that NR-CNT/CB and IR-CNT/CB had poor filler-
rubber interactions and strong filler agglomeration,
particularly the IR-CNT/CB that had no physical in-
teractions from non-rubber components. On the
other hand, ENR-CNT/CB had no second peak (or
it was weak). It is noticed in Figure 14b that the
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Figure 12. Stress as a function of strain (a) and time (b) for the NR, ENR and IR composites with 5 phr of CNT/CB hybrid
filler.



ENR-CNT/CB linkages provided composites to the
original resistance changes after extension due to
high elasticity based on non-detachment of rubber
molecules on filler surfaces. Thus, CNT/CB com-
posites based on the ENR matrix could better serve
as strain sensors than those with NR and IR matrices.
However, physical interactions of non-rubber com-
ponents in NR might also protect against strong filler
agglomeration seen in IR-CNT/CB. Therefore, the
strongest resistance changes were in the IR-CNT/CB
composites.
Also, the sensor capability of the composites can be
examined by considering the difference of maximal
and minimal relative changes in electrical resistance
(ΔR/R0(max–min)) during each cycle of extension, as
exhibited in Figure 13b. It is seen that the ENR-CNT/
CB showed strong decrease of ΔR/R0(max–min) at
1–6 rounds of cyclic extension. This might be due to
the detachment of NR absorbed on CNT/CCB sur-
faces, that remained in the composites despite pre-
straining. This happened less in the NR-CNT/CB
and IR-CNT/CB cases. However, it is seen that the
ΔR/R0(max–min) of ENR-CNT/CB composites is con-
stant after 12 cycles, whereas ΔR/R0(max–min) of
NR-CNT/CB and IR-CNT/CB still significantly
decrease. This means that ENR-CNT/CB achieved
a stable electrical efficiency after 20 extension cy-
cles to 80% strain. This is operated by the remaining
of attached ENR molecules on CNT/CB surface
through ENR-CNT/CB linkages, which resists the

deformation of the composites effectively during ex-
tending.
However, to assess the effects of longer-term defor-
mations on the composites, dynamic cyclic tensile
testing with 50% strain for 50, 100, 500, 1000, 3000,
5000, and 10 000 cycles was performed, using
200 mm/min extension speed. Here, the resistances
of composites after each run were measured and con-
verted to electrical conductivity with Equation (2).
Figure 15 shows the electrical conductivity as a func-
tion of cycle count for NR, ENR, and IR composites
with CNT/CB hybrid filler. It is seen that the con-
ductivity decreased with cycle count. Here, the link-
ages in ENR composites gave the least loss of con-
ductivity. It was found that the conductivity becomes
stable after 3000 cycles (from 15.4 to 0.044 µS/cm
at 3000 rounds). This is similar to the NR-CNT/CB
composites, while fewer cycles were needed for IR-
CNT/CB owing to strong filler agglomeration and
poor filler-rubber interactions. In summary, the ENR-
CNT/CB composites are the ones best suited for
strain sensor applications and also the flexible elec-
trode and actuator used in the electronic devices, due
to high elasticity (Figure 2), electrical conductivity
(Figure 3), mechanical properties (Figures 4, 7, 9 and
12), and recovery of electric resistance under static
(Figures 10 and 11) and dynamic (Figures 13) tensile
loading. This is attributed to the polar chemical in-
teractions between ENR and functional groups on
CNT/CB surfaces [35]. Furthermore, the non-rubber
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Figure 13. Relative resistance change as a function of time (a), and difference in relative resistance change at each extension
cycle (b) for NR, ENR and IR composites with 5 phr of CNT/CB hybrid filler.



components in NR and ENR matrices improved the
filler dispersion, as seen in the TEM images of Fig-
ure 15. It is clear that the dispersion of CNT/CB par-
ticles/clusters was homogeneous in the ENR matrix,
whereas poor CNT/CB dispersion with strong filler-
filler agglomeration was exhibited in the IR matrix,
as expected.

4.4. Proposed ENR-CNT/CB composites for

sensor applications

Figure 16 shows a proposed model for using ENR-
CNT/CB composites as strain sensors in textiles.
Here, an ENR-CNT/CB sheet of size 0.5×3.0×
0.1 cm3 was fabricated and connected to wire coils
at two opposing sides of the sensor, using epoxy glue
mixed with silver paint coating. These wires were
multi-connected directly to the detector, which will
send the data automatically to the main computer via

Bluetooth. For connecting the sensor to the textile sur-
face, highly concentrated NR latex with 60% dry rub-
ber content (DRC) was sprayed on top of the sensor
and the wires. This also protects against moisture.
This sensor can serve as a motion sensor in clothes
for health monitoring, with high elasticity (Figure 2)
and good mechanical properties (Figures 4, 8, 9 and
12) compared to the sensor prepared by using ther-
moplastic elastomer [27], and high conductivity to-
gether with low percolation threshold concentration
(Figure 3), as well as suitable recovery from static
and dynamic tensile loads (Figures 11, 13 and 15).

5. Conclusions

NR, ENR, and IR composites with CNT/CB hy-
brid filler were prepared using an internal mixer
and a two-roll mill. It was found that the polarity
of ENR and the non-rubber components (protein

Nakaramontri et al. – eXPRESS Polymer Letters Vol.14, No.10 (2020) 970–986

983

Figure 14. A proposed model of composites at before, during and after extension at 80% strain for 20 cycles compared be-
tween composites (a) with no interaction, and (b) with chemical and physical interactions of rubber molecules
and filler surfaces.



and phospholipids) in NR affected composite prop-
erties. It was observed that chemical interactions be-
tween the polar functional groups of ENR and the
CNT/CB surfaces gave higher elasticity and me-
chanical properties than those of the NR-CNT/CB
and IR-CNT/CB composites. In particular, the ENR-
CNT/CB composites recovered nearly the initial
electrical resistance after 20 cycles of extension to
80% strain and had changed after 10 000 cycles to
50% strain before keeping constant of resistivity in
the range of semi-conductive material. Therefore,
the ENR-CNT/CB composite is proposed as the best
choice for strain sensor applications, based on as-
sessed mechanical properties, conductivity, recover-
ability under static and dynamic tensile loads, to-
gether with cost-effectiveness and ease of processing.
Also, it was found that the non-rubber constituents
(protein and phospholipids) in NR improved filler
dispersion and provided better mechanical proper-
ties, electrical conductivity, and also recovery than
those of the IR-CNT/CB composites. Overall, it can

Nakaramontri et al. – eXPRESS Polymer Letters Vol.14, No.10 (2020) 970–986

984

Figure 15. Electrical conductivity of NR, ENR and IR composites with 5 phr of CNT/CB hybrid filler compared after 0, 50,
100, 300, 500, 1000, 3000, 5000 and 10000 cycles of extensional strain, together with TEM images at the same
magnification of 50000×.

Figure 16. A demonstration of using ENR-CNT/CB com-
posite as a strain sensor fixed on textile.



be summarized that polarity and non-rubber compo-
nents in the rubber matrix both influence properties
relevant to sensor applications, not only elasticity,
mechanical properties, and electrical conductivity,
but also static and dynamic recoveries, which are key
aspects on producing strain sensors.
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