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Self-Repairable Hybrid Piezoresistive-Triboelectric Sensor
Cum Nanogenerator Utilizing Dual-Dynamic Reversible
Network in Mechanically Robust Modified Natural Rubber

Subhradeep Mandal, Injamamul Arief,* Soosang Chae, Muhammad Tahir,
Tung X. Hoang, Gert Heinrich, Sven Wießner, and Amit Das*

The greener alternatives to tactile-integrated multimodal sensors with
self-powered and self-healing abilities are highly desirable for all-in-one
autonomous sensing systems, particularly impressive in diverse application
ranges including smart home, healthcare, and e-skin. The dynamically
self-healable, stretchable piezoresistive sensors, and triboelectric
nanogenerators (TENGs) reported herein are constructed by a facile,
industrially viable method of grafting imidazolium ions on epoxidized natural
rubber (ENR) backbone. Owing to cation-𝝅 and 𝝅–𝝅 interaction between the
percolated carbon nanotubes (CNTs)-network and the imidazolium ions
formed by non-covalent interactions, the interfacial adhesion between the
filler and elastomer is shown to improve considerably. The sensors show high
piezoresistive strain sensitivity, reversible ionic network-assisted
self-healability (efficiency ≈80%) and wide-ranging detectability for precise
monitoring of human movements. Both the healed and pristine sensors
feature low hysteresis and stable electrical outputs over a wide strain range
(≤200%). While achieving rapid self-healing efficiency, the substrates are
shown to exhibit remarkable robustness for harsh climates owing to
significant mechanical toughness. Supported by excellent triboelectric tactile
sensitivity (2.12 V N−1), the multifunctional TENG-enabled sensor yields
superior power density (0.16 mW cm−2). Moreover, the TENG module
exhibits high force sensitivity and ease of operation that are considered
versatile for all-weather integrated tactile solutions for future technology.
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1. Introduction

Following the boom in consumer elec-
tronics and household appliances in the
last two decades, stretchable sensors with
a wide range of smart applications, in-
cluding human motion detection, are
at the forefront of polymer research.
Various applications such as in soft
robotics,[1,2] wearable electronics,[3] arti-
ficial skin,[4,5] biohybrid engineering,[6]

piezoresistive sensors,[7] humidity adhe-
sive sensors,[8] triboelectric nanogener-
ators (TENGs)-based tactile sensors,[5]

and logic devices,[9] among several oth-
ers, have benefited from the devel-
opment of these flexible sensor tech-
nologies. In most cases, complex syn-
thesis procedures are necessary, and
in the resulting material, the ductility
and mechanical properties are often com-
promised during the development pro-
cess. Few researchers have recently at-
tempted to construct sensing devices us-
ing naturally derived polymer materi-
als in order to avoid the complexities
of chemical syntheses while maintain-
ing the overall fabrication simple and
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industry friendly.[10,11] A recent report presented natural rubber-
based piezoresistive sensors that exhibit high sensitivity, stretch-
ability and excellent mechanical properties (tensile strength
�9 MPa and elongation at break 600%).[12] All sensors are, how-
ever, particularly sensitive to mechanical and electrical failures
due to the harsh environment and overuse of the material.[13,14]

In light of the fact that materials are susceptible to damage, it
necessitates the development of materials that are more durable
and even capable to self-heal. This has led to the discovery
of self-healing sensors that are dynamic in nature and have
the reversible capabilities.[15] Moreover, depending on the mate-
rial chemistry, there are primarily two mechanisms available for
imparting self-healing properties in a material: dynamic cova-
lent and non-covalent interactions.[16] In the dynamic covalent
subgenre, several mechanisms can work including Diels–Alder
chemistry,[17] Schiff-base chemistry,[18] boronic ester bonds,[19]

transesterification,[20] tetrazine bonds,[21] and so on. Simulta-
neously, in the non-covalent interaction part, several mecha-
nisms are established such as metal-ligand interaction,[22] hy-
drogen bonding,[23,24] ionic association,[25–28] Van der Waals
interaction,[29] supramolecular network formation and so on.[30]

The TENGs are an exciting class of new energy harvesting
devices that gained sufficient attention these days, largely ow-
ing to their easy fabrication, simple operability, cost effective-
ness, and large electrical outputs when subjected to mechani-
cal stress.[31–34] Triboelectric materials, when subjected to peri-
odic mechanical contact and separation, result in electrical volt-
age and current generation. Most TENGs utilize fluoropolymer-
based materials for easy processability and high triboelectric volt-
age generation.[5] However, conventional polymers are difficult
to self-repair when subjected to accidental crack or wear.[35] This
raises issues for long-term operability of TENG-based sensors.[36]

The consumption-driven accumulation of plastic wastes has al-
ready created a strain on the environment. Therefore, an in-
creased demand of polymer-based triboelectric materials that
can be self-healed under milder conditions can effectively ad-
dress the durability issues of TENG-based self-powered sensors
while promoting environmental sustainability.[37] Considerable
efforts have been made to prepare self-healable polymeric ma-
terials to realize desired self-repairing performance of TENGs.
These involve tunable materials design and molecular structure
that are responsive to stimuli-induced healing behavior. Several
recent reports illustrated the progress of self-healable friction
layer of TENGs involving fluorine-containing polymers, shape
memory polymers, polyurethanes (PUs), polydimethylsiloxanes
(PDMS).[38–41] However, fluoropolymers and shape memory poly-
mers (SMPs) are mostly thermoplastic in nature lacking certain
benefits of elastomers.[5] In addition, the reported SMPs did not
report extensively on surface pattern reconstruction following the
healing process.[42] Although PUs are excellent in terms of heal-
ing efficiency, the electrical output and self-healing ability was
markedly weakened by multiple H-bond and chemical crosslink-
ing in a covalent adaptative network.[43,44] Lastly, for the polymer
based TENGs, healing duration was often longer and/or required
stringent conditions such as specialized devices, high tempera-
ture or power.[44]

On the other hand, first self-healing piezoresistive sensors
were developed by Bao et al. in 2012.[45] In their research, they
produced a supramolecular organic polymer filled with nickel

particles that can act as a piezoresistive sensor and is simulta-
neously able to heal itself mechanically and electrically.[45] Sub-
sequently, numerous studies were conducted in this field[15,46]

Again, most of research was conducted on synthetic polymers
and hydrogels with poor mechanical properties.[46] Chen et al.
recently published a paper in which they have prepared self-
healing wearable electronic material depending on reversible hy-
drogen bonds.[47] To obtain self-healable sensors, material are of-
ten subjected to coating by various conductive materials. These
types of coatings are largely dependent on the compatibility of
the two materials, and they can split out or exfoliate during
the stretching.[48,49] Han et al. demonstrated a viable solution
to these problems and developed an electronic sensor based on
epoxidized natural rubber (ENR) and using metal-ligand coor-
dination chemistry.[50] Similar to this study, our prior work on
metal-ligand coordination on ENR suggested that these uncon-
ventional curing systems could impart self-healing properties to
an elastomer. Moreover, the internal polymerization in ENR by
Fe (III) chloride showed good electrical properties in the result-
ing compound. However, the mechanical properties could not
be extended to a higher level.[22,51] Based on ionic interactions
in imidazole (IM)-grafted ENR, a self-healable composite has
also been recently developed.[26] Therefore, under these circum-
stances, when using natural elastomers, the addition of a filler is
necessary to improve the mechanical properties. The filler must
not only be added to reinforce the material, but it must also have
a precise chemical interaction with the cured elastomer in order
to participate in the material’s self-healing and sensing character-
istics.

Carbon nanotubes (CNTs) with high aspect ratio have long
been recognized as highly attractive fillers in the construction
of conductive networks. In terms of TENG performance, CNTs
can also be highly beneficial as CNT-doped elastomers are shown
to have higher dielectric constants. Nevertheless, several issues
(e.g., poor dispersion) may appear as a result of the inert, smooth
surface of the CNTs and the poor interfacial interactions between
the CNTs and the polymer matrix.[52] To overcome these prob-
lems, Chen et al. synthesized an amine-terminated ionic liquid
that could interact with the CNTs by means of cation-� interac-
tion. Eventually, ionic liquid-modified system has shown an in-
creased interfacial interaction and higher degree of dispersion of
CNTs that were significantly higher than that of covalently func-
tionalized MWCNTs.[53] However, ionic liquids primarily con-
tributed to the functionalization of CNTs and not to the devel-
opment of any elastomeric networks.

Typically, existing sensing solutions are often subjected to
long term deployment in devices, resulting in unavoidable me-
chanical cracks and fractures.[54] This results in unreliable out-
put over time, as the sensor is unable to restore the default
nano-/microstructure at rest. Therefore, flexible strain sensors
with self-healing property would be a worthwhile functionality.[55]

As the research on smart multifunctional materials progresses,
hybrid multimodal sensing platforms are in limelight. Instead
of singular sensing interface, multimodal all-in-one type of
sensors cum nanogenerators address several key issues, such
as self-powered capabilities and sustainability.[56] Herein, we
present a facile, industrially scalable approach to design a mul-
tiwalled carbon nanotube (MWCNT) network (4–12%) within
the self-healable ENR-IM system. A straightforward and effective
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Table 1. The formulations of ENR-IM/CNT composites.

Sample no. ENR-50 [g] Imidazole [g] MWCNT [g] Abbreviation

1 100 6 4 ENR-IM/4CNT

2 100 6 8 ENR-IM/8CNT

3 100 6 12 ENR-IM/12CNT

method for fabricating dynamically self-repairable, stretchable
TENG-based piezoresistive sensors by grafting imidazolium ions
into the modified natural rubber backbone was developed. The
MWCNT network was embedded within the matrix to provide
the nanocomposites with high piezoresistive strain sensitivity,
outstanding self-healing efficiency (�80%) and wide-ranging mo-
tion detectability. Furthermore, the constructed TENG’s electri-
cal performance was significantly improved in presence of CNTs,
compared to that of pristine ENR/IM systems. This improvement
can be attributed to the increased surface dielectric constants in
CNT-substituted ENR/IM composites. Additionally, owing to the
excellent mechanical robustness and self-repairing capabilities,
stretchable CNT/ENR-IM-based TENGs prove to be the outstand-
ing tools for ambient energy harvesting and self-powered tactile
sensing modules.

2. Experimental Section

2.1. Materials

ENR-50 (50 mol% epoxy content) was provided by Surat Thani
Campus, Prince of Songkla University, Surat Thani, Thailand.
1H-imidazole were purchased from Alfa Aesar. Sulfur, N-tert-
butyl-2-benzothiazyl sulfenamide, ZnO and Stearic acid were
purchased from Sigma–Aldrich. Multiwalled Carbon Nanotubes
(MWCNTs, NC7000) with an average diameter and length of
9.5 nm and 1.5 µm, respectively were procured from Nanocyl
S.A., Belgium. The high aspect ratio CNTs (>150) with surface
area of 250–300 m2 g−1 (BET) were shown to have metal oxide
impurities of �10% and carbon purity of �90%.

2.2. Fabrication of the Composites

The composites were prepared using a two-roll mixing mill
(Polymix 110L, size: 203 × 102 mm2, Servitech GmbH, Wuster-
mark, Germany) (Table �). The mixing was performed at
room temperature with a friction ratio of 1:1.2. For the ENR-
IM/MWCNT composites, ENR and imidazole were mixed and
masticated for 3 min. Following this, MWCNTs were added se-
quentially. Prior to adding, MWCNTs (4–12% by weight) were
mixed with ethanol at a 1:10 ratio and sonicated for 1 h. The soni-
cated mixture was kept in fume hood overnight. Afterward, it was
then mixed with ENR-imidazole system. It has to be noted that all
quantities (denoted by %) were meant to be weight% throughout
the manuscript.

For Raman and TSSR studies, one control batch was also
prepared: 100 g ENR-50, 1.4% sulfur, 1.4% TBBS, 5% ZnO,
2% stearic acid, 12% MWCNTs. This was designated as S-cured
ENR/��CNT.

2.3. Characterization

2.3.1. Rheometric Study and Raman spectroscopy

The rheometric analyses of the composites were carried out using
a moving die rheometer (MDR Scarabaeus SIS-V-50) at different
temperatures (160°C to 180°C) and at a constant frequency of
1.67 Hz for 1 h. Raman spectroscopic studies were carried out
with WITEC alpha 300R with Laser power (532 nm) of 0.5 mW.
The integration time was 0.5 s with 500 accumulations.

2.3.2. Tensile Measurements

Zwick 1456 tensile tester (ZwickRoell GmbH, Germany)
equipped with MultiXtens (extensometers) was used to carry
out the tensile measurements according to DIN EN ISO
527−2/S2/200.[57] According to the specifications, a crosshead
speed of 200 mm min−1 was used. Uniaxial tensile cyclic studies
were performed for three cycles in each case with strains of 50%,
100%, 200% and the samples were then further stretched to
failure.

2.3.3. Self-Healing Measurement

The self-healing studies were carried out with the in-house built
custom setup consisting of two separable brass blocks. Stan-
dard dog bone-shaped samples (DIN EN ISO 5272/S2/200) were
punched and placed in the instrument. The samples were then
split in half using a sharp knife and joined by rotating a screw
with a compression value of 1 mm. The device was finally placed
in an oven, where it was subjected to different times and tem-
peratures for the healing of the samples. In order to evaluate the
self-healing behavior, repaired samples were taken out for further
tensile testing (ZwickRoell GmbH, Germany).

2.3.4. Temperature Scanning Stress Relaxation Studies

The isothermal and non-isothermal stress relaxation studies were
carried out using a TSSR tester (Brabender GmbH, Duisburg,
Germany). 50% strain was applied to the sample for 2 h during
the isothermal testing. For the testing in non-isothermal condi-
tion, the temperature was increased to 200°C at a heating rate of
2°C min−1.

2.3.5. Transmission Electron Microscopy

Thin sections (nominally 60 nm thick) of the specimen for trans-
mission electron microscopy (TEM) were cut by a diamond knife
in an ultramicrotome (UC6, Leica Microsystems GmbH, Ger-
many) at −160 °C and placed on a copper TEM grid with holey
carbon film (Type S147-2, Plano GmbH, Germany) and inspected
in Libra120 TEM (Zeiss Microscopy Deutschland GmbH, Ger-
many) operated at an acceleration voltage of 120 kV.

2.3.6. Measurement of Piezoresistivity

A Keithley 2612B source meter was employed for the uniaxial
and cyclic piezoresistivity measurements for all the sensors. The
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probe station (TS50, MPI AST) was equipped with a four-point
probe tip of tungsten. The sensor samples for the resistivity mea-
surements were typically of (10 mm × 1 mm) dimension. The
leads of the probe tip were directly attached to the pristine sur-
face of sensors. The tips were then attached and detached onto
stretched surfaces to maintain the distance between each tip. The
resistances of the prepared materials were recorded as a func-
tion of applied strain with a varying crosshead speed of 0.2–
0.6 mm s−1.

2.3.7. Triboelectric Measurement

The current/voltage characterizations of STENG (single elec-
trode TENG) and PTENG (TENG containing PDMS as negative
tribolayer, TENG area �2.5 cm × 2.5 cm) were performed in an in-
house developed contact-separation device coupled with a pneu-
matic actuator (Festo Corp.). Based on the compressed air pres-
sure, the maximum generated contact force was (500 ± 20) N.
For the tests specimens (ENR/IM-CNTs) for this work, the con-
tact force was kept constant at (200 ± 20) N, if not mentioned pre-
cisely. The oscilloscope had 3-channel connections, where chan-
nels 1, 2, and 3 corresponded to trigger voltage, output voltage,
and force, respectively. The oscilloscope (Rigol DS4024 Digital
storage Oscilloscope) was coupled to a LabVIEW interface us-
ing a NI-9239 measurement system. This interface allowed us
to simultaneously measure force and real-time current and volt-
age. For the TENG demonstrations, the PTENG was connected
to bridge rectifier with various ceramic (1 kΩ−50 MΩ) resistors.

2.3.8. Piezoresistive Switch Testing Setup

The experimental demonstration of the piezoresistive response
of ENR-IM/CNT composites-based strain-sensing specimen was
performed by using an in-house developed testing device, which
provides the possibility of observing the resistance changes in a
test specimen in terms of 12 V bulb’s brightness synchronously
with the stretching protocol. Its mechanical system consisted of
fixed and movable grips for holding test specimens and a pull
handle for sliding movable grip along with the linear guide bars
during experimental demonstration. The grips were wired to the
electronic circuit installed in a housing underneath the mechan-
ical system. The circuit was optimized to control the electrical
current passing through the bulb according to the electrical resis-
tance of test specimen in a measurement range of up to 40 MΩ.
The electronic circuit responded to the strain-induced changes
in the electrical resistance of a piezoresistive sensor specimen by
increasing or decreasing the bulb’s brightness accordingly.

3. Results and Discussion

The curing characteristics of 6% IM-cured ENR with varying
amount of MWCNTs is illustrated in Figure �a. An increased
torque was observed with the increasing amount of MWCNTs,
and the maximum torque was achieved with a 12% MWCNT sub-
stituted ENR-IM composite. Moreover, a stable network structure
formation was evident in 6% IM cured ENR. However, a march-
ing type of curve was observed in MWCNT-substituted ENR-IM

composites. The marching tendency was also increased with the
increasing amount of MWCNTs in the composite. In the absence
of MWCNT, IM reacted only with the oxirane ring of ENR using
its Lewis acidic hydrogen atom in the one (1) position and formed
a covalent interaction. Since the nitrogen atom in the 3-position
of the IM unit was not part of a conjugated �-electron system,
it was highly likely that a nucleophilic attack on one of the car-
bon atoms in the oxirane ring took place, thereby opening up
yet another oxirane ring to facilitate a crosslinking reaction. As a
result, a stable imidazolium cation and alkoxide anion was also
formed. In the absence of MWCNTs, these ion pairs were neu-
tralized and could form reversible ionic association, resulting in
a stronger network structure. Furthermore, once the 1N atom re-
acted with the oxirane ring and the ring opened, the previous 1H
atom combined with the oxygen atom to form hydroxyl groups.
These H atoms of the hydroxyl groups exhibit Lewis acidity and
can initiate other oxirane ring opening reactions leading to the
formation of more hydroxyl groups. These hydroxyl groups can
interact with each other and subsequently form hydrogen bonds.
Another network structure was thus formed in the elastomer ma-
trix which is reversible due to the dynamic nature of the hydrogen
bonds.[26]

However, the marching tendency of the curves revealed that
the construction of the network structure was not very steady af-
ter MWCNT were introduced to the system. There could be an ad-
ditional interaction between the positively charged imidazolium
cation and the negative �-electron cloud on the surface of MWC-
NTs, i.e., a cation-� interaction, which is very likely. These cation-
� interactions are electrostatic and polar interactions. Moreover,
this one-step process resulted in in situ surface modification of
MWCNTs, which is clearly superior to the externally covalent
chemical surface modification methods of CNTs. External func-
tionalization procedures significantly reduced the conductivity
and other intrinsic characteristics of CNTs, which was not a case
for cation-� interaction.[53] As the curing temperature was also
a critical factor in the ENR-IM reaction, temperature-dependent
curing studies were also carried out.

When the temperature was increased from 160 to 170 °C, a
slight initial increase in the torque was observed. The nature of
these two curves, ENR-IM/12 CNT at 160 and 170 °C were iden-
tical up to a certain point, however, a discernible downward ten-
dency was observed for 170 °C curve as it approached the end
point (Figure 1b). This decreasing tendency was more prominent
and appeared earlier (�40 min) for curing curve of ENR-IM/12
CNT at 180 °C (Figure 1b). Despite that, the nature of the curve
became steady after 50 min and finished in a position that was
more stable when compared to the curve at 160 °C. The instabil-
ity of the curves at higher temperature was related to the degra-
dation and regeneration of different reversible bonds as well as
the cation-filler interactions. Nevertheless, since the most stable
curve was observed at 160 °C, this temperature has been chosen
for further experimental testing and comparison.

The cation-pi interaction in the IM/ENR/CNT system can also
be interpreted in terms of the degree of graphitization of CNTs in
the IM/ENR system and was studied using Raman spectroscopy
(Figure 1e). As shown, the D (1353 cm−1) and G band (1586
cm−1) in the spectra corresponded to sp3 tetrahedral carbons
(owing to the presence of amorphous carbon and lattice defect)
and sp2 triangular carbon (C�C stretching vibration) of CNTs,
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Figure 1. a) Torque-time plots of imidazole cured ENR, 4, 8, and 12% MWCNT-substituted ENR-IM at 160 °C, b) temperature dependent characteristic
curing curves for ENR-IM/12CNT, c) stepwise curing reaction scheme of ENR and IM, the formation of covalent crosslinks with imidazolium cation
and alkoxide anion pair and finally the modification of MWCNT by the cation-�, �–� interaction with imidazolium cation; d) a schematic illustration
of modified MWCNT as a result of its interaction with the imidazolium cation, e) Raman spectra of imidazole cured and S-cured ENR/12MWCNT
composites, f) normalized stress (�/�o) versus temperature and g) relaxation spectrum versus temperature curve from temperature scanning stress
relaxation measurements for IM and S-cured ENR/12CNT composites.
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respectively.[58] The ratio of integrated peak areas of D and G
band is a measure of degree of crystallinity of CNT in the compos-
ite. From literature, it has been observed that ID/IG for pristine
CNT is �0.6 whereas, for the IM/ENR/CNT composites and S-
cured ENR/CNT systems, it was calculated to be �0.92 and 0.94,
respectively.[59] The higher ID/IG value in both systems could be
attributed to a higher content of amorphous carbon and higher
lattice defects.[60] The changes in Raman spectra for the IM cured
CNT composites implied both cation-� and �–� interaction be-
tween the imidazole ring and the surface of CNTs.

To understand the temperature stability of the IM-cured
ENR/12CNT composite and to compare it with the convention-
ally cured ENR system, temperature scanning stress relaxation
tests were carried out. Figure 1f shows the normalized isothermal
stress relaxation curve of IM and sulfur (S)-cured ENR/12CNT
composites. Isothermal stress decay generally depends on the
physical disentanglement of the network structure and no chem-
ical transformation is involved. Since the crosslinked network
structures of IM and S-cured ENR/12CNTs were completely dif-
ferent, i.e., ionic association and sulfur bonded network, respec-
tively, the isothermal stress decay would also be different in the
two cases. However, a lesser stress decay in case of IM-cured
ENR/12CNT composite signified a slightly stronger physical net-
work than that of the S-cured counterpart. Moreover, when the
temperature was increased, the initial relaxation processes were
controlled by conformational entropy of the elastomeric net-
works. For the same reason at a lower temperature (�50 °C),
a small peak appeared in the relaxation spectrum-temperature
curve (Figure 1g). At higher temperature, however, chemical pro-
cesses such as oxidative degradation and elastomer chain degra-
dation took place. For S-cured ENR/12CNT, the initiation of S-
bond breakage commenced at 146 °C. On the other hand, the
degradation of the network structure in the case of the IM-cured
composite appeared to start at 180 °C and the corresponding
relaxation peaks were observed in the relaxation spectra. This
clearly indicates the higher temperature stability of the IM-cured
ENR/12CNTs compared to the conventionally cured ENR sys-
tems.

The tensile properties of ENR-IMs filled with 4%, 8% and
12% MWCNT are shown in Figure �a. Increasing the amount
of MWCNT from 4% to 12% increased the tensile strength from
2.6 to 3.5 MPa, which corresponds to a 34% increase in tensile
strength. Additionally, the 100% modulus has also increased by
a factor of two, a massive jump from 0.7 to 1.4 MPa owing to the
incorporation of 8% MWCNTs. However, owing to the increased
stiffness of the material, the elongation at break dropped from
440% to 280% in the ENR-IM/12CNT composite. Furthermore,
previous research has demonstrated that imidazole cured ENRs
have a large number of unconventional interactions in the ma-
trix, e.g., ionic association and hydrogen bonding. This indicates
that imidazole cured ENRs definitely possessed self-healing abil-
ity due to the dynamic reversible bonds in the elastomer matrix.
Experiments on self-healing behavior were thus also conducted
with a 12% CNT substituted ENR-IM composite (Figure 2b). The
composite was thermally treated in a hot air oven at 80 °C for 1–
3 days and observed the increased self-healing efficiency of the
composite. A high self-healing efficiency of �80% (elongation at
break) was achieved after the composite was subjected to heat
treatment for 3 days (see Video S1, Supporting Information). The

100% modulus was also slightly increased from 1.3 to 1.8 MPa
following thermal treatment. The higher modulus was ascribed
to an increased number of unconventional interactions during
the heat treatment resulting in increased crosslinking density
or stiffness of the material. To investigate the change in the vis-
coelastic properties of the composites, cyclic stress-strain exper-
iments were carried out (Figure �c). In terms of hysteresis and
stress softening behavior, a distinct change was observed with
increasing the amount of MWCNTs. It was evident that for the
same maximum strain, the developed stress and dissipated en-
ergy were higher with increased MWCNT loading. The area of
the hysteresis loop was observed to increase gradually with in-
creasing MWCNT concentration at the first, second and third
cycles. This increase could be attributed to the increased filler–
filler interaction and the associated local friction in the elastomer
matrix due to the higher filler loading. The stress softening be-
havior, also known as Mullins effect, became more pronounced
with increasing filler loading. At higher filler content, there was
a greater possibility of microscopic MWCNT aggregates form-
ing, resulting in a higher energy loss in the elastomer system.
A photographic representation of the stability of the self-healing
composite after manual stretching is shown in Figure 2d. The
relative changes in storage moduli as function of dynamic strain
was shown in Figure 2e for both IM and S-cured ENR/12CNT
composites. To demonstrate the filler–filler network stability and
its dependence on mechanical (Payne effect) and piezoresistive
performance, we employed a phenomenological model known
as Kraus equation:[12,61]

E
′

� =
E

′

0 − E′

∞

1 +
�

�
�c

�2m
+ E

′

∞ (1)

where, E′
0 and E′

∞ represent the storage modulus at initial level
and at a higher strain, respectively. E′

� is denoted by the storage
modulus at the dynamic strain amplitude of � . The exponent m is
representative of the shape of the sigmoidal decrease in storage
modulus and � c is critical strain amplitude at which the differ-
ence between E′

0 and E′
∞ becomes nearly half.

From Figure 2e, it was obvious that filler–filler interaction was
higher in IM-cured ENR system. However, the reason behind
this could likely be the localization of the filler particles (CNTs)
in the IM-rich zone. Following the reaction between IM and the
epoxy group of ENR, ionic aggregation was formed which drove
the elastomeric network to be phase separated and small islands
of ionic aggregates were formed. Moreover, due to the cation-�
interaction, CNTs were shown to acquire an affinity toward IM-
rich zones This resulted in an overall increment in filler quan-
tity and consequently, higher filler–filler interaction in these lo-
calized regimes.[62] This was manifested in Payne effect for the
composites. However, the critical strain values for IM and S-
cured ENRs were 24.98 and 29.92, respectively. This is conducive
to the fact that IM-cured ENR possessed smaller critical strain,
resulting in a loose filler–filler network that were more vulner-
able to applied strain.[12] The highly sensitive piezoresistive re-
sponse observed in the ensuing section was, in fact, aided by this
loose filler–filler interaction. Figure 2f,g shows the TEM images
of ENR-IM/12CNT composite. As expected, fewer aggregations
of CNTs were observed which could most likely be due to the
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Figure 2. a) Stress–strain curves of different amount of MWCNT (i.e., 4, 8, and 12%) filled imidazole cured ENR composites, b) a comparison of the
stress–strain curves of the original sample with those of the self-healed samples that were kept at 80 °C for 1–3 days and a self-healing efficiency of
�80% in terms of elongation at break (EB) was achieved, c) cyclic stress–strain plots of 4,8 and 12% MWCNT filled imidazole cured ENR composites in
which the samples were stretched at various strain rates such as 50, 100 and 200% and were then stretched up to the point of failure, d) a demonstration
showing the healed sample (ENR-IM/12CNT) under normal (unstretched) and stretched state. e) Payne effect for imidazole and sulfur cured ENR/12CNT
composites; storage modulus versus dynamic strain amplitude plots were shown, and the fitting lines corresponded to Kraus equation. f,g) TEM images
of ENR-IM/12CNT showing the dispersion of CNTs in the elastomeric matrix. Some aggregates of CNTs were observed.

affinity toward the imidazolium ionic aggregate zones. As the
size of the imidazolium ionic aggregates (radius of gyration could
be one to several nm) were random, a diverse range of shape and
size of CNT aggregates was observed in the TEM images. Never-
theless, the network formation by the carbon nanotubes (CNTs)
remained widely distributed within the matrix and was account-
able for the significant sensitivity observed during strain sensi-
tivity measurements.

Flexible piezoresistive sensors constitute a crucial sensing plat-
form for various applications that include wearable health moni-
toring devices and soft robotic actuators.[10] Piezoresistive strain
sensors, which convert mechanical stimuli into electrical sig-
nals, are expected to be robust, capable of long-term operation,
and have excellent stretchability.[55,63] However, a general de-

cline in overall sensitivity and mechanical strength due to the
formation of microcracks or scratches during long-term use is
unavoidable.[54] This leads to a common interest in the develop-
ment of self-healable strain sensors that repair themselves over
time, thus ensuring operational stability over thousands of op-
erating cycles. In this paper, we have extended the self-healable
ENR-IM matrix to design a MWCNT-based piezoresistive com-
posite that served as an excellent sensing platform with low hys-
teresis, long-term operability and high sensitivity over a wide
range of deformation.

The mechanism of resistive sensors is primarily based on
piezoresistive effect, in which relative change in resistance of the
sensor is observed upon increase in applied strain. Theoretically
speaking, changes in resistance as a function of external strain

Adv. Sensor Res. 2024, 3, 2400036 2400036 (7 of 16) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 3. Effect of strain rate change (0.2–0.6 mm s−1) on the relative change (%) in electrical resistance for ENR/IM composites (thickness 0.5 mm)
with 4% MWCNTs a), 8% MWCNTS b), and 12% MWCNTs c), respectively. d) Effect of strain (%) on the relative resistance change (%) for various
MWCNT-substituted ENR-IM composites for thinner sensors (0.1 mm) at 0.4 mm s−1. e) Representative self-healing process and optical images of the
ENR-IM/MWCNT strain sensor before and after the healing process. f) relative resistance change (%) as a function of applied strain for pristine and
self-healed softened ENR-IM composites with 12 wt.% of MWCNTs incorporation. A monotonous increment in the normalized change in resistance
( ΔR

R0
) with applied strain (�) was evident for both sensors. The inset shows the hysteresis behavior of the pristine and self-healable ENR-IM/12CNT

sensors.
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can be attributed primarily to two factors: geometrical effect and
intrinsic piezoresistive effect of the material.[63] The quantitative
relationship between ΔR

R0
and � can be expressed as:[64,65]

ΔR
R0

= (1 + 2�) � + Δ�
�

(2)

Gauge factor (GF), k = ΔR
R0

∕� (3)

where, ΔR
R0

is relative change in electrical resistance (R0 in kΩ
range), � is the applied strain and � represents the Poisson ratio
of the matrix material. Δ� and � are the change in resistivity and
initial resistivity of the piezosensor, respectively. The first part of
the right-hand side of Equation (1) denotes the geometric con-
tribution and is more likely applicable for metallic materials.42

While considering the geometric factor, GF can be estimated as,
k = 1 + 2�. For ENR, the Poisson ratio is 0.5. Thus, the contri-
bution of geometric part for rubber composites can be neglected.
Consequently, for ENR-IM/MWCNT composites, GF can be es-
timated directly from intrinsic piezoresistivity of the materials
(Equation 2).

To determine whether the rate of elongation actually influence
the piezoresistivity of the composite sensors, strain% versus rel-
ative electrical resistance change (%) with varying strain rates of
0.2–0.6 mm s−1 were performed on all three ENR-IM/MWCNT
composites. Figure 3a–c shows the relative resistance change as a
function of strain% at different elongation rates for ENR-IM com-
posite sensors with MWCNT contents varying from 4% to 12%,
respectively. Following careful observation, it was revealed that
ENR-IM/4CNT has negligible or very little change in Gauge fac-
tor (GF, slope of relative resistance changes versus strain curve)
and piezoresistive response with increasing strain rates, whereas
ENR-IM/12CNT had substantial change in both parameters with
increasing strain rates (Figure 3b). On the other hand, with in-
creasing strain rate, a moderate change in GF and consequently,
ΔR∕R0 (%) was observed for ENR-IM/8CNT composite sensor.
The observations echoed the similar findings in recently reported
piezoresistive sensors containing viscoelastic matrices.[65,66] The
stronger change in strain-induced relative resistance values for
sensors of higher MWCNT-substituted composites could be at-
tributed to inherent viscoelasticity of the composites. For 4%
CNT substituted sensor, presence of very little loosely connected
or no coherent conducting network in ENR-IM matrix could fa-
cilitate an overall strain-rate independence. This can also be in-
terpreted as, higher the strain rate, higher is the sensitivity of the
sensor.[67] Precisely, a higher strain rate would be equivalent to a
relatively larger stress applied on the sensor. Therefore, compos-
ites with higher substituted MWCNTs would encounter higher
force under increasing strain rate, exhibiting a variation in electri-
cal resistance.[64] It was evident that higher strain rate accounted
for more disruption of the conductive CNT network, facilitating
high GF and resistance change.

Figure 3d illustrates the resistive response of the compos-
ites with thinner specimens, precisely with that of 0.1 mm. The
thickness of the piezoresistor plays a crucial role in the sensi-
tivity of the sensing devices. Previously, simulation (finite ele-
ment methods) and experimental studies were conducted to cor-

relate the two and it was unanimously observed that in most
cases, sensitivity of sensors increases with decreasing thickness
of the piezoresistor.[68] However, thinner specimens were harder
to handle for practical purposes. In our case, however, the incre-
ment in GF was not prominent for sensors with reduced thick-
ness (0.1 mm). One reason could be due to the fact that thick-
nesses were varied in mm, whereas, in literature, significant ob-
servable changes in sensitivities only were reported for metal-
lic or other deposited sensors in µm regime.[43] Nevertheless,
the resistive responses of the composites showed distinct char-
acteristics as compared to that of the 0.5 mm composites. The
trend in relative change in resistance with strain for higher CNT-
substituted sensors was obvious, however, two distinct strain sen-
sitivity zones appeared for the composites. In the first regime
(0–90%), the strain-induced changes in resistance were identical
for three sensors. In the second regime (90–150%), resistance
changes appeared to be sharpest for ENR-IM/12CNT, followed
by ENR-IM/8CNT and ENR-IM/4CNT, respectively. For initial
strain regime (0–90%), CNT networks were only partially com-
promised, resulting in less steep change in resistivity and hence,
lower GF.[67] For higher strain of up to 150%, interconnected net-
work of CNT fibers was lost. This accounts for high strain sensi-
tivity in this regime. Note that the sensor’s real scope of applica-
bility lies in the high strain regimes, contrary to that of conven-
tionally employed metal-deposited strain sensors and conducting
tapes.[63]

As discussed in the preceding section, the resulting compos-
ites containing 4–12 wt.% CNTs all demonstrated characteris-
tic piezoresistive behavior. In addition, by incorporating cost-
effective ingredients such as ENR and MWCNTs, we were able to
demonstrate high healing efficiency (80%) of the piezoresistive
composite (Figure 2b). The healing study was conducted in an
oven for 3 days at 80 °C. Figure 3e illustrates the representative
self-healing process and photographs of the sensors when sub-
jected to healing. Evidently, the sensor was shown to be healed
after 3 days of thermal treatment. The electrical characterization
of the pristine ENR-IM/12CNT sensor and its healed analogue is
shown in Figure 3f. Both the sensors (pristine and self-healed)
exhibited reversible piezoresistive behavior with negligible hys-
teresis loss during loading and unloading cycles of strain sweep
(0.4 mm s−1) experiments, ensuring reliable operation. The re-
sults in Figures 3f showed a monotonous increment in the nor-
malized change in resistance ( ΔR

R0
) with applied strain (�). How-

ever, there was minimal change in normalized resistance for
the sensor before and after healing process. In fact, a slight de-
crease in R0 for the self-healed substrate would be due to ther-
mal homogenization and temperature-induced redistribution of
the MWCNT network, resulting in nominally improved electrical
characteristics.
Figure �a shows the corresponding stress–strain curves of the

pristine ENR-IM/12CNT substrate and its healed counterpart.
The mechanical properties of the pristine and self-healed sensors
were nearly identical. The dynamic electrical characteristics of
the healed and pristine piezoresistive ENR-IM/12CNT sensors
for three different strain regimes have also been investigated
and is shown in Figure 4b. For this typical dynamic analysis,
the sensor was stretched to a particular strain and held for 4 s
and released. During the stretch and release cycle, the change
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Figure 4. a) The stress–strain curves of the pristine ENR-IM/12CNT and its self-healed counterpart. As compared to the matrix, the incorporation of
12% CNTs resulted in higher moduli for the sensors (for � < 75%), b) dynamic sensing response of the pristine sensor and its self-healed counterpart
at the strains of 30%, 70%, and 100%. Before the measurement, the sensors were subjected to stretch for 4 s and relaxed for 4 s, c) cyclic stability tests
(strain on–off test) for the three composite sensors at 20% strain and 0.4 mm s−1 strain rate, d) cyclic step strain and release experiments for testing
the durability of the composite piezosensors at a maximum strains of 20%, 40% 60% respectively, e) time dependent strain on-off tests for the thinner
composite sensors (0.1 mm) at 20% strain, f) cyclic piezoresistive sensing performances of the ENR-IM/12CNT sensor at 20% strain for over 2800
cycles of operations.
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