
1. Introduction
Resistive sensors typically convert mechanical, ther-
mal, or chemical stimuli into an electrical signal and
are generally fabricated from various materials, selec-
tive from metallic to semiconductors and inorganics

to organics [1]. In recent years, the demand for flexi-
ble and stretchable strain sensors based on polymer
matrix has received enormous attention in wearable
electronics, soft robotics, and stretchable devices due
to the potential of expressing flexibility, processability,

69

Use of modified deep eutectic solvent as an additional
chemical in a flexible conductive natural rubber sensor for
motion analysis
Boripat Sripornsawat1,2 , Antonia Georgopoulou2,3 , Sarttrawut Tulaphol1 ,
Anoma Thitithammawong4 , Jobish Johns5 , Yeampon Nakaramontri1* , Frank Clemens2

1Sustainable Polymer & Innovative Composite Materials Research Group, Department of Chemistry, Faculty of Science,
King Mongkut’s University of Technology Thonburi, Bangkok, Thailand

2Department of Functional Materials, Empa-Swiss Federal Laboratories for Materials Science and Technology,
Überlandstrasse 129, 8600 Dübendorf, Switzerland

3Department of Mechanical Engineering (MECH), Vrije Universiteit Brussel (VUB), and Flanders Make Pleinlaan 2, B-
1050 Brussels, Belgium

4Department of Rubber Technology and Polymer Science, Faculty of Science and Technology, Prince of Songkla
University, Pattani Campus, Pattani, Thailand

5Department of Physics, Rajarajeswari College of Engineering, Bangalore, India

Received 13 June 2022; accepted in revised form 22 August 2022

Abstract. The strain sensors based on conductive natural rubber (NR) composite, filled with carbon nanotubes (CNT) and
conductive carbon black (CCB), are developed due to their superior elasticity and sensitivity. To encourage electron tunneling,
ionic pathway for electron moving was achieved by modified deep eutectic solvent (mDES) synthesized in-house. It was
found that the incorporation of mDES impacts the curing, mechanical and electrical properties of the composites due to the
interconnected CNT/CCB-mDES networks. It is demonstrated that the electrical signal sensation of conductive NR composite
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adding ZnO. In addition, for analyzing the object motion, the piezoresistive rubber sensors were tested on a soft printing
structure through the cyclic motion analysis of a soft tendon-based actuator. The obtained electrical signals showed the
smooth signal with noise and un-prediction electrical peaks after the combination of the mDES into the conductive NR com-
posites. This clarifies the flexible movement of the CNT/CCB structure into the NR matrix following the specific designed
objects’ motion. The present work indicates the different core novel technologies based on the use of mDES in the conductive
composites matching with the acceptable electrical signal for applying as the promising motion sensor materials for soft
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and lightweight [1]. Several research groups have
succeeded in fabricating stretchable strain sensors
by using various forms of thermoplastic elastomer
(TPE), i.e., thermoplastic polyurethane (TPU) [2–5],
thermoplastic styrene co-block polymers (TPS) [6,
7] and styrenic block copolymers (SBC) [8, 9]. How-
ever, it was found that the use of TPE is difficult in
highly dynamic strain sensors since the material re-
quires a superior capacity for original shape recov-
ery. It is known that the TPE has both elastic and plas-
tic deformation behaviors. In particular, at high strain
monitoring over 20% of extension ratio, plastic de-
formation occurs. Therefore, it is a new challenge for
the development of elastomeric sensors by incorpo-
rating synthetic and natural rubbers. Two different hy-
potheses for using rubber sensors are (i) the lowest
hardness of crosslinked rubber [10, 11] and (ii) ap-
propriate elastic properties for reasonable shape re-
covering time are needed [12]. According to our pre-
vious work, we found that the use of pure natural
rubber (NR) for applying as the sensor monitor is
needed to be developed. With the superior elasticity
of NR and its lower plastic deformation during ap-
plied stress in comparison to TPE, the cumulative
stress originated during stretching and caused strong
deformation inside the rubber structure. As a result,
the incorporation of hard filler particles into the NR
matrix is considered; in particular, the conductive
filler helps the NR composites respond to the elec-
trical signals. Among the reinforcing fillers, conduc-
tive carbon black (CCB), carbon nanotubes (CNT),
and graphene (GP) deliver excellent electrical per-
formances based on their sp2 hybridized carbon
structure pathway of the filler network in the NR ma-
trix [13]. The geometry and morphology of the con-
ductive fillers inevitably influence the formation of
conductive networks [14, 15]. Carbon nanoparticles
have a strong tendency to agglomerate, which results
in high percolation threshold concentration, poor
electrical conductivity, and poor electron tunneling
across the gaps between adjacent nano-carbon par-
ticles in NR composites [16]. Hence, the hybrid filler
concept by the combination of CCB and CNT to im-
prove electrical conductivity has been explored [17,
18]. Furthermore, CCB also improves the sensitivity
to stress and strain due to its spherical shape that
eases the disconnection of conductive particles by
strain, while the long cylindrical CNT particles have
sliding contact [19, 20]. However, mechanical de-
formation often results in additional peaks of sensor

signal upon releasing the load and strain [20, 21].
With these drawbacks, using NR in sensor applica-
tions is still limited and promising. Finding eco-
friendly and cost-effective materials with sensitivity
has been proposed, and there are no prior reports
available in the literature.
To overcome this problem, the conductive liquid
phase inside the NR matrix might organize the trans-
fer of an electron from end-to-end of the filler parti-
cles since the liquid will be wetted on filler surface
and serves as a better electron bridge between the
conductive filler particles [22–24]. Based on the con-
text of green chemistry, the ionic liquid was synthe-
sized by deep eutectic solvent (DES) with free cation-
ic and anionic movements as reported by Azizi et al.
[25], where DES is a mixture of hydrogen bond donor
(HBD, i.e. urea, carboxylic acid and polyalcohol)
and hydrogen bond acceptor (HBA, i.e. choline chlo-
ride and quaternary ammonium salt). The prepara-
tion of DES in a pure state is simple and economi-
cally viable as it shows a 100% atom economy with
no need for post-synthesis purification like other
ionic liquids. In this case, choline chloride (ChCl) and
urea are both naturally biocompatible chemicals that
are not hazardous if they are released back into na-
ture separately. The incorporation of DES and mod-
ified DES (mDES) into NR and epoxidized NR
(ENR) affects vulcanization and mechanical proper-
ties and enhances the conductivity of NR and ENR by
the formation of intermolecular attraction between
rubber molecules [26]. However, DES and mDES in
combination with NR composites filled with CNT
and CCB, have not been investigated so far. There-
fore, it is a new system for the investigation of NR-
based sensors.
In the present article, the fabrication of conductive
NR composites using CNT-CCB as conductive hy-
brid filler is reported. To improve the dispersion and
conductivity, mDES was prepared by dissolving ac-
tive ZnO in DES with various DES loadings and
added to the conductive NR composite (CNRC). The
nature of dispersion was assessed from Payne effect
and morphological studies. The chemical crosslink-
ing, mechanical properties, and electrical conductiv-
ity of the composites were investigated in detail.
Piezoresistivity of the CNRC (strain sensitivity of
electrical resistance) was investigated in terms of rel-
ative change in resistance, ΔR/R0 (ΔR and R0 are the
change in resistance with and without the strain of
the composite) [27, 28]. Also, both dynamic and

B. Sripornsawat et al. – Express Polymer Letters Vol.17, No.1 (2023) 69–89

70



quasi-static deformations were investigated by cyclic
tensile testing methods. Finally, the performance of
the resulting NR-based sensor was investigated on
tendon-based 3D printed actuators to confirm its use
in the field of soft robotics. It has to be noted that the
uses of DES for improving the sensitivity of the con-
ductive composites are a challenge and promising;
the pairing among ChCl and urea was first chosen to
modify with the ZnO and apply to the CNRC for
studying and examining the sensitivity of the hyper-
elastic material.

2. Experimental
2.1. Materials
For the fabrication of conductive rubber with hybrid
filler and ionic liquid concept, natural rubber (NR)
was mixed with multi-walled carbon nanotubes
(CNT), conductive carbon black (CCB), and modi-
fied deep eutectic solvent (mDES). All chemicals
used in this study are listed in Table 1, along with
their functions and suppliers.

2.2. Preparation of modified deep eutectic
solvents (mDES)

The mDES was synthesized using ChCl (hydrogen
bond acceptor) and urea (hydrogen bond donor) at
the molar ratio ChCl: urea of 1:2 [27]. ChCl and urea
were mixed at 80°C for 6 h or until the formation of
a homogeneous transparent liquid called DES. Then,
active zinc oxide (aZnO) was added in DES at four
different weight ratios, namely 1:0.5, 1:1, 1:2 and

1:4 (aZnO:DES) at 80 °C for 24 h. The resulting
mDES samples were kept in a desiccator to avoid
moisture absorption. The detailed synthesis of DES
and mDES has been described elsewhere [26].

2.3. Fabrication of NR composites
The NR/CNT-CCB composites with and without
mDES were prepared using an internal mixer (model
MX75; Charoen tut Co., Ltd., Samutprakarn, Thai-
land) at a mixing temperature of 80°C, a rotor speed
of 60 rpm, and 75% fill factor of the chamber vol-
ume. The mixing process was started by masticating
NR in an internal mixer for 1 min at 80 °C and an
additional mixing of 5 min after adding the CNT-
CCB hybrid nanofillers. Then, the stearic acid and
ZnO were incorporated stepwise for min and later
mDES for 2 min. Finally, the accelerator and sulfur
were consecutively added to the conductive NR com-
pound with continued mixing until reaching 13 min.
As a reference, the pure NR and NR/CNT-CCB with-
out mDES were prepared following the same proce-
dure. All compounds were rapidly passed through
the 1 mm nip of the two-roll mill continuously
5 times (1 min/time) under the controlled rolling
speed of 60 rpm to achieve homogeneous dispersion
of CNT-CCB in the NR matrix before conditioning
at room temperature in a desiccator for at least 24 h.
NR composite sheets with 2 mm thickness were fab-
ricated by using compression molding at 160°C with
the cure times based on rheometer tests. It is noted
that the composites with CNT-CCB without and with
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Table 1. List of chemicals used in the preparation of NR composites with and without mDES along with their functions and
suppliers.

Materials Functions Suppliers
Natural rubber
(Standard Thai Rubber, STR 5L) Matrix Nabon Rubber Co., Ltd.,

Nakorn Si Thammarat, Thailand

Stearic acid Co-activator in sulfur curing systems Imperial Chemical Co., Ltd.,
Pathumthani, Thailand

Active zinc oxide
(aZnO)

Modifying agent of DES and activator in
sulfur curing systems

Global Chemical Co., Ltd.,
Samutprakarn, Thailand

Multi-walled carbon nanotubes
(CNT; NC7000)

Cylindrical conductive reinforcing filler in
rubber

Nanocyl S. A.
Sambreville, Belgium

Conductive carbon black
(CCB; Vulcan XC72)

Spherical conductive reinforcing filler in
rubber

Cabot China Ltd.,
Shanghai, China

2,2′-Dithiobis-(benzothiazole)
(MBTS) Accelerator in sulfur curing systems Flexsys Inc.,

Termoli, Italy

Sulfur Curing agent Ajax Chemical Co. Ltd.,
Samutprakarn, Thailand

Choline chloride
(ChCl) Reactant of DES Loba Chemie Pvt. Ltd.,

Maharashtra, India

Urea Reactant of DES Elago Enterprises Pty. Ltd.,
Cherrybrook, Australia



mDES were labeled as ‘NR-C/mDESx’, where x
refers to the DES content existing in mDES follow-
ing the unit of part per hundred rubbers [phr]. The
recipes of all composite samples are shown in Table 2.

3. Characterizations
3.1. Cure characteristic
Cure characteristics of pure NR and NR/CNT-CCB
composites with various mDES loadings were deter-
mined using a rubber process analyzer (RPA 2000,
Alpha Technologie, Hudson, Ohio, USA). Each sam-
ple (1 sample of each formulation) was investigated
at a fixed oscillation frequency (1.66 Hz) and ampli-
tude (0.5° arc) at 160°C. The curing properties were
reported as scorch time (ts2) (the time at which the
torque has increased by 2 dN·m from the minimum
torque i.e. the initiation of chemical crosslinking),
curing time (tc90) (the time at which the molecular
chains have reached 90% of chemical crosslinking
propagation) and the torque difference (MH – ML)
(the different of maximal (MH) and minimal (ML)
torques).

3.2. Payne effect
To investigate the Payne effect of pure and conduc-
tive NR composites, a rubber process analyzer (RPA
2000, Alpha Technologies, Hudson, Ohio, USA) at
100 °C was used. The test was performed under
shear deformation with strain amplitudes in the
range of 0.56–100% at a fixed oscillation frequency
(1 Hz) to analyze the storage shear modulus (G') of
each sample (1 sample of each formulation). The
Payne effect was calculated by Equation (1):

Payne effect: (1)

where G'0.56 and G'100 are the storage moduli at 0.56
and 100% strain amplitudes, respectively. It is noted
that the high Payne effect value indicates the reduc-
tion in strength of the filler network.

3.3. Electrical properties
The electrical properties of the samples in terms of
resistance (Rp) were measured at room temperature
using an LCR meter (E4980A, Keysight Technolo-
gies, Inc., Santa Rosa, California, USA). Approxi-
mately 2 mm thick samples were placed between
two parallel plates of a dielectric test fixture (16451B
dielectric test fixture, Keysight Technologies, Inc.,
Santa Rosa, California, USA) with a 38 mm elec-
trode diameter. The analysis was performed over
the frequency range from 20 to 100 kHz, and 5 dif-
ferent points of each sample were tested. The elec-
trical conductivity (σ) was calculated using Equa-
tion (2) [29]:

(2)

The parameters d and A refer to the sample thickness
and the area of an electrode, respectively. The factor
ρ is the volume resistivity, i.e., the reciprocal of con-
ductivity.

3.4. Tensile properties
Tensile testing was performed using the dumbbell-
shaped specimens of composites according to
ISO 527 (type 5A) using 5 different samples for each
formulation. The stress-strain behavior of the com-
posites was then studied using universal testing ma-
chines (Model 3365, Instron® Inc., Norwood, Mas-
sachusetts, USA) operated at a crosshead speed of
200 mm/min at room temperature (25±3°C).

G G G.0 56 100D = -l l

R A

d1

p

v t= = R W
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Table 2. Composition of all conductive pure NR and NR composites.

*CNT-CCB ratio is clarified from the previous work [16]

Ingredients

Contents
[phr]

Pure NR
NR-C/mDESx

0.0 2.5 5.0 10.0 20.0
NR 100.0 100.0 100.0 100.0 100.0 100.0
Stearic acid 1.0 1.0 1.0 1.0 1.0 1.0
aZnO 5.0 5.0 – – – –
CNT-CCB* – 5.0/7.5 5.0/7.5 5.0/7.5 5.0/7.5 5.0/7.5
MBTS 1.0 1.0 1.0 1.0 1.0 1.0
Sulfur 2.5 2.5 2.5 2.5 2.5 2.5
mDES 7.5 10.0 15.0 25.0
(aZnO:DES) – – (1:0.5) (1:1.0) (1:2.0) (1:4.0)



3.5. Piezoresistive properties
The piezoresistivity was investigated using a univer-
sal testing machine ZwickRoell Z005, (ZwickRoell,
Ulm, Germany), with an integrated source meter
Keithley 2450 (Keithley Instruments, Solon, USA)
with 3 different samples for each formulation. To
record the electrical signal during mechanical test,
the source meter was connected to a computer, and
KickStart software (Keithley Instruments, Solon,
USA) was used for data storage. The electrical re-
sistance was calculated by the measured current,
while the voltage was held constant at 1 V, as seen
in the setup instrument in Figure 1. From the resist-
ance analysis, the relative resistance (Rrel) was cal-
culated following Equation (3), where R is the meas-
ured resistance and R0 is the initial resistance,
measured after fixing the sample inside the universal
testing machine. The 5 bar pneumatic pressure was
applied on the insulation grips to avoid slippage.

(3)

In addition to the tensile test, cycling and quasi-static
tests were performed to investigate the sensor be-
havior of conductive NR composites (CNRC) in
detail. All the tests were performed at room temper-
ature with a crosshead speed of 50 mm/min. The

dumbbell-shaped specimen (ISO 527, type 5A) was 
inserted between the grips aligned with the direction 
of extension. The dynamic tests were performed 
with 20 cycles (strain loading and releasing). The 
quasi-static tests were performed by stretching and 
releasing the samples with a dwell time of 60 s at 
minimal and maximal strain. Both dynamic and 
quasi-static tests were performed between 0–50 and 
50–100% strain levels. Further details on the dynam-
ic and quasi-static analysis of soft sensor materials 
are reported elsewhere [30–34].

4. Results and discussion
4.1. Processability and network formation in

NR composites with DES
Ability to perform NR product
Figure 2 shows the crosslinking propagation of NR 
composites with various mDES (aZnO:DES) ratios. 
The vulcanization properties in terms of ML, MH, 
MH – ML, ts2, and tc90 are summarized in Table 3. 
The NR composites with mDES at the aZnO:DES 
ratio 1:1 exhibited the highest MH due to improve-
ment of filler dispersion with using mDES. The MH

steadily decreased with increasing aZnO:DES ratios 
because the excess of mDES considerably acts like 
a lubricating plasticizer in the NR compound [35]. 
A higher amount of DES in mDES reduces NR

R R
R R

0

0
rel =

-
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Figure 1. Universal testing machine with integrated piezoresistive analysis, pneumatic clamping and electrical connection
of the conductive NR composite samples, where (A) – Insulation clamp, (B) – Rubber sample, (C) – Load cell,
(D) – Conduction clamp, (E) – Electrical/Resistance detection, (F) – Applied voltages and (G) – Conduction wire.



chain entanglement, which develops strong molec-
ular chain slippages and higher mobilities in the
composite; hence it lowers the value of MH. Consid-
ering the ts2 and tc90 of the NR composites in Table 3,
both properties are significantly decreased upon in-
creasing the amount of mDES. This is due to the for-
mation of ionic interaction between NR and DES
molecules [16]. Molecular chain degradation of NR
occurs during compression molding, which results
in the formation of ketone functional groups at the
terminal chain of NR [36, 37] and the promotion of
new ionic linkages between NR and DES molecules.
Thus, active C=C bonds in NR are decreased and ac-
celerate the vulcanization of conductive NR com-
posites. Additionally, it can be observed that up to
5 phr of mDES in NR compounds, the value of
MH – ML dramatically increased. This is related to
the enhancement of crosslink density (inferred from

MH – ML) based on the newly formed links of NR-
mDES-CNT, NR-mDES-CCB, and NR-mDES-
CNT-CCB. The proposed ionic interaction mecha-
nisms in NR/CNT-CCB composites filled with DES
are shown in Figure 3. At a higher loading level of
mDES, the value of MH – ML steadily decreased due
to the formation of filler agglomerates or the micro-
phase separation of mDES in the NR compounds,
which resulted in a reduced force of attraction be-
tween the linkages. It can be concluded that the prop-
er addition of mDES improves the processing of NR
composites by reducing tc90 and increasing the esti-
mated crosslink density based on MH – ML.

Formation of conductive network
The formation of CNT-CCB network in NR compos-
ites upon the addition of various mDES loading was
examined from the electrical conductivity, which di-
rectly relates to the degree of filler dispersion [38].
Figure 4 shows the electrical conductivity as a func-
tion of frequency for the pure NR and CNRCs. As
expected, the conductivity of the resulting material
depends on the applied frequency. The electrical re-
sistivity of pure NR and CNRC without mDES in-
dicated poor transport of electric charges throughout
the composites. For NR and CNRC, this is due to the
insufficiently connected filler networks in the rubber
matrix [38], as displayed in the proposed model
(Figure 5a). In the case of CNRC without mDES,
conductivity monotonically increases at a frequency
below 104 Hz. This is attributed to the tunneling of
electrons from end to end of CNT/CCB networks
which increases with frequency. For the CNRC with
mDES, conductivity is less dependent on the frequen-
cy because of the occurrence of electronic and ionic
conduction inside the NR matrix. With the proper
mDES, wetting of the liquid region on CNT/CCB
surfaces helps to transport the electronic charges and
improves the conductivity. Simultaneously, ionic
charges move through the newly formed mDES
pathway and can change the electrical behavior of
the composites. Composites with 2.5–5.0 phr mDES,
the partly wetted CNT-CCB surfaces by mDES, as
seen proposed model in Figure 5b, accelerate the
charge carriers through the CNT-CCB combination
and support the network formation with narrow
filler-filler contacts leading to an increase in conduc-
tivity of composites based on electron tunneling along
the end-to-end of CNT-CCB [39]. This means that
mDES develops a molecular chain bridge among the
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Figure 2. Vulcanization curves of pure NR and conductive
NR composites (CNRC) with various mDES ratios.
Up to 5 phr of mDES, the torque and the value of
MH – ML are increased. This can be correlated with
the increased crosslink density. A further increase
results in lowering torque value and crosslinking
density.

Table 3. Crosslink properties of NR and CNRC with various
mDES ratios.

Samples
Cure characteristics

ML
[dN·m]

MH
[dN·m]

MH – ML
[dN·m]

ts2
[min]

tc90
[min]

Pure NR 0.7 5.6 4.9 3.0 5.4
NR-C/mDES0 2.1 11.4 9.3 1.3 5.2
NR-C/mDES2.5 2.1 11.6 9.5 0.5 3.5
NR-C/mDES5 2.1 12.9 10.8 0.4 3.3
NR-C/mDES10 2.5 10.2 7.7 0.5 2.9
NR-C/mDES20 2.1 8.5 6.4 0.6 2.7



filler particles. Hence, better electron transport takes
place throughout the composites, resulting in the im-
proved electrical conductivity of the composites.
Below 5.0 phr of mDES, the effect of electronic con-
ductivity is more predominant than the conductivity
contributed by ionic charge transportation. However,
beyond 5 phr of mDES (Figure 5c), the formation of
mDES region occurs in the NR matrix. Thus, the con-
ductivity arises in the composite due to two different

forms of networks. Generally, at higher frequencies,
the electronic conductivity increases by reducing the
ionic conductivity [40, 41]. The excess of mDES re-
sults in lowering the electrical conductivity.
However, the excess of DES not only affected the
conductivity but also imposed on the percolation
threshold concentration of the composites. In this
case, we have modified the percolation threshold the-
ory for finding the critical DES concentration (ρCX)
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Figure 3 Proposed models of ionic interaction mechanisms in CNT-CCB based CNRC with mDES. a) Molecular chain
degradation of NR during mixing generates ketone functional groups at the terminal chain of NR. b) The proposed
ionic interaction mechanisms are shown as (i) NR, mDES, and CNT, (ii) NR, mDES, and CCB, and (iii) NR, mDES,
and CNT/CCB.



that enables the suitable electrical conductivity of NR
composites. In general, the ρCX is examined from the
plot of electrical conductivity and the varied chemical
content (i.e., amount of DES). With the curves, the
ρCX of the composites can be evaluated using the
classical percolation theory as Equation (4) [42]:

(4)

where σ0 is a constant value, ρ is the DES ratio in
mDES and t is the scaling exponent. As observed in
in the inset of Figure 4, the fitting results show that a
low ρCX of DES ratio in mDES is found at 0.24 in
conductive NR composites with mDES. This indicat-
ed the formation of an interconnected conductive net-
work throughout the NR phases. It clarifies well that
the addition of a little DES ratio in mDES improved
well dispersion of CNT-CCB hybrid filler in the NR
composites and consequently increased the electrical
conductivity of the conductive NR composites.
The state of CNT-CCB dispersion and distribution
in the NR matrix can also be observed from the re-
lation of storage moduli of the composites at maxi-
mal and minimal strain amplitudes which is the so-
called Payne effect [43]. The value is directly related
to the degree of CNT-CCB agglomerates in the ma-
trix and also related to the strength of CNT/CCB net-
work deformation [43]. Figure 6 shows the storage

modulus as a function of strain amplitude which
demonstrates that the incorporation of mDES up to
the ratio of 1:1 (aZnO:DES) increases the storage
modulus of NR composites. It improves the CNT-
CCB dispersion in the NR matrix, relating the con-
centration over the ρCX value. As expected, at mDES
ratio higher than 1:1, the initial storage modulus
steadily decreased due to the excess of liquid phases
inside the NR, which reduces the physical interac-
tions from bound rubber absorption of NR molecular
chain on the CNT-CCB surfaces, allowing the NR
chains slippage and disentanglement. It also affects
the strength of the CNT/CCB network, which can be
broken easily upon the addition of excess mDES.
Considering the Payne effect in Figure 6, a reduction
in their values is found for the NR composites with
mDES relative to the ones without mDES. This is
contributed by the improved dispersion of CNT-
CCB in rubber matrices, as described in models in
Figure 5. The use of mDES reduced the degree of
CNT-CCB agglomeration in the NR matrix, relating
to the reduced Payne effect value. It also helps the
CNT-CCB interconnection and supports the strength
of network formation with narrow filler-filler con-
tacts (as seen in Figure 5b). However, the addition
of excess mDES lowers the Payne effect, and it is
reflected in the poor G′ values. This means that the
increase of liquid phase inside the NR matrix im-
proves the filler dispersion, but the network strength
is worth it due to the ease of breakages under strain.
Thus, it summarizes that the addition of proper mDES
improves the dispersion very well and supports the
network formation of CNT-CCB hybrid filler in NR
composites by increasing the electrical conductivity
of NR composites.

Effect of DES on mechanical properties
Network formation of CNT-CCB also affected the
tensile properties of CNRC upon the addition of
mDES. Figure 7 shows the stress-strain curves of
pure NR and NR composites with various mDES ra-
tios. Also, properties in terms of 100 and 300% mod-
uli, tensile strength, and elongation at break are
shown in Table 4. Pure NR shows a dramatic in-
crease in the modulus at high strain (500–700%) due
to strain-induced crystallization of NR molecules.
However, CNRC with various mDES displayed
higher initial slopes (i.e., Young’s modulus, the abil-
ity to resist the deformation of composites) and the
moduli at 100 and 300% strains compared to pure

,0 CX

t

CX2v v t t t t= -R W
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Figure 4. Electrical conductivity as a function of frequency
for pure NR and their composites with various
mDES ratios and the plot of electrical conductivity
at a frequency of 50 Hz as a function of DES con-
centration in mDES to find the critical DES con-
centration (ρCX) from the applied percolation
threshold theory.



NR. It is noted that the ‘modulus’ refers to the stiff-
ness of a material that resists deformation. Thus, the
addition of highly rigid filler particles into the NR
matrix is expected to improve the stiffness of the
composite. In contrast, higher stiffness leads to lower
elasticity, and the composites exhibit lower strain at
break. This can be explained by the surrounding
CNT-CCB particles that strongly hinder the mobility
of rubber chains [44]. Table 4 shows that the tensile
strength of NR-C/mDES0 composites increases ap-
proximately 11% upon the addition of DES at the ra-
tios 1:0.5 and 1:1 (aZnO:DES). The addition of suf-
ficient mDES loading improved the dispersion of
CNT-CCB in the NR matrix and increased the rein-
forcement efficiency of filler particles to rubber mol-
ecules. However, as seen in the proposed model of
Figure 5c, increasing mDES above 5 phr increases
the defect points inside the NR matrix and reduces the
resistance of physical deformation during extension
[45]. Thus, tensile strength is found to be strongly

lowered. In addition, the presence of excess liquid
phases is observed in the morphologies of the com-
posites, as seen in Figure 8. It is clearly noticed that
the degree of filler agglomeration (i.e., the purple
area) is effectively increased upon increasing the load-
ing level of mDES. Interestingly, in NR-C/mDES2.5
and NR-C/mDES5, a homogenous dispersion of
mDES in the NR composites filled with CNT-CCB
is observed, especially the one with 5 phr of mDES
compared to the one without mDES. A further in-
crease in mDES results in a larger area of filler ag-
glomeration.
According to the observed results of CNRC filled
with various mDES loading, it is found that the ad-
dition of 5 phr mDES improves the processability of
NR-C/mDES0 by reducing cure time and increasing
tensile properties. However, excess DES from 10
and 20 phr reduces the properties of the composites
owing to the existence of large defect regions. This
leads the composites to break easily, and therefore,

B. Sripornsawat et al. – Express Polymer Letters Vol.17, No.1 (2023) 69–89

R1
R2
R3
R4
R5
R6
R7
R8
R9

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20

77

Figure 5. Proposed models of CNT-CCB dispersion inside the NR matrix; a) CNRC without mDES indicated poor electric
transport due to a lack of connected filler networks in the rubber matrix, b) CNRC with proper mDES exhibited
partly wetted CNT-CCB surfaces by mDES accelerates the network formation with narrow filler-filler contacts in-
creases the conductivity and c) CNRC with the excess of mDES regions inside NR matrix.



the tensile properties are decreased. Thus, the possi-
bility of using the resulting composites as a motion
sensor in soft actuators and piezoresistive properties

in terms of the relative change of resistance (Rrel) by
dynamic and quasi-static tests are investigated and
further explained by matching with the proposed
phenomena.

4.2. Piezoresistive properties of NR
composites with mDES

Sensitivity of the composites
The piezoresistive properties of the CNRCs are meas-
ured based on the variation of conductivity upon the
application of stress by using a universal tensile test-
ing machine. On straining the CNRC samples, the dis-
tance between conductive fillers increases, and elec-
tron transport is reduced by a larger distance between
the fillers (tunneling effect). As a result, only CNRC
samples without mDES and with 5 phr mDES are
selected for sensor studies. Due to the considerable
difference in the initial conductivity of these two
samples (see Figure 4), the Rrel during tensile testing
of the samples is shown in Figure 9. Both the CNRC
samples show positive piezoresistive behavior. This
can be explained by the loss of contact between the
filler particles that results in enlarged electron tun-
neling resistance [42, 46, 47]. For piezoresistive
strain sensors, the estimation of sensitivity correlates
with the estimation of the gauge factor (GF). It can
be defined as the ratio of change in relative resist-
ance to the change in strain. In this case, the corre-
lation of both properties is linear; the GF is calcu-
lated from the slope of the plot of the relative resist-
ance change and the applied strain of 0–50, 50–80,
and 80–100% (see the estimated slope from the
green line). A higher GF corresponds to a larger
change in resistance at a given strain, and therefore
it indicates good sensitivity [48]. In Figure 9, it is
seen that the GF value of the CNRC with and with-
out mDES had no significant differences relating to
the applied strain of 0–50%. However, at 50–80 and
80–100% strain, the GF of the CNRC filled with
mDES had approximately 2 and 4 times higher than

B. Sripornsawat et al. – Express Polymer Letters Vol.17, No.1 (2023) 69–89

78

Figure 6. Relation of storage modulus and strain amplitude
of pure NR and their composites with various
mDES ratios. The test was performed under the
shear deformation with strain amplitudes in the
range of 0.56–100%. The obtained Payne effect
from different storage moduli at 0.56 and 100%
strain amplitudes, which refers to the strength of
the filler network and filler dispersion inside the
NR matrix, is also presented.

Figure 7. Stress-strain curves of pure NR and their compos-
ites with various mDES ratios.

Table 4. Tensile properties in terms of 100 and 300% moduli, tensile strength, and elongation at break of NR composites
with various mDES ratios.

Samples 100% modulus
[MPa]

300% modulus
[MPa]

Tensile strength
[MPa]

Elongation at break
[%]

Pure NR 0.9±0.1 2.2±0.2 29.5±2.0 738.5±13.3
NR-C/mDES0 3.3±0.2 10.9±0.2 31.3±2.3 532.3±15.1
NR-C/mDES2.5 3.9±0.3 12.8±0.3 32.4±1.7 503.8±22.6
NR-C/mDES5 3.5±0.3 12.8±0.3 34.6±1.9 502.7±20.1
NR-C/mDES10 2.4±0.2 11.9±0.2 19.9±2.5 419.1±17.8
NR-C/mDES20 2.1±0.2 8.6±0.3 16.5±1.2 398.2±16.7



that of one without mDES. This clarifies the fast re-
sponsibility of the composites due to the addition of
the DES, reflecting good sensitivity at the applied
strain. Thus, at 0–50% strain, similar GF is received
and not applicable for interpreting the sensitivity of
the CNRC. In addition, the sensitivity of the present-
ed CNRC to other conductive composites is based
on the TPU, SR, and PDMS matrices indicated in
Table 5. It is clearly seen that the NR-C/mDES5 had

the highest maximal GF value relative to the others
used matrices. The two different reasons for the ob-
tained results are related to (i) the high molecular
weight of NR, which causes superior elasticity to the
material, and (ii) the long molecular chain of NR,
which provides a high degree of chain entanglement
that resists breakage of the material. This is also the
phenomenon for affirming the sensing performance
of the CNRC owing to the addition of the mDES.

Cyclic testing
Dynamic testing provides useful insights into the
sensing behavior of the long-term performance of a
composite sensor system [42]. Dynamic cyclic tests
are performed to ensure the sensor signal's repeata-
bility under the given strain [53]. This indicates the
linearity of the sensor signal response during loading
and unloading, the signal drift, and the reliability of
the sensor in terms of how the signal response
changes after many consequent cycles of loading and
unloading. Figure 10 shows the variation of stress-
strain curves in the case of pure NR and CNRC with
and without mDES. The samples have been cycled
20 times from 0–50 and 50–100% strains. It is found
that the CNRCs showed lower stress during 2nd cycle
than the 1st cycle of the dynamic test when compared
to pure NR. This is attributed to the detachment of
rubber from filler surfaces as a result of poor filler
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Figure 8. The morphologies based on optical microscope detection of the CNRCs with various mDES contents at 0, 2.5, 5,
10, and 20 phr, respectively, using a magnification of 100×. The purple area refers to the agglomeration areas of
the fillers, whereas the AVG% d is the average% dispersion of the filler inside the NR matrix. a) NR-C/mDES0,
b) NR-C/mDES2.5, c) NR-C/mDES5, d) NR-C/mDES10, e) NR-C/mDES20.

Figure 9. Relative resistance (Rrel) and stress as a function
of strain together with the GF values calculated
from the slope of the plot of Rrel changes at 80–
100% strain.



reinforcement efficiency. However, comparing the
composites, the sample with mDES exhibited higher
stress than without mDES. It is expected that the in-
corporation of mDES causes improvement in the
dispersion of CNT-CCB hybrid fillers which subse-
quently increased the reinforcement efficiency in the
NR matrix.
For the investigation of signal drift under strain, the
maximum stress of each cycle (σmax-Cy) needs to be
examined. Here, the difference in σmax-Cy at the first
cycle of the one without and with pre-straining is due
to the detachment of NR molecules from the filler sur-
face, which is increased with the degree of extension
ratio. Based on the σmax-Cy of the composites with and
without mDES, it is found that the addition of mDES
significantly helped the composites by lowering the
% change of σmax-Cy along with the cyclic testing.
This correlated well to the relation of stress-time

curves at 0–50 and 50–100% indicated in Figures 11e–
11h. In addition, to examine the effect of DES on the
hysteresis of the NR composites, the difference of
σmax-Cy and σmin-Cy (i.e.minimum stress of each cycle)
is known as the correlation of the estimated hystere-
sis of the CNRC was interpreted. It is seen that the
larger different values are found after the addition of
DES. This means that the NR-C/DES5 composite had
higher energy dissipation than the one without DES
during the help of DES phase, which causes im-
provement of reinforcement efficiency relating well
dispersion and distribution of fillers throughout the
NR matrix.
Considering the variation of Rrel value upon applying
and releasing strain, the different Rrel behaviors of NR
composites under loading and unloading cycles at 0–
50 and 50–100% strains are shown in Figures 11a–
11d. In Figure 11, the Rrel of the composites exhibited
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Table 5. Sensing performance comparison of the CNRC with and without the addition of DES relative to other referenced
matrix composites, where *a, *b, *c, and *d are assigned to thermoplastic polyurethane (TPU), reduced graphene oxide
(rGO), polydimethylsiloxane (PDMS) and silicone rubber (SR), respectively.

Samples Sensor type Stretchability Linearity Maximal GF 
NR-C/mDES0 Resistive 100% Three linear regions 488.0
NR-C/mDES5 Resistive 100% Three linear regions 1653.0
TPU*a/rGO*b      [50] Resistive 100% Two linear regions 79.0
PDMS*c/CNT    [51] Resistive 100% Two linear regions 87.0
SR*d/GP             [52] Resistive 012% Two linear regions 164.5

Figure 10. Stress-strain curves of pure NR and their composites without and with mDES during the 20 cycles of the dynamic
tensile testing at 0–50 strain and 50–100% strain. a) Pure NR, b) NR-C/mDES0, c) NR-C/mDES5.



a decreasing trend as the number of cycles increased,
and this reduction in resistivity was more pronounced
at the beginning of the test. A decrease in Rrel is

observed during the cyclic test caused by softening
of the matrix due to the breakage of filler-filler con-
tacts and the detachment of NR molecules from
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Figure 11. Variation of Rrel value upon applying and releasing strains of a) CNRC without mDES, b) CNRC with 5 phr
mDES together with the relation of stress and time of e) CNRC without mDES and f) CNRC with 5 phr mDES
on performing the dynamic tests in 20 cycles at 0–50% strain. Also, Rrel and stress changes as a function of time
during the dynamic tests at 50–100% strain of CNRC without and with mDES 5 phr are shown in c), d), g), and
h), respectively.



CNT/CCB surfaces [13, 41]. Repeated stretching and
contracting during the cyclic strain test increase the
contact surface areas of the existing conductive par-
ticles due to the occurrence of multiple contacts of
each particle. At the same time, the additional con-
ductive pathways established during stretching and
releasing reduce the electrical resistance [42, 54]. In
addition, it is also seen in Figure 11 that the resistiv-
ity of the composites increased upon the application
of mechanical force because of the change in dis-
tance of separation between the particles, and fur-
ther, the resistivity is found to be decreased with
strain. This is typical behavior of piezoresistive com-
posites known as the positive strain effect or positive
response. However, the further contraction (i.e., de-
creasing strain) results in increasing resistance, lead-
ing to an additional peak in each cycle. This peak ex-
hibited a negative strain effect that has already been
reported in the literature [2, 49]. The existence of a
shoulder peak or a negative response during load-
ing-unloading cycles indicates the formation of de-
struction and reconstruction of conductive pathways
[55, 56]. Also, buckling of the sample, as shown in
Figure 11e, was another reason for the more pro-
nounced shoulder peak. However, in Figure 11b, the
composites with mDES exhibited a smaller negative
effect on the peak as compared to the composites
without mDES (Figure 11a). This can be related to the

synergy of plasticizing by mDES that provides better
dispersion of CNT-CCB hybrid fillers, originating
infinite 3D CNT-CCB pathways inside the NR ma-
trix. In addition, the partly wetted CNT by mDES
accelerated the dispersion of CNT and supported the
network formation with narrow filler-filler contacts
that led to an increase in the conductivity of com-
posites by reducing the shoulder peak. Figure 11d
shows that the shoulder peak of NR composites at
50–100% strain was significantly decreased from the
NR composites at 0–50% strain (Figures 11a and
11b). It can be related to the visco-elastic behavior of
the composites upon changing the extension ratio
and addition of mDES, as shown in the proposed
mechanism (Figure 12). On increasing the extension
ratio of the composites (Figure 12a), the detachment
between NR molecules and filler surface has oc-
curred, and therefore, the restriction of NR deforma-
tion is lowered. This phenomenon reduces the elastic
nature of NR molecules to regain the original shape
and finally decreases the buckling phenomena. Thus,
the secondary peak of the electrical signal is found to
be minimized. However, with no significant changes
in the bending degree of the composites after releas-
ing forces and the addition of DES eliminates the ap-
pearance of the unnecessary peak. In Figure 12c, it
is seen that the wetting of DES on the surface of
CNT-CCB indicates tunneling of current through the
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Figure 12. Proposed models of the CNRC without and with mDES during extension. a) Changes in the appearance of spec-
imens during stretching and releasing. b) The proposed image of filler network formation of CNRC without
mDES when applying stress. c) The schematic mechanism of mDES wetting on the CNT-CCB surfaces acceler-
ated the CNT-mDES-CNT and CNT-mDES-CCB linkages in CNRC with mDES during extension.



linkages of CNT-DES-CNT and CNT-DES-CCB
even though it consists of separation between them.
Therefore, under dynamic conditions, the DES sta-
bilized well the transport of electric current through-
out the NR matrix and effectively minimized the sig-
nal errors.

Quasi-static testing
The applicability of CNRC with 5 phr mDES and
without mDES has been studied in soft actuators.
The sensor has to measure the same strain at differ-
ent intervals of time. Rubber molecules are linked
with stress relaxation phenomena that exhibit the ef-
fect of the piezoresistive response of the strain sensor
[57]. Therefore, a quasi-static test can be conducted
to study the effect of relaxation and drifts on the sen-
sor performance due to the interconnection between
the rubber-filler, where the stress is held constant with
time [58]. Figure 13 shows the quasi-static results of
NR composites with and without mDES focusing on
stress and Rrel relaxation at constant strain and strain
varying between 50–100%. In Figure 13a, it is seen
that the stress relaxation is 6.9 and 7.5% in the cases
of CNRC with and without mDES, respectively.
This means that NR molecular chains and CNT-CCB
particles with mDES build a more stable network,
and it cannot be easily moved due to the better dis-
persion of filler in the NR matrix. The results corre-
lated with the electrical relaxation represented in

Figure 13b. As expected, the value of Rrel increases
on applying strain and decreases when the strain is
lowered. When the strain is held at a constant ratio,
the Rrel decreases to approximately 41.4% for the
composite without mDES and 36.0% for the one
with mDES. This reduction in relaxation of CNRC
with mDES can be explained by molecular chain
bridging among the filler particles by mDES, al-
though the sample experiences buckling. As already
mentioned, mDES helps the electron transport
throughout the NR matrix by improving the electri-
cal conductivity, and the CNRC composites with
mDES5 exhibited better sensor performance com-
pared to others.

4.3 Use of CNRC filled with mDES5 to detect
motion of the soft tendon-based actuator

Fabrication of soft tendon-based actuator
A soft tendon-based actuator has been designed with
one joint (flexible hinge), as can be seen in Figure 14.
Here, the tendon-based actuator was fabricated by
fused deposition modeling (FDM), a method of ma-
terial extrusion additive manufacturing. For the fab-
rication, A Raise Pro 2 FDM 3D printer from Raise
3D (Irving, Texas, USA) was used. The material used
for the actuator was 1.75 mm TPU filament with
Shore hardness 90A, supplied by Spectrum (Pecice,
Poland). The temperature used during printing was
230°C for the printing head and 45°C for the printing
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Figure 13. a) Mechanical behavior by means of stress as a function of time of the CNRC without mDES and with 5 phr
mDES during the quasi-static testing. The tests were performed by stretching and releasing the CNRC in 50–
100% strain together with a dwell time of 60 s at minimal and maximal strains. b) The Rrel signal relaxation be-
havior in a quasi-static strain cycling test of CNRC without mDES and with 5 phr mDES relative to time.



bed. The filament was printed with a speed of 20 mm/s
and an extrusion multiplier of 1.2.
For the actuation, a tendon consisting of 0.3 mm
copper wire coated with polytetrafluoroethylene was
attached to a Dynamixel AX-12A servomotor from
Robotis (Lake Forest, Illinois, USA). For the control
of the servomotor, an Arduino Mega microcontroller
with an external power supply was used. The actu-
ator was programmed to move from open position
to closed position with a 2 s delay in each position
(Figure 14c).

Sensing the motion of the tendon-based actuator
To detect the motion of the tendon-based actuator, a
dumbbell-shaped sensor was used, similar to the
samples used in tensile testing experiments. The

CNRC was fixed on the actuator using Sil-Poxy glue
from Smooth-On (Macungie, Pennsylvania, USA),
as seen in the installation details (Figure 15). The
CNRC sensor was connected with a multi-meter
using electrical safety grippers to detect the motion
of the actuator and the sensor signal, as shown in
Figure 15 and Appendixes 1 and 2. It is seen that the
monotonic sensor signal could be achieved. Howev-
er, a significant drift could be observed owing to the
breakage of filler networks and detachment of NR
molecules from the CNT/CCB surfaces related to the
extension of CNRC, as also found in the cyclic test
displayed in Figure 11. Figure 15 shows no second
peak even though it has been strained several times.
Therefore, the bending motion of a soft tendon-
based actuator can be detected by the CNRC with
5 phr mDES.
In an additional experiment, the actuator design and
tendon material are changed, as shown in Figures 16.
Based on these results, it can be proposed that the
drift shown in Figure 15 is also affected by the actu-
ator design and the tendon material. According to
Figure 14, the design of the actuator is investigated
by varying the thickness of the position at Actu -
al J(Y), which connects the Actual P(X) and P(Z)
parts. Figure 16a shows the Rrel change of CNRC sen-
sor fixed on the actuator with different thicknesses
of Actual J(Y), namely 2, 3, and 4 mm. It is seen that
a similar monotonic sensor signal is represented for
all different hinges, although the drifts are slightly
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Figure 14. Computer-aided design (CAD design) of the soft
tendon-based actuator for the top view (a) and
side view of the design (b) and the printed mate-
rial (c).

Figure 15. a) Steps of setting the tendon-based actuator with integrated CNRC sensor and b) the variation in resistance during
the motion of the actuator.



different due to the difference in stress inside the
hinge. Figure 16b shows the effect of the tendon
cross section on the Rrel. The actuator with 3 mm of
Actual J(Y) was chosen for the test with different
cross sections and cladding types of metal tendons
such as 0.06 mm2 (polytetrafluoroethylene, PTFE),
0.14 mm2 (thermoplastic elastomer, TPE (styrene-
ethylene-butylene-styrene copolymer)), 0.23 mm2

(polyvinyl chloride, PVC) and 0.35 mm2 (PVC). It is
observed that the different tendon types exhibited
slightly different drifts within the cyclic sensor signal.
Also, in the case of PVCs with smaller tendon cross-
sections, the greater Rrel changes of the CNRC sen-
sors are observed. In addition, based on Figure 16,
different drift values (DV) are represented where the
different designs and tendons are shown. Here, the
Rrel at 25 and 50 cycles are considered since the Rrel
below 25 cycles is disturbed by filler-filler and rub-
ber-filler attractions. The sensor with the lowest DV
is recommended as the most stable sensor in the case

of the actuator with an actual J(Y) of 3 mm by using
a SEBS tendon with a 0.23 mm2 area. It clarifies the
possibility of the proposed CNRC to be used as a
hyper-elastic sensor for a tendon-based actuator with
a selected composite.

5. Conclusions
The processability, electrical conductivity, tensile
properties, and piezoresistive behavior of the conduc-
tive NR/CNT-CCB composites (CNRC) filled with
various mDES loadings were investigated in the pre-
sented work. The proper mDES (aZnO:DES) ratio in
NR composite of 1:1 was obtained for achieving op-
timal elastic and electric properties. The combination
of appropriate mDES promoted processability well
with a shorter cure time and high tensile properties.
Additional ionic linkages based on mDES-CNT and
mDES-CCB with NR molecules under the proper
mDES concentration were the reason behind the en-
hancement of composite properties. The wettability
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Figure 16. Variation in Rrel of CNRC sensor fixed on the actuator during the motion of actuator together with drift value
(DV) calculated from (C25 – C50)·100/C25. Where C25 and C50 refer to Rrel of the composites upon moving for 25
and 50 rounds, respectively. a) Different designs of the actuator by changing the thickness of the hinge at the po-
sition of Actual J(Y) for 2 (DV 13.75), 3 (DV = 11.29), and 4 (DV = 12.20) mm with the SEBS tendon area of
0.23 mm2. b) Different tendon areas and types of PVC for 0.06 mm2 (DV = 13.25) and 0.14 mm2 (DV = 10.86),
SEBS for 0.23 mm2 (DV = 11.63) and PTFE for 0.35 mm2 (DV = 12.13).



of mDES on the CNT-CCB surfaces provides the op-
portunity for electron movement even if it was bent
from the un-proper relaxation degree of the rubber
matrix. This causes CNRC in the presence of mDES
to exhibit better sensing response with tunable pos-
itive piezoresistivity, while the negative result has
occurred in the one without mDES. Under the virtual
test of recoverability, reproducibility, and time de-
pendence behavior, the present work demonstrates
that the CNRC can be applied in strain sensor appli-
cations with balanced sensitivity of proper straining
ratio, particularly for the monitoring tendon-based
actuator motion. Tunable piezoresistive NR compos-
ite was identified as a functional material for newer
applications in soft robotics and human body moni-
toring in the near future.
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