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Abstract: Carbon nanomaterials, particularly carbon nanotubes (CNTs), are widely used
as reinforcing fillers in rubber composites for advanced mechanical and electrical appli-
cations. However, the influence of rubber functionality and its interactions with CNTs
remains underexplored. This study investigates electroactive elastomeric composites fab-
ricated with CNTs in two common diene rubbers: natural rubber (NR) and acrylonitrile-
butadiene rubber (NBR), each with distinct functionalities. For NR-based composites con-
taining 2 vol% CNTs, mechanical properties, such as elastic modulus (2.24 MPa), tensile
strength (12.48 MPa), and fracture toughness (26.92 MJ/m?3), show significant improve-
ments of 125%, 215%, and 164%, respectively, compared to unfilled rubber. Similarly, for
NBR-based composites, the elastic modulus (5.46 MPa), tensile strength (13.47 MPa), and
fracture toughness (82.89 MJ/m?) increase by 94%, 22%, and 65%, respectively, over the
unfilled system. Although NBR-based composites exhibit higher mechanical properties,
NR systems show more significant improvements, suggesting stronger chemical bonding
between NR chains and CNTs, as evidenced by dynamic mechanical, X-ray diffraction,
thermogravimetric, and thermodynamic analyses. The NBR-based composite at 1 vol%
CNT content exhibits 261% higher piezoresistive strain sensitivity (GF = 65 at 0% < Ae <
200%) compared to the NR-based composite (GF = 18 at 0% < Ae < 200%). The highest
gauge factor of 39,125 (1000% < Ae < 1220) was achieved in NBR-based composites with 1
vol% CNT content. However, 1.5 vol% CNT content in NBR provides better strain sensi-
tivity and linearity than other composites. Additionally, NBR demonstrates superior elec-
tromechanical actuation properties, with 1317% higher actuation displacement and 276%
higher electromechanical pressure compared to NR at an applied electric field of 12 kV.
Due to the stronger chemical bonding between the rubber and CNT, NR-based compo-
sites are more suitable for dynamic mechanical applications. In contrast, NBR-based CNT
composites are ideal for stretchable electromechanical sensors and actuators, owing to the
high dielectric constant and polarizable functional groups in NBR.

Keywords: functional rubber; dielectric elastomers; mechanical properties; thermodynamics;

filler-polymer interactions; electromechanical sensors and actuators

1. Introduction

Dielectric elastomer-based nanocomposites have recently garnered significant atten-
tion in the fields of science, engineering, and technology [1,2]. Modern engineering
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devices require high stretchability, durability, conductivity, and robustness. Rubber pol-
ymers exhibit these features due to their low glass transition temperatures and excellent
dynamic properties. However, despite these advantages, rubbers often present draw-
backs, such as poor thermal, electrical, and magnetic properties, which limit their appli-
cation as electroactive or magnetoactive materials [3,4]. To enhance these properties, rub-
ber can be blended with particulate fillers that provide special functionalities [5,6]. For
instance, blending rubber with magnetic fillers can introduce magnetic properties into the
composite [7,8]. Similarly, incorporating thermal or electrical conducting fillers can signif-
icantly improve its thermal and electrical properties [9]. Additionally, the fabrication of
rubber composites is cost-effective, straightforward, and reliable, making it a viable op-
tion for industrial applications.

Different types of reinforcing and non-reinforcing fillers can be used to enhance the
desired properties of rubber composites. Filler morphology, surface characteristics, and
filler dispersion are critical factors that govern the ultimate properties of these composites
[10]. Inorganic fillers, such as silica, clay, and minerals, are well-known as effective rein-
forcing fillers for rubbers [11]. However, to achieve improved properties, these fillers often
require surface treatments [12], which can be expensive and time-consuming. For over a
century, carbon materials, such as carbon blacks, have been utilized as reinforcing fillers
in tires [13]. Carbon materials exhibit strong m—m interactions, in addition to van der Waals
forces with diene rubbers, making them suitable for reinforcement without requiring sur-
face treatments. Furthermore, carbon materials significantly enhance heat buildup, abra-
sion, and aging resistance properties [14,15]. Consequently, carbon materials continue to
be regarded as effective reinforcing fillers for commercial diene rubbers. However, due to
their low aspect ratio and surface area, carbon blacks require larger quantities to achieve
effective reinforcement. Among various carbon materials, graphitic nanocarbons, such as
nanographite, graphene, and carbon nanotubes (CNTs), significantly improve the thermal
and electrical properties of rubbers, making them ideal for advanced mechanical and elec-
trical applications [16]. For example, multiwalled carbon nanotubes (CNTs) exhibit elec-
trical conductivities of approximately 20-2 x 107 S/m [17] and thermal conductivity values
around 3000 W/mK [18], which are suitable for preparing rubber composites with excep-
tional thermal and electrical conductivities. Recently, CNT-based elastomer nanocompo-
sites have found numerous applications in flexible devices for strain sensing [19], robotics
[20], energy harvesting [21], electromagnetic interference shielding [22], and other fields
[23]. The properties of these composites depend on various factors, including filler mor-
phology, dispersion, and filler—-polymer interactions. For many advanced applications,
mechanical stability is crucial while maintaining uniform conductivity in the nanocompo-
sites [24-26]. Elastomers, such as natural rubber [27], styrene-butadiene-styrene rubber
[28], carboxylated acrylonitrile-butadiene rubber [29], and silicone rubber [30-33], have
been used to fabricate CNT-based nanocomposites, and their properties have been exten-
sively investigated. Most studies have focused on properties related to filler characteris-
tics, morphology, and distribution within the rubber matrix. Some researchers have de-
veloped strain-sensing composites based on natural rubber and acrylonitrile-butadiene
rubber, incorporating conducting carbon materials [34-36]. From the reported gauge fac-
tor values, it has been observed that nitrile rubber-based composites exhibit better sensi-
tivities compared to natural rubber-based composites [34-36]. Since strain sensitivities
were studied separately, there has been limited exploration of how sensitivities vary with
different functional rubbers. Several types of strain-sensing composites can be fabricated
with conducting fillers embedded in dielectric polymer materials [37]. Among these, re-
sistive and capacitive types are the most widely studied [37]. It has been demonstrated
that embedding conducting materials in insulating materials leads to enhanced dielectric
properties due to the formation of micro capacitors [38-41]. Since different rubbers have
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varying dielectric constant values, the capacitance of rubber composites can differ, which
in turn, affects their strain sensitivities. In addition to electrical applications, acrylonitrile-
butadiene rubber is widely used in membrane and oil field technologies due to its excel-
lent oil resistance properties [42,43].

Although electroactive rubber composites have been developed and continue to be
improved for enhanced sensitivity and mechanical robustness, it is well known that dif-
ferent rubbers exhibit varying affinities for filler materials, leading to differences in filler
dispersion. Filler dispersion and, ultimately, filler-polymer interactions can result in var-
iations in mechanical properties. Moreover, while rubber-based composites have been
shown to be electroactive, the effects of functional groups on their performance have yet
to be fully explored. Due to the dielectric variation and polarizability of the functional
groups in rubber, these materials may exhibit different behaviors in the presence of an
electric field. Some rubbers, such as acrylonitrile-butadiene rubber, contain polarizable
nitrile functional groups that can rearrange their dipoles in the direction of the induced
electric field, resulting in rubber chain contraction. These characteristics are particularly
important for achieving variable stiffness in artificial muscles or soft robotics [44,45].

In this research, we aim to demonstrate that functional rubbers with different func-
tional groups play a critical role in the properties of electroactive materials. To achieve
this, we selected two different diene rubbers: natural rubber (cis-polyisoprene) and acry-
lonitrile-butadiene rubber (a copolymer of butadiene and acrylonitrile), each containing
methyl and nitrile side chain functional groups, respectively. Due to differences in elec-
tronegativity and bonding environments, these rubbers exhibit distinct dipole moments.
To create stretchable electroactive rubber composites, varying amounts of multiwalled
carbon nanotubes (CNTs) were incorporated through solution blending. Diene rubbers
are known for their high stretchability and outstanding fracture toughness, which make
them ideal for producing stretchable thin films for various electronic applications. The
physical, mechanical, and electroactive properties of the composites were thoroughly in-
vestigated and compared, with a focus on how the rubber functionalities influence these
properties. The mechanism of filler—polymer interactions and their relationship with the
observed properties is critically discussed. Finally, the composites were evaluated for elec-
tromechanical activities, such as strain sensing and actuation performance.

2. Materials and Methods
2.1. Materials

Two different types of rubber were used: natural rubber (NR, STR 5L, >95% cis-pol-
yisoprene content) and acrylonitrile-butadiene rubber (NBR, KNB 35H, ~34% acrylonitrile
content), both purchased from Kumho Petrochemicals, Seoul, Republic of Korea. Various
rubber-grade curing additives, including zinc oxide, stearic acid, sulfur, accelerator tetra-
methyl thiuram disulfide (TMTD), and accelerator N-tert-butyl-benzothiazole sulfona-
mide (TBBS), were utilized to prepare the masterbatch rubber. The primary role of curing
additives is to form crosslinks between the rubber chains, resulting in significant improve-
ments in the elasticity and mechanical stability of the rubber compound. Masterbatches
from different rubbers were prepared by mixing on a two-roll mill for 30 min using similar
amounts of curing additives, expressed as parts per hundred rubber (phr). The composi-
tions in the masterbatches were as follows: 100 g of rubber, 5 phr zinc oxide, 2 phr stearic
acid, 1 phr TMTD, 1.75 phr TBBS, and 1.5 phr sulfur. The masterbatches were prepared
using the same sequences and methods as described in previous studies [46,47]. Toluene
(GR grade) was purchased from Daejung Chemicals & Metals, Siheung-si, Republic of
Korea. The multiwalled carbon nanotube filler (CNT, CM-100, density = 1.74 g/cm?) was
obtained from Hanwha Nanotech Corporation Ltd., Seoul, Republic of Korea.
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Raman spectra, X-ray diffraction patterns, scanning electron microscope (SEM), and
transmission electron microscope (TEM) images are shown in Figure 1a—-d. The character-
istic D band and G band peaks at ~1345 cm™ and 1575 cm™, respectively, and their relative
intensity ratio in the Raman spectroscopy (Figure 1a) indicate that the CNT contains sp?
and sp? carbon defects, which may exhibit chemical reactivity [48]. The X-ray diffraction
pattern of the CNT corresponds well to the hexagonal graphite structure (JCPDS card no.
00-008-0415) with various planes, as shown in Figure 1b. However, some major peaks also
match with the orthorhombic trans-polyacetylene crystal system (JCPDS card no. 00-047-
2029), suggesting that the CNT may contain other carbonaceous impurities. The SEM im-
age (Figure 1c) shows that the diameter of the CNT is less than 25 nm, and it exhibits a
very high aspect ratio. The TEM image (Figure 1d) clearly shows that the CNT is multi-
walled in structure.
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Figure 1. Characteristics of used carbon nanotubes. (a) Raman spectra, (b) XRD, (c) SEM image, and
(d) TEM image.

2.2. Fabrication of CN'T-Based Rubber Nanocomposites

To maintain uniform electrical conductivity in rubber nanocomposites, the solvent
blending technique was employed instead of dry mixing [49]. In solvent mixing, the rub-
ber chains are sufficiently free from intermolecular interactions, allowing the deposition
of rubber molecules onto the filler surfaces. This process enhances the wettability of the
filler surfaces by the rubber chains, thereby improving filler dispersion as well [34,35].
However, the environmental pollution associated with the use of toluene as a solvent can
be mitigated through the proper handling of the solvent [46,47].
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The method for fabricating CNT-based rubber composites is described elsewhere
[33]. Initially, 25 g of masterbatch rubber was placed in a jar, and 100 mL of toluene was
added and allowed to soak for approximately 24 h. After soaking, the rubber was homog-
enized by mechanical stirring to create a slurry. In a separate container, the required
amount of CNT (0 to 2.5 vol%) was combined with 100 mL of toluene and placed in an
ultrasonication bath for 30 min. The entire CNT solution was then added to the rubber
slurry and mixed thoroughly with a mechanical stirrer for 10 min. The CNT-mixed rubber
slurry was transferred to a flat tray and dried at 80 °C for approximately 24 h until it
reached a constant weight. The dried compounded rubber was then placed in a mold and
cured under compression at 150 °C for 15 min to ensure complete curing [49]. The cured
samples were stored in a refrigerator to minimize the effects of environmental aging. Prior
to the next characterization, the samples were brought to room temperature and allowed
to rest for approximately 24 h. The different CNT concentrations in the masterbatch rub-
ber are provided in Table 1.

Table 1. Mix compositions of different rubber composites.

Formulation Masterbatch (g) Amount of CNT in vol%

NR-unfilled 100 -
NR/(0.5 vol%)CNT 100 0.5*%
NR/(1.0 vol%)CNT 100 1
NR/(1.5 vol%)CNT 100 1.5
NR/(2.0 vol%)CNT 100 2
NR/(2.5 vol%)CNT 100 25

NBR-unfilled 100 -
NBR/(0.5 vol%)CNT 100 0.5
NBR/(1.0 vol%)CNT 100 1
NBR/(1.5 vol%)CNT 100 1.5
NBR/(2.0 vol%)CNT 100 2
NBR/(2.5 vol%)CNT 100 2.5

* To calculate the amounts of CNT in volume %, the densities of the unfilled rubbers were consid-
ered: 0.92 g/cm? for NR and 0.95 g/cm? for NBR.

2.3. Compressive and Tensile Mechanical Analyses

For compressive mechanical studies, cylindrical samples (height = 10 mm, diameter
=20 mm) were prepared. For tensile mechanical studies, dumbbell-shaped samples (ISO
37, type 2, gauge length =25 mm) were punched from 1 mm thick vulcanized sheets. Static
mechanical testing was conducted using a universal testing machine (UTM) equipped
with a 1 kN load cell. The motor speeds of the UTM were set at 2 mm/min for compressive
testing and 300 mm/min for tensile testing. For each specific value, the average of four test
specimens is reported.

2.4. Dynamic Mechanical Studies

Dynamic mechanical thermal analyses were conducted using a dynamic mechanical
analyzer (DMA Q800, New Castle, DE, USA) in tension mode, with a temperature range
of —100 to +100 °C and a heating rate of 2 °C/min, in a nitrogen atmosphere. Rectangular
test specimens with uniform dimensions (10 mm x 4 mm x 1 mm) were punched from the
rubber sheets and used for the DMA analyses.

2.5. X-Ray Diffraction Studies of Rubber Composites

XRD analyses of the rubber composites were conducted using 2 mm thick rubber
sheets in an X-ray diffractometer (PANalytical XpertPro, Malvern, Worcestershire, UK)
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with CuKa (0.154 nm) radiation. The scans were performed by varying Bragg’s angles
(20) from 10° to 30° at a scanning rate of approximately 4° per minute.

2.6. Scanning Electron Microscopic Studies

The morphologies of the tensile fractured surfaces were investigated using a scan-
ning electron microscope (FE-SEM, S-4800, Hitachi, Tokyo, Japan). Prior to SEM analysis,
the surfaces were coated with platinum using a sputtering machine.

2.7. Thermogravimetric Analyses

Thermogravimetric analyses of the rubber compounds were conducted using a TA
instrument (SDT Q600, New Castle, DE, USA) with a temperature range of 20-800 °C in a
nitrogen atmosphere.

2.8. Swelling and Thermodynamic Studies

To study the solvent swelling characteristics of the different rubber composites,
known amounts of vulcanized rubber were immersed in toluene for 7 days to reach equi-
librium at room temperature. Afterward, the samples were removed, and the weight of
the swollen sample was measured. The weight of the swollen solvent was determined by
subtracting the initial weight from the weight of the swollen sample. Finally, the swelling
index was calculated based on the weight of the swollen solvent relative to 100 g of rubber
compound.

The swelling of the solvent by rubber is a thermodynamic process where no internal
energy change is assumed [50]. Hence, the Gibbs equation for thermodynamic equilib-
rium can be expressed as shown in Equation (1):

AG = —TAS 1)

where AG represents the Gibbs free energy, and AS represents the conformational entropy
change due to solvent swelling. Since mixing filler with rubber is also related to an en-
tropic change, the change in entropy from unfilled to filled rubber may be attributed to
filler—polymer interactions. AG can be measured according to the Flory—-Huggins equation
[51], as shown in Equation (2):

AG = RT[In(1 = V,) + V, + xVZ] 2

where R is the gas constant, T is the temperature in the absolute scale, V: is the volume
fraction of rubber in the swollen specimen, and Y is the interaction parameter in the rub-
ber-solvent system. The V: values were obtained from equilibrium swelling data using
Equation (3):

Ve = {(wy/dp)}/{(we/dp) + (ws/ds)} 3)

where wr and ws are the weights of rubber and solvent, respectively, and dr and ds are the
densities of rubber and solvent, respectively. The density of the solvent (toluene) was 0.87
g/cm3, and the x values for the NR-toluene and NBR-toluene systems were taken as 0.378
and 0.425, respectively, from existing literature [52,53].

2.9. Strain Sensing and Electromechanical Actuation Studies

The piezoresistive strain sensing behavior of the rubber composites was studied us-
ing a Keithley 2634B source meter under uniaxial tensile strain, employing dumbbell-
shaped specimens. Uniform strain was applied using a tensile testing machine, and the
corresponding resistances were recorded. The relative resistance was calculated using the
formula presented in Equation (4):
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Relative resistance (%) = (R — Ry) X 100/R, 4)

where R is the resistance at a certain strain, and Ry is the initial resistance.

The capacitance of the composites was measured using cylindrical samples (d = 20
mm, h =10 mm), with two electrodes placed on opposite sides.

The dielectric actuation performances of different unfilled rubbers were studied us-
ing 0.1 mm thick electrodes, based on 2 phr CNT and room temperature vulcanized sili-
cone rubber, which were painted on both sides of 1 mm thick, 6 cm x 6 cm square-shaped
test specimens, as described elsewhere [54,55]. The actuation displacement under DC volt-
ages was measured using a laser sensor (Opto NCDT 1302, Micro-Epsilon Messtechnik,
Ortenburg, Germany). The schematics of the actuator sample and the actuator setup are
provided in Figure 2a,b.

The equivalent electromechanical pressure (Peq), which is twice that of the electro-
static pressure, was determined according to the formula presented in Equation (5):

Peq = €0, V?/2? (5)

where ¢ is the vacuum permittivity (8.85 x 1072 F/m), &: is the dielectric constant of the
rubber, V is the applied voltage, and z is the thickness of the rubber slab during defor-
mation. The value of z was calculated by considering the change in the diameter of the
electrode, assuming no net volume change after actuation. The &r values of unfilled NR
and NBR were taken as 2.70 and 8.28, respectively, at room temperature and 1 kHz fre-
quency, as reported in the literature [56,57].

3 cm A’—’ Back electrode \

— Rubber slab \

Front electrode \
————— > b

Front view Back view

AN

// N\——+ Upper plate
Electrode

Rubber slab

N\ P Lower plate

/

Figure 2. (a) Schematic of actuator samples and (b) schematic of actuator.

3. Results and Discussion
3.1. Mechanical and Physical Properties

The compressive mechanical properties of the rubber compounds are presented in
Figure 3a—c. Figure 3a,b shows the compressive stress—strain relationships for NR- and
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NBR-based rubber composites. From these figures, it is evident that the stress value in-
creases with increasing strain and CNT content. However, no significant increase in the
ultimate stress values at 35% compressive strain is observed beyond 1.5 vol% CNT con-
tent. The substantial increase in ultimate stress values with respect to the filler content up
to 1.5 vol% CNT may be attributed to the development of filler-rubber interfacial interac-
tions, which become saturated at this level [58]. The slight increase in ultimate stress val-
ues beyond this critical filler content suggests that no significant additional filler-rubber
networks are developed, and filler aggregation may occur beyond 1.5 vol% CNT content.
It is believed that, above a certain threshold, the filler particles are weakly adhered to each
other via van der Waals forces, resulting in minimal additional stress in the rubber com-
posites. This hypothesis is further supported by the elastic modulus values presented in
Figure 3c. From this figure, it is clear that the elastic modulus increases more rapidly up
to 1.5 vol% CNT loading in the rubber composites. Beyond this threshold, there is only a
slight increase in the elastic modulus due to the rigidity of the CNT, which is much higher
compared to the rubber matrix.
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Figure 3. Compressive mechanical properties. (a) Stress—strain curves of NR-based nanocomposites,

(b) stress—strain of NBR-based nanocomposites, and (c) elastic modulus.

The tensile mechanical properties of the rubber compounds are presented in Figure
4a—f. Figures 4a and 4b show the tensile stress—strain curves for NR- and NBR-based rub-
ber compounds, respectively. The stress values of the unfilled rubber are significantly en-
hanced by the addition of reinforcing CNT in the rubber matrix. The stress—strain curves
also reveal that there are no significant enhancements in the stress—strain slopes after the
addition of 2 vol% CNT. This suggests that rubber—filler interfacial interactions are opti-
mized at this filler concentration. A slight enhancement in the stress—strain slope beyond
the optimum filler amount may be attributed to fillerfiller interactions, which could
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result from anisotropic filler distribution [58]. Interestingly, when comparing the stress—
strain slope values of different rubber systems, the slope values are higher for NBR sys-
tems than for NR systems at lower strain amplitudes. However, the slope value for NBR
systems decays more noticeably than that for NR systems, as strain increases. This reduc-
tion in the stress—strain slope at a higher strain may be due to the breakdown of filler

networks [59].
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Figure 4. Tensile mechanical properties of rubber nanocomposites. (a) Stress—strain of NR-based com-
posites, (b) stress—strain of NBR-based composites, (c) M50, (d) T.S, (e) E.B, and (f) fracture toughness.

From Figure 4c, it can be observed that the moduli at 50% strain (M50) are higher for
NBR-based composites compared to NR-based composites at similar filler contents. How-
ever, at strains exceeding 300%, the moduli of NBR-based composites are lower than those
of NR-based composites. These results suggest that the addition of CNTs to NBR rubber
primarily enhances the viscous modulus rather than the elastic modulus, likely due to
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weak physical bonding, which degrades more easily with increased strain [59]. This hy-
pothesis is further supported by the dynamic mechanical studies presented in a later sec-
tion. Since physical bonding, such as that through van der Waals forces, diminishes more
rapidly with increasing deformation, it can be inferred that the CNT filler is primarily
bound by a higher number of physical bonds. As a result, the modulus is higher at lower
deformation but degrades more quickly with increasing strain. In contrast, the NR matrix
is likely to form a higher number of chemical bonds with the filler, as discussed later in
the dynamic mechanical and thermal properties sections. These chemical bonds are more
stable and do not degrade as easily as physical bonds, allowing the NR-based composites
to retain their strength at higher strains. Additionally, the stress—strain slope may degrade
up to a certain strain and then increase again due to the strain-induced crystallization of
the rubber chains.

The specific tensile mechanical properties, including tensile strength (T.S.), elonga-
tion at break (E.B.), and fracture toughness, for the composite materials are shown in Fig-
ures 4d, 4e, and 4f, respectively. From Figure 4d, it is evident that NBR-based composites
exhibit higher tensile strength than NR-based composites. Additionally, the NBR-unfilled
compound demonstrates higher tensile strength than the NR-unfilled compound. How-
ever, the tensile strength values increase more rapidly with the addition of filler in the NR
systems. In both rubber systems, the tensile strength reaches a maximum at 2 vol% CNT
content, indicating that uniform filler dispersion is optimized at this level. The elongation
properties are presented in Figure 4e, where it is observed that the addition of filler re-
duces the polymer chain stretchability. These results suggest that the filler introduces ad-
ditional forces, such as chemical or physical bonding, which restrict the movement of the
rubber chains. More importantly, from Figure 4f, it can be seen that fracture toughness
increases rapidly with the addition of filler. The maximum toughness values are achieved
at 1.5 vol% CNT content, and beyond this amount, the fracture toughness slightly de-
creases. It is clear that the tensile strengths of NR- and NBR-based composites at 2 vol%
CNT content reach maximum values of 12.48 MPa and 13.47 MPa, which are approxi-
mately 216% and 22% higher, respectively, than those of the neat rubbers. Similarly, the
fracture toughness values of NR- and NBR-based nanocomposites at 1.5 vol% CNT con-
tent reach peak values of 27.46 MJ/m? and 91.43 M]/m3, which are 169% and ~82% higher,
respectively, than those of the neat rubbers. These results suggest that both types of rubber
exhibit a similar trend in mechanical properties with respect to the filler amounts, with
the optimal values for tensile mechanical properties obtained at 1.5 to 2 vol% CNT content.
Beyond this point, the filler particles tend to aggregate significantly, leading to a reduction
in mechanical properties.

To better understand the interfacial interactions between rubber and CNT, the dy-
namic mechanical analyses of unfilled rubber and 2 vol% CNT-containing rubber compo-
sites were conducted. The different dynamic mechanical properties are presented in Fig-
ure 5a—c. From Figure 5a, it can be seen that the loss modulus reaches its maximum value
at the glass transition temperature (Ts). As the temperature increases beyond Tg, the loss
modulus decreases. The loss modulus after Tg is higher in the 2 vol% CNT-filled rubber
composites compared to the unfilled rubber systems. This may be due to the enhanced
viscosity resulting from rubber—filler interfacial interactions. Higher loss modulus values
in neat NBR compared to neat NR in the rubbery state suggest that stronger polymer—
polymer interactions exist in NBR. To confirm a more homogeneous filler dispersion, the
solvent blending technique was employed in this study, which involves solvent-diluted
polymer chains. The addition of CNT filler significantly improves the loss modulus val-
ues, likely due to the development of filler-rubber interactions. Similarly, the storage
modulus in Figure 5b increases with the addition of the rigid filler. The loss factor (tan d)
plots for different rubber compounds are shown in Figure 5c. It was found that the height
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of the tan 0 peak at T; is reduced with the addition of CNT. However, a slight increase in
T suggests that additional chemical bonds may form between the active sites of CNT and
the NR matrix, or that CNT may enhance the number of sulfur crosslinks, as NR has a
higher number of crosslinking sites than NBR. In the case of NBR, a slight decrease in T;
indicates that CNT may interact with the rubber through van der Waals-type physical
forces, which enhances the modulus values. For strong filler—polymer interactions, the
height of the tan d peak always decreases but does not always result in an increase in Tg
compared to the neat polymer [60]. From the loss factors at higher temperatures, it can be
inferred that NBR-based composites exhibit higher heat buildup properties than NR-
based composites. Therefore, for dynamic applications, such as in tires, CNT-based NR
composites may be more preferable.

a b
( ),\ 10° . . . ( ),_\ 10° . . .
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S ©
107+ el 10°
-100 -50 0 50 100 -100 -50 0 50 100
Temperature (°C) Temperature (°C)

© ,
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Figure 5. Dynamic mechanical properties. (a) Loss modulus, (b) storage modulus, and (c) tan o.

To investigate the state of filler distribution in the rubber matrix, XRD and SEM studies
were performed. The XRD patterns of different rubber composites are provided in Figure
6a,b. The broad XRD peak starting from 15° to 30° can be attributed to the amorphous rubber
phase [61]. From Figure 6a,b, it is evident that, as the amount of CNT increases, a stronger
002 plane peak at 26.426° for CNT is observed. The XRD curves show that below 2 vol%,
there is no intense 002 plane peak. However, with increasing filler amounts starting from 2
vol%, more intense 002 plane peaks are obtained for both rubber composites. The intense
002 plane peak may be attributed to the aggregation of CNT particles in the rubber matrix
[61]. The smaller increments in mechanical properties and thermodynamic parameters (dis-
cussed in a later section) at filler contents higher than 1.5 vol% suggest filler aggregation in
the rubber matrix. Furthermore, the higher intensity of CNT peaks in NR systems compared
to NBR systems after the optimum filler amount may indicate greater filler particle
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aggregation. This could be due to the lower physical interactions of NR chains with CNTs,
which promote the more pronounced aggregation of the filler particles.
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Figure 6. XRD patterns of rubber composites. (a) NR-based and (b) NBR-based.

The SEM images of unfilled and filled rubber composites are provided in Figure 7a—
d. Comparing Figure 7a with 7b and Figure 7c with 7d, it is evident that both rubbers
exhibit excellent filler dispersion, with the rubber additives well distributed in the 2 vol%
CNT-containing composites. The rough structures of the fractured surfaces in the SEM
images (Figure 7b,d) clearly indicate that the composites were toughened after the addi-
tion of reinforcing CNT to the neat rubber (Figure 7a,c).

g

? .,
% ‘ .

- 4

15.0kV 13.6mm x1.00k

Figure 7. SEM images of tensile fractured surfaces. (a) NR-unfilled, (b) NR/(2.0 vol%)CNT, (c) NBR-
unfilled, and (d) NBR/(2.0 vol%)CNT.
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3.2. Thermal Degradation Behaviors

The thermal properties of selected rubber compounds were studied, and the results
are provided in Figure 8a—c. Detailed discussions of different fragments of thermally de-
graded NR and NBR can be found elsewhere [62-65]. From the TGA curves in Figure 8a,b,
it is evident that CNT at 2 vol% significantly enhances the initial degradation temperature
(~3% weight loss) of NR but has a negligible effect on NBR. However, the initial degrada-
tion temperature of NBR-based compounds is much higher compared to NR-based com-
pounds. Additionally, the char residues of NBR-based compounds are comparatively
higher than those of NR-based compounds. These results indicate that NBR inherently
has higher thermal stability but exhibits less chemical interaction with CNT. On the other
hand, NR has lower thermal stability, but its interaction with CNT, likely through stronger
chemical bonding, improves the thermal stability by increasing the initial degradation
temperature and char residue. It is evident that 2 vol% CNT can enhance the initial deg-
radation temperature by approximately 15 °C in the NR/(2.0 vol%) CNT composite. The
derivative thermogravimetry (DTG) curves in Figure 8c suggest that NBR-based com-
pounds have higher thermal stability and a lower degradation rate compared to the NR-
based compound [62-65].

(b) 100

100 4 = e NR-unfilled i e NR-unfilled
. = NR/(2.0v0l%)CNT —— NR/(2.0v01%)CNT
\, = NBR-unfilled 98 = NBR-unfilled .
_ 80+ NBR/(2.0v0l%)CNT - - NBR/(2.0vol%)CNT
&\O/ Q\O/ 96 - E
2 60 1 £
D D
g 40- | g 94+ 4
20 i 92 - i
0 T T 90 T T T T T T T
0 400 600 800 260 280 300 320 340 360 380 400

Temperature (°C)

Temperature (°C)

—~
@)
~

2.0 T T T
e NR-unfilled

g) —— NR/(2.0v0l%)CNT
= 151 —— NBR-unfilled |
S NBR/(2.0v0l%)CNT
e
£ A
2 10 ' ]
g -
2 051 ‘x ]
o) A
&) \ \

O — —

0 200 400 600 800
Temperature (°C)

Figure 8. Thermal degradation behavior of rubber compounds. (a,b) TGA curves and (c) DTA
curves.
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The DMA analyses reveal that NR exhibits stronger chemical interactions with CNTs,
forming chemical bonds between the rubber and filler, which results in a shift of Ts to a
higher temperature. In contrast, the Ty of CNT-containing NBR composites shifts to a
lower temperature, while the height of the tan d peak decreases, suggesting that physical-
type interactions exist between NBR and the filler. This finding is further supported by
the TGA analyses, which confirm that NR chains are grafted with stronger chemical bonds
to CNT particles, enhancing the thermal stability of the composite compared to the phys-
ically bonded CNT in NBR.

Regarding the chemical structures, NR consists of polyisoprene units, while NBR
contains butadiene and acrylonitrile units. The methyl group in NR is highly reactive [66],
which may form chemical bonds with the sp3 or reactive carbon atoms on the CNT sur-
face. Since the vulcanization reaction is primarily a radial-type reaction, curing additives
generate radicals [66]. These radicals can interact chemically with the active sites of the
rubber chains and CNT particles, forming chemical bridges between them. On the other
hand, NBR contains nitrile groups that are chemically less reactive for crosslinking, and
the backbone methylene protons cannot form crosslinks with the CNT particles, likely due
to steric hindrance. However, due to its permanent dipole, NBR has more physical inter-
actions, such as dipole-dipole and n—m interactions, compared to NR-based composites.

3.3. Swelling and Thermodynamic Properties

The swelling study is an essential and straightforward method for understanding the
polarity of rubber and its intermolecular interactions [67]. The different swelling and ther-
modynamic properties are presented in Figure 9a—d. From Figure 9a, it is evident that neat
NBR has a lower swelling index value than neat NR. This can be attributed to the polar
nitrile group in NBR, which leads to higher dipole-dipole interactions, as well as other
van der Waals interactions. Consequently, NBR exhibits stronger polymer—polymer inter-
actions, resulting in lower swelling in toluene compared to NR. With the addition of CNT,
NR shows a more pronounced reduction in its swelling properties compared to NBR.
Composites with 1.5 to 2 vol% CNT content exhibit the lowest swelling index values.
However, beyond 1.5 vol% CNT, the swelling index does not significantly decrease and
may even increase with further CNT addition. Therefore, to achieve a reduced swelling
index, the CNT content should not exceed 2 vol% in the rubber.

The types of interactions present in the rubber compounds are further clarified in
Figure 9b—d. From Figure 9b,¢, it is clear that the AG values are more negative, and the AS
values are significantly higher for NBR-based composites compared to NR-based compo-
sites. From a thermodynamic perspective, this indicates that NBR-based composites have
stronger total interactions, including polymer—polymer and filler-polymer interactions,
compared to NR-based composites. The higher binding strength in NBR-based compo-
sites is also reflected in their higher fracture toughness values and thermal stabilities com-
pared to NR-based composites. The contribution of filler to the total strength is deter-
mined by subtracting the AS value of unfilled rubber from that of filled rubber. Figure 9d
represents the specific contribution of filler to the AS value by AAS. It is evident from this
figure that AAS values are lower for NBR-based rubber composites compared to NR-based
composites at filler contents below 1 vol%. However, the trend reverses at higher filler
content. This could be due to higher polymer—polymer interactions controlling filler dis-
persion at lower filler concentrations, while at higher filler contents, the increased filler—
polymer interactions contribute more to reinforcement. At higher levels of filler disper-
sion, the n—m stacking interactions between the nitrogen atom from the nitrile group in
NBR and the mt-electrons of CNT play a significant role in contributing to filler reinforce-
ment [68]. From this figure, it is evident that the contribution of filler—polymer interactions
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sharply decreases with more than 2 vol% filler content.

in the rubber should not exceed 2 vol%.

Therefore, the CNT filler content
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Figure 9. Characteristics of swelling and thermodynamic properties. (a) Swelling index, (b) AG, (c)
AS, and (d) AAS.

3.4. Electrical Responses of Rubber Nanocomposites

Rubber composites become electroactive upon the introduction of electrical conduc-
tivity. To achieve electrical conductivity in the rubber composite, the conducting filler
content must reach the percolation threshold. In this study, significant electrical conduc-
tivity was observed in both NR- and NBR-based composites after the addition of 1 vol%
CNT. Based on the mechanical properties of the rubber composites, it can be concluded
that the filler content should be kept below 2 vol% to obtain optimal mechanical perfor-
mance. Therefore, composites containing 1 to 2 vol% CNT were further investigated for
their strain-sensing properties.

The strain-sensing behaviors of the rubber composites are shown in Figure 10a—d,
with gauge factor (GF) values calculated for the strain range (Ae¢) of 200%, excluding the
end ranges. From these figures, it is clear that the relative resistance change increases with
increasing strain amplitude. These figures also demonstrate that the linearity in the rela-
tive resistance changes with strain decreases as the strain increases. However, below 100%
strain, the strain sensitivity curves maintain better linearity (Figure 10b,d). Additionally,
it is evident that the linearity of strain sensitivity can be enhanced at the expense of re-
duced sensitivity with higher filler amounts. Figure 10e shows that, for similar strain
ranges (0% < Ae < 200%), NBR-based composites exhibit higher GFs compared to NR-
based rubber composites. From this figure, it is clear that the GF values of NBR-based
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composites are significantly higher than those of NR-based composites at similar filler
amounts. The NBR/(1 vol%) CNT composite shows a GF of 65 at the 0% < Ae <200% strain
range, which is 260% higher than the GF of NR/(1 vol%) CNT. Higher GFs are obtained at
lower filler amounts, because the highest resistance change occurs within the filler perco-
lation region. As a result, higher GFs can be achieved at this level. Above the filler perco-
lation threshold, sensitivity or GF may decrease, but linearity can be enhanced [33]. The
gauge factor can reach as high as 39,125 at maximum deformation for the 1 vol% CNT-
containing NBR composite. However, larger deformations or higher working strains

should be avoided due to the potential for high hysteresis loss [32,33].
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gauge factors with interval of 200% elongation, (d) strain sensitivity curves of NBR-based compo-
sites with 100% elongation, (e) gauge factors within 0-200% strain, and (f) real-time strain sensing

at 200% cyclic strain.

Figure 10f represents typical strain sensitivity at 200% cyclic strain for NBR compo-
sites containing 1.5 vol% CNT. Although the sensitivity curves are not perfectly linear, the
figure demonstrates that the sensitivity peaks exhibit good repeatability, which can be
useful for measuring strain sensitivity more accurately [37,69,70]. Compared to NR-based
composites, NBR-based composites show considerably better strain sensitivity.

It is well-established that the strain sensitivity of polymer composites depends on
several factors, with the characteristics of the polymer materials, fillers, and fabrication
techniques being the most critical. For reliable strain sensors, the strain sensitivity and
detection limit are two of the most important factors. For clarity, a comparison table (Table
2) is provided, showing that strain-sensing composites were made by in situ filler disper-
sion in the polymer matrix. From this table, it is evident that both NR- and NBR-based
CNT composites offer better gauge factors and superior working strain ranges compared
to previously established strain-sensing composites [32,33,71,72].

Table 2. Sensitivity, working strain, and prepared methods comparison of CNT-based composite

type strain sensors.

Composites Fillers Gauge Factor V\fsczl;lzg Preparation Method References
1 i ith
Epoxy resin/CNT CNT 6 0.6-14% Solvent casting wit [71]
sonication and drying
o Dry mixing in two-roll mill
PMVS/CNT/CB CNT/CB 10 0-60% and vulcanized at 170 °C [72]
Solution blending and
RTV-SR/CNT/MoS: CNT/MoS: 25.95 100-155% vulcanization at ~25 °C [32]
(room temperature)
SBR/CNT CNT 58.79 100-150%  “oiventblending and [33]
vulcanization at 150 °C
NR/CNT CNT 1572 400505~ olventblendingand oy o ork
vulcanization at 150 °C
NBR/CNT CNT 39,125 1000-12009 ~ “Clventblendingand oy L vork

vulcanization at 15 0°C

(PMVS: polymethylvinylsiloxane; RTV-SR: room temperature vulcanized silicone rubber; SBR: sty-

rene butadiene rubber).

To investigate the origin of the observed behaviors, we measured the capacitance of
the rubber composites, as presented in Table 3. From this table, it is evident that the ca-
pacitance of the composites significantly increases with the addition of an optimal amount
of CNT. However, beyond this optimal CNT concentration, the capacitance may decrease
or even disappear due to reduced resistance and higher electrical conductivity, which pre-
vents charge accumulation. The table also shows that, at similar filler concentrations (typ-
ically 0.5 vol%), the capacitance of the NBR-based composite is more than 10,000 times
higher than that of the NR-based composite. This substantial difference in capacitance can
be attributed to the significantly different dielectric constant values of the two rubbers.

It can be inferred that, as the strain increases, the conductivity of the composite de-
creases, indicating strain sensitivity. Several mechanisms contribute to this strain sensi-
tivity [37]. Among them, the disconnection of filler particles is the primary reason for the
change in conductivity with increasing strain. It is well known that, instead of direct
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contact between filler particles, electrons can be transported via the tunneling effect over
a critical distance between two filler particles [73]. This critical distance is covered by the
rubber matrix. Due to the higher dielectric constant of NBR, electron transport is less per-
meable compared to NR. As a result, even slight deformation can significantly alter the
conductivity of the composites, leading to a higher resistance change in NBR-based com-
posites than in NR-based composites at similar filler contents.

Since tunneling resistance is more sensitive to strain-induced contact resistance, con-
ductivity changes more rapidly at higher strains, making the composites more sensitive
and leading to an increase in the gauge factor (GF). At similar strain levels, the tunneling
resistance of NBR-based composites is believed to change more significantly due to the
higher dielectric constant of NBR compared to NR, resulting in higher GF values for NBR-
based composites at similar filler amounts. The higher strain sensitivities at lower filler
amounts are attributed to the greater change in tunneling resistance. With a lower filler
content, maximum conductivity arises from the tunneling effect. However, a lower filler
content shows less linearity in the sensing curves, suggesting a nonlinear change in con-
ductivity with strain. Therefore, to obtain a reliable strain-sensitive composite, both the
rubber type and filler amount should be carefully considered.

Table 3. Volume capacitance of different rubber composites.

Formulation Capacitance (F/cm?)

NR-unfilled 0.0095 x 10~
NR/(0.5 vol%)CNT 0.1338 x 10
NR/(1.0 vol%)CNT 15.9235 x 10~
NR/(1.5 vol%)CNT 9.6306 x 106
NR/(2.0 vol%)CNT 6.5159 x 106
NR/(2.5 vol%)CNT -

NBR-unfilled 0.0095 x 10~
NBR/(0.5 vol%)CNT 1.3949 = 10-¢

NBR/(1.0 vol%)CNT -
NBR/(1.5 vol%)CNT ;
NBR/(2.0 vol%)CNT -
NBR/(2.5 vol%)CNT -

The actuation performance of dielectric rubber depends on several factors, including
mechanical properties, but it is primarily influenced by the applied voltage and the die-
lectric constant of the rubber [74-76]. Among these, the dielectric constant is the most im-
portant factor for generating higher mechanical properties. The actuator performances of
different unfilled rubber systems are shown in Figure 11a,b.

From Figure 11a, it is evident that the in-plane electrode displacement values are
higher in unfilled NBR compared to NR. This figure also shows that, after reaching the
percolation voltage, a significant displacement can be observed at higher voltages. This
result indicates that NBR rubber is more sensitive to the electric field compared to NR. In
the presence of an electric field, an induced dipole moment is generated. These dipoles
tend to orient in the direction of the applied electric field, causing actuation displacement.
From this perspective, NBR, being a polar rubber, has better orientation and attraction
between the dipoles, resulting in larger actuation compared to the nonpolar NR. Suresh
et al. found that the chemical microstructure plays a vital role in improving the dielectric
constant, and NBR has a higher dielectric constant than other rubbers [75].
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Figure 11. Variation in electromechanical properties in dielectric rubbers. (a) In-plane actuation dis-
placement with respect to applied voltage, and (b) electromechanical pressure with respect to ap-

plied voltage.

From Figure 11a, it can be seen that a threshold voltage is needed to achieve higher
actuation displacement. This might indicate that the nitrile groups in NBR are anisotrop-
ically distributed, with stronger dipole-dipole interactions, enhancing the inherent me-
chanical properties, as observed in the previous sections. Thus, a threshold voltage is re-
quired to overcome these interactions and align the dipoles in the direction of the applied
electric field. The calculated electromechanical pressure generated in the actuators is pro-
vided in Figure 11b. From this figure, it is clear that the NBR-based actuator produces
higher electromechanical pressure at similar applied voltages. For example, at a 12 kV
applied voltage, the NBR-based actuator produces approximately 1317% higher displace-
ment and 276% higher pressure compared to the NR-based actuator. The higher electro-
mechanical pressure in the NBR-based actuator indicates that, for dielectric actuators, the
rubber should be more polar with a higher dielectric constant.

Similar to unfilled dielectric elastomers, CNT-based elastomer composites may also
have electromechanical actuation properties, but they were not studied in this work. It is
believed that, due to their higher electrical conductivity, CNT-based composites can easily
reach the breakdown voltage, thereby losing their actuation performance.

Based on the above results, a mechanism of behavior for different rubbers in an elec-
tric field can be presented, as shown in Figure 12. NBR contains numerous nitrile groups
that introduce polarity to the rubber, and these polar groups are in an isotropic state in
the absence of an electric field. In the presence of an electric field, these groups tend to
orient. Since these groups exist as side chains, they are flexible and can easily orient in the
direction of the applied electric field. At a threshold voltage, the flexible nitrile groups
almost completely orient, and thereafter, they come closer, causing actuation in the rubber
slab. On the other hand, NR is a nonpolar rubber with a low dielectric constant compared
to NBR. Hence, the induced dipoles are very weak in the presence of applied electric
fields, resulting in lower actuation properties.
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Figure 12. Possible mechanism of electromechanical actuation in different functional rubbers.

4. Conclusions

The aim of this article was to investigate the role of functionality in diene rubbers
concerning mechanical reinforcement and electromechanical activities in carbon nano-
tube-based electroactive rubber composites. Static and dynamic mechanical studies sug-
gest that CNT strongly reinforces the rubbers at an optimum amount of approximately 2
vol% in both NR- and NBR-based composites. From the elastic modulus, tensile strength,
and fracture toughness values, it is evident that CNT has higher reinforcing efficiency
toward NR, with more significant changes in these properties compared to NBR. At 2
vol% CNT content, the glass transition temperature value of the NR-based composite
shifted to a higher temperature, and the thermal stability of the composite improved, with
about a 15 °C enhancement in the initial degradation temperature compared to the NBR-
based composite. X-ray diffraction and SEM analyses of the rubber composites indicate
that CNT particles form aggregates above 1.5 vol% CNT content, with this tendency being
more pronounced in NR-based composites.

Thermodynamic studies also reveal that NR-based composites show greater changes
in thermodynamic parameters at lower concentrations of CNT, but the changes decrease
with increasing CNT content compared to NBR-based composites. From the higher
changes in mechanical properties, increased glass transition temperature, improved ther-
mal stability, and enhanced thermodynamic parameters with respect to unfilled rubber
systems, it can be concluded that CNT forms stronger chemical bonds with NR rather than
physical bonds with NBR.

The significant improvements in mechanical and dynamic mechanical properties
with small amounts of CNT suggest that the composites can be useful for mechanical ap-
plications. Since CNT filler particles are attached to NR chains via stronger chemical
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bonds, NR-based composites may be more suitable for dynamic mechanical applications
with lower heat build-up properties. Although a certain amount of chemical bonding be-
tween rubber and filler may form in NR-based composites, the better elasticity in NBR-
based composites could be due to its higher overall bonding capacity, including both
physical and chemical interactions.

Strain-sensing activities of the rubber composites suggest that NBR-based compo-
sites exhibit higher strain-sensing properties, with higher gauge factor or sensitivity val-
ues and a wider detection limit compared to NR-based electroactive composites at similar
CNT contents. The best strain-sensitive composite, with the highest gauge factor values,
can be obtained with 1 vol% CNT in the NBR-based composite. However, to achieve better
linearity in the strain sensitivity with strain amplitude, 1.5 vol% CNT is necessary in the
NBR-based strain-sensing composite. The strain sensor made from 1.5 vol% CNT and
NBR rubber maintains its efficiency without significant loss up to 200% cyclic stretching
and releasing.

The higher strain sensitivities in NBR-based composites compared to NR-based com-
posites are likely due to the stronger electronic tunneling effect in the former. Due to the
presence of polar functional groups and a higher dielectric constant, NBR demonstrates
high strain sensitivity, significant actuation, and strong electromechanical pressure—
260%, 1317%, and 276% higher, respectively, compared to NR. Hence, for fabricating high-
performance electroactive rubber composites, selecting polar NBR with a high dielectric
constant value may be more advantageous than using nonpolar NR. Moreover, as electri-
cal energy is converted to mechanical energy as a result of actuation, these rubber compo-
sites, either with this filler or hybridized with other fillers, could be useful for converting
mechanical energy into electrical power. Therefore, high-performance NBR-based com-
posites have potential applications for producing clean energy from renewable resources
in the future.

Author Contributions: Conceptualization, M.N.A.; methodology, M.N.A; validation, M.N.A,, S.A,
J.Y.and S.-5.P; formal analysis, M.N.A., S.A. and ].Y; investigation, M.N.A.; data curation, M.N.A.;
writing —original draft preparation, M.N.A.; writing—review and editing, M.N.A.,S.A,, ].Y. and S.-
S.P.; visualization, M.N.A. and S.-S.P.; supervision, S.-S.P.; project administration, S.-S.P.; funding

acquisition, 5.-5.P. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data will be available based on request to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Thomas, S.; Stephen, R. (Eds.) Rubber Nanocomposites: Preparation, Properties, and Applications; John Wiley & Sons (Asia) Pte Ltd.:

Wibowo, A.F.; Han, ] W.; Kim, J.H.; Prameswati, A.; Entifar, S.A.N.; Park, J.; Lee, J.; Kim, S.; Lim, D.C.; Moon, M.W; et al. Highly

Stretchable and Robust Transparent Conductive Polymer Composites for Multifunctional Healthcare Monitoring. Sci. Technol.

Lorenz, H.; Fritzsche, J.; Das, A.; Stockelhuber, K.W.; Jurk, R.; Heinrich, G.; Kliippel, M. Advanced Elastomer Nanocomposites
Based on CNT-Hybrid Filler Systems. Compos. Sci. Technol. 2009, 69, 2135-2143.
Kitamura, M.; Hata, Y.; Yasuoka, H.; Kurotsu, T.; Asano, A. Strain-Induced *C Chemical Shift Change of Natural Rubber. Polym.

References
1.
Singapore, 2010.
2.
Adv. Mater. 2022, 23, 332-340.
3.
4.
J. 2012, 44, 778-785.
5.

Edwards, D.C. Polymer-Filler Interactions in Rubber Reinforcement. |. Mater. Sci. 1990, 25, 4175-4185.



Polymers 2025, 17, 127 22 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Abdul Salim, Z.A.S.; Hassan, A.; Ismail, H. A Review on Hybrid Fillers in Rubber Composites. Polym.-Plast. Technol. Eng. 2018,
57, 523-539.

Tikhonova, S.A.; Evdokimov, P.V; Filippov, Y.Y.; Safronova, T.V.; Garshev, A.V.; Shcherbakov, I.M.; Dubrov, V.E.; Put-lyaev,
V.I. Electro- and Magnetoactive Materials in Medicine: A Review of Existing and Potential Areas of Application. Inorg. Mater.
2020, 56, 1319-1337.

Alam, M.N.; Kumar, V.; Jo, CR; Ryu, S.R.; Lee, D.J.; Park, S.S. Mechanical and Magneto-Mechanical Properties of Styrene-
Butadiene-Rubber-Based Magnetorheological Elastomers Conferred by Novel Filler-Polymer Interactions. Compos. Sci. Technol.
2022, 229, 109669.

Damampai, K.; Pichaiyut, S.; Dasa, A.; Nakason, C. Internal Polymerization of Epoxy Group of Epoxidized Natural Rubber by
Ferric Chloride Filled with Carbon Nanotubes: Mechanical, Morphological, Thermal and Electrical Properties of Rubber Vul-
canizates. Express Polym. Lett. 2022, 16, 812-826.

Utrera-Barrios, S.; Perera, R.; Leén, N.; Santana, M.H.; Martinez, N. Reinforcement of Natural Rubber Using a Novel Combina-
tion of Conventional and In Situ Generated Fillers. Compos. Part C Open Access 2021, 5, 100133.

Shui, Y.; Huang, L.; Wei, C,; Sun, G.; Chen, J.; Lu, A,; Sun, L.; Liu, D. How the Silica Determines Properties of Filled Silicone
Rubber by the Formation of Filler Networking and Bound Rubber. Compos. Sci. Technol. 2021, 215, 109024.

Roy, K.; Debnath, S.C.; Potiyaraj, P. A Critical Review on the Utilization of Various Reinforcement Modifiers in Filled Rubber
Composites. . Elastomers Plast. 2020, 52, 167-193.

Robertson, C.G.; Hardman, N.J. Nature of Carbon Black Reinforcement of Rubber: Perspective on the Original Polymer Nano-
composite. Polymers 2021, 13, 538.

Hong, C.K.; Kim, H.; Ryu, C.; Nah, C.; Huh, Y.I; Kaang, S. Effects of Particle Size and Structure of Carbon Blacks on the Abrasion
of Filled Elastomer Compounds. ]. Mater. Sci. 2007, 42, 8391-8399.

Alam, M.N.; Kumar, V.; Potiyaraj, P.; Lee, D.J.; Choi, ]. Mutual Dispersion of Graphite-Silica Binary Fillers and Its Effects on
Curing, Mechanical, and Aging Properties of Natural Rubber Composites. Polym. Bull. 2022, 79, 2707-2724.

Sadasivuni, K K.; Ponnamma, D.; Thomas, S.; Grohens, Y. Evolution from Graphite to Graphene Elastomer Composites. Prog.
Polym. Sci. 2014, 39, 749-780.

Ebbesen, T.W.; Lezec, H.].; Hiura, H.; Bennett, ] W.; Ghaemi, H.F.; Thio, T. Electrical Conductivity of Individual Carbon Nano-
tubes. Nature 1996, 382, 54-56.

Kim, P.; Shi, L.; Majumdar, A.; McEuen, P.L. Thermal Transport Measurements of Individual Multiwalled Nanotubes. Phys.
Rev. Lett. 2001, 87, 215502.

Yang, H.; Yao, X.; Yuan, L.; Gong, L.; Liu, Y. Strain-Sensitive Electrical Conductivity of Carbon Nanotube-Graphene-Filled
Rubber Composites under Cyclic Loading. Nanoscale 2019, 11, 578-586.

O’Neill, J.; Lu, J.; Dockter, R.; Kowalewski, T. Stretchable, Flexible, Scalable Smart Skin Sensors for Robotic Position and Force
Estimation. Sensors 2018, 18, 953.

Kim, S.H.; Haines, C.S.; Li, N.; Kim, K.J.; Mun, T.J.; Choi, C.; Dj, J.; Oh, Y.J.; Oviedo, J.P.; Bykova, ].; et al. Harvesting Electrical
Energy from Carbon Nanotube Yarn Twist. Science 2017, 357, 773-778.

Zhan, Y.; Oliviero, M.; Wang, J.; Sorrentino, A.; Buonocore, G.G.; Sorrentino, L.; Lavorgna, M.; Xia, H.; Iannace, S. Enhancing
the EMI Shielding of Natural Rubber-Based Supercritical CO, Foams by Exploiting Their Porous Morphology and CNT Segre-
gated Networks. Nanoscale 2019, 11, 1011-1020.

Qian, H.; Greenhalgh, E.S.; Shaffer, M.S.; Bismarck, A. Carbon Nanotube-Based Hierarchical Composites: A Review. . Mater.
Chem. 2010, 20, 4751-4762.

Lee, S.J.; Yoon, S.J; Jeon, LY. Graphene/Polymer Nanocomposites: Preparation, Mechanical Properties, and Application. Poly-
mers 2022, 14, 4733.

Donchak, V; Stetsyshyn, Y.; Bratychak, M.; Broza, G.; Harhay, K.; Stepina, N.; Kostenko, M.; Voronov, S. Nanoarchitectonics at
Surfaces Using Multifunctional Initiators of Surface-Initiated Radical Polymerization for Fabrication of Nanocomposites. Appl.
Surf. Sci. Adv. 2021, 5, 100104.

Xu, Y.; Xu, Z.D.; Guo, Y.Q.; Jia, H.; Huang, X.; Wen, Y. Mathematical Modeling and Test Verification of Viscoelastic Materials
Considering Microstructures and Ambient Temperature Influence. Mech. Adv. Mater. Struct. 2022, 29, 7063-7074.

Medupin, R.O.; Abubakre, O.K.; Abdulkareem, A.S.; Muriana, R.A.; Abdulrahman, A.S. Carbon Nanotube Reinforced Natural
Rubber Nanocomposite for Anthropomorphic Prosthetic Foot Purpose. Sci. Rep. 2019, 9, 20146.



Polymers 2025, 17, 127 23 of 24

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Costa, P.; Silva, J.; Ansén-Casaos, A.; Martinez, M.T.; Abad, M.].; Viana, ]J.; Lanceros-Méndez, S. Effect of Carbon Nanotube
Type and Functionalization on the Electrical, Thermal, Mechanical and Electromechanical Properties of Carbon Nanotube/Sty-
rene-Butadiene-Styrene Composites for Large Strain Sensor Applications. Compos. Part B Eng. 2014, 61, 136-146.

Nair, K.P.; Thomas, P.; Joseph, R. Latex Stage Blending of Multiwalled Carbon Nanotube in Carboxylated Acrylonitrile Butadi-
ene Rubber: Mechanical and Electrical Properties. Mater. Des. 2012, 41, 23-30.

Song, P.; Song, ].; Zhang, Y. Stretchable Conductor Based on Carbon Nanotube/Carbon Black Silicone Rubber Nanocomposites
with Highly Mechanical, Electrical Properties and Strain Sensitivity. Compos. Part B Eng. 2020, 191, 107979.

Georgopoulou, A.; Clemens, F. Piezoresistive Elastomer-Based Composite Strain Sensors and Their Applications. ACS Appl.
Electron. Mater. 2020, 2, 1826-1842.

Alam, M.N.; Kumar, V.; Lee, D.J.; Choi, J. Synergistically Toughened Silicone Rubber Nanocomposites Using Carbon Nanotubes
and Molybdenum Disulfide for Stretchable Strain Sensors. Compos. Part B Eng. 2023, 259, 110759.

Alam, M.N.; Kumar, V.; Lee, D.J.; Park, S.S. Styrene-Butadiene Rubber-Based Nanocomposites Toughened by Carbon Nano-
tubes for Wide and Linear Electromechanical Sensing Applications. Polym. Compos. 2024, 45, 2485-2499.

Liu, H.; Gao, H.; Hu, G. Highly Sensitive Natural Rubber/Pristine Graphene Strain Sensor Prepared by a Simple Method. Com-
pos. Part B Eng. 2019, 171, 138-145.

Qu, M,; Qin, Y.; Sun, Y.; Xu, H.; Schubert, D.W.; Zheng, K.; Xu, W.; Nilsson, F. Biocompatible, Flexible Strain Sensor Fabricated
with Polydopamine-Coated Nanocomposites of Nitrile Rubber and Carbon Black. ACS Appl. Mater. Interfaces 2020, 12, 42140—
42152.

He, S;; Wu, J,; Liu, S.; Wei, Q,; Liu, S.; Su, B.; Wang, Y. A Fully Integrated Multifunctional Flexible Sensor Based on Nitrile
Rubber/Carbon Nanotubes/Graphene Composites for Smart Tire. Chem. Eng. ]. 2024, 486, 150104.

Souri, H.; Banerjee, H.; Jusufi, A.; Radacsi, N.; Stokes, A.A ; Park, L; Sitti, M.; Amjadi, M. Wearable and Stretchable Strain Sen-
sors: Materials, Sensing Mechanisms, and Applications. Adv. Intell. Syst. 2020, 2, 2000039.

Dang, Z.M.; Wu, ].P.; Xu, H.P.; Yao, S.H.; Jiang, M.].; Bai, J. Dielectric Properties of Upright Carbon Fiber Filled Poly (Vinylidene
Fluoride) Composite with Low Percolation Threshold and Weak Temperature Dependence. Appl. Phys. Lett. 2007, 91, 073507.
Panda, M.; Srinivas, V.; Thakur, A.K. On the Question of Percolation Threshold in Polyvinylidene Fluoride/Nanocrystalline
Nickel Composites. Appl. Phys. Lett. 2008, 92, 133506.

Huang, X.; Jiang, P.; Xie, L. Ferroelectric Polymer/Silver Nanocomposites with High Dielectric Constant and High Thermal
Conductivity. Appl. Phys. Lett. 2009, 95, 242905.

He, F; Lau, S.; Chan, H.L,; Fan, J. High Dielectric Permittivity and Low Percolation Threshold in Nanocomposites Based on
Poly (Vinylidene Fluoride) and Exfoliated Graphite Nanoplates. Adv. Mater. 2009, 21, 710-715.

Ghamarpoor, R.; Jamshidi, M. Preparation of Superhydrophobic/Superoleophilic Nitrile Rubber (NBR) Nanocomposites Con-
taining Silanized Nano Silica for Efficient Oil/Water Separation. Sep. Purif. Technol. 2022, 291, 120854.

Liu, G.; Wang, H.; Ren, T.; Chen, Y,; Liu, S. Systematic Investigation of the Degradation Properties of Nitrile-Butadiene Rub-
ber/Polyamide Elastomer/Single-Walled Carbon Nanotube Composites in Thermo-Oxidative and Hot Oil Environments. Poly-
mers 2024, 16, 226.

Shi, M.; Yeatman, E.M. A Comparative Review of Artificial Muscles for Microsystems Applications. Microsyst. Nanoeng. 2021,
7,95.

Kalita, B.; Leonessa, A.; Dwivedy, S.K. A Review on the Development of Pneumatic Artificial Muscle Actuators: Force Model
and Application. Actuators 2022, 11, 288.

Alam, M.N.; Kumar, V.; Park, 5.5. Advances in Rubber Compounds Using ZnO and MgO as Co-Cure Activators. Polymers 2022,
14, 5289.

Alam, M.N.; Choi, J. Highly Reinforced Magneto-Sensitive Natural-Rubber Nanocomposite Using Iron Oxide/Multilayer Gra-
phene as Hybrid Filler. Compos. Commun. 2022, 32, 101169.

Pumera, M.; Ambrosi, A.; Chng, E.L.K. Impurities in Graphenes and Carbon Nanotubes and Their Influence on the Redox
Properties. Chem. Sci. 2012, 3, 3347-3355.

Alam, M.N.; Kumar, V.; Ryu, S.R; Ko, T.J.; Lee, D.J.; Choi, J. Synergistic Magnetorheological NR-NBR Elastomer Blend with
Electrolytic Iron Particles. Rubber Chem. Technol. 2021, 94, 642—-656.

El-Sabbagh, S.A.; Yehia, A.A. Detection of Crosslink Density by Different Methods for Natural Rubber Blended with SBR and
NBR. Egypt. ]. Solids 2007, 30, 157-173.

Usuki, A.; Kojima, Y.; Kawasumi, M.; Okada, A.; Fukushima, Y.; Kurauchi, T.; Kamigaito, O. Synthesis of Nylon 6-Clay Hybrid.
J. Mater. Res. 1993, 8, 1179-1184.



Polymers 2025, 17, 127 24 of 24

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.
63.

64.

65.

66.
67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

Bristow, G.M.; Watson, W.F. Viscosity-Equilibrium Swelling Correlations for Natural Rubber. Trans. Faraday Soc. 1958, 54, 1567—
1573.

Campos, G.N.; Coimbra, A.C.R;; Silva, A.A.D.; Rocha, E.B.D.D.; Linhares, F.N.; Furtado, CR.G.; Sousa, A.M.E.D. Cross-Link
Density Measurement of Nitrile Rubber Vulcanizates Using Dynamic Shear Test. Polimeros 2022, 32, €2022011.

Kumar, V.; Lee, G.; Choi, J.; Lee, D.J. Studies on Composites Based on HTV and RTV Silicone Rubber and Carbon Nanotubes
for Sensors and Actuators. Polymers 2020, 190, 122221.

Kumar, V.; Alam, M.N.; Manikkavel, A.; Park, S.S. Efficacy of Graphitic Allotrope’s Surface Area in Silicone Rubber Based
Composites for Reverse Piezoelectric Actuation: Nano Effect. Sens. Actuators A Phys. 2022, 336, 113411.

Al-Hartomy, O.; Al-Ghamdi, A.; Dishovsky, N.; Shtarkova, R.; Iliev, V.; Mutlay, I.; El-Tantawy, F. Dielectric and Microwave
Properties of Natural Rubber Based Nanocomposites Containing Graphene. Mater. Sci. Appl. 2012, 3, 453-459.

Morsi, RM.M.; Ismail, M.; Yehia, A.A. Conductivity Studies of Acrylonitrile Butadiene Rubber Composites Loaded with Dif-
ferent Types of Carbon Blacks. J. Text. Color. Polym. Sci. 2010, 14, 113-126.

Frohlich, J.; Niedermeier, W.; Luginsland, H.D. The Effect of Filler-Filler and Filler-Elastomer Interaction on Rubber Reinforce-
ment. Compos. Part A Appl. Sci. Manuf. 2005, 36, 449-460.

Bokobza, L. Elastomer Nanocomposites: Effect of Filler-Matrix and Filler-Filler Interactions. Polymers 2023, 15, 2900.

Bashir, M.A. Use of Dynamic Mechanical Analysis (DMA) for Characterizing Interfacial Interactions in Filled Polymers. Solids
2021, 2, 108-120.

Farida, E.; Bukit, N.; Ginting, E.M.; Bukit, B.F. The Effect of Carbon Black Composition in Natural Rubber Compound. Case
Stud. Therm. Eng. 2019, 16, 100566.

Brandrup, J.; Immergut, E.H.; McDowell, W. Polymer Handbook, 2nd ed.; Wiley: New York, NY, USA, 1975.

Mathew, A.P.; Packirisamy, S.; Thomas, S. Studies on the Thermal Stability of Natural Rubber/Polystyrene Interpenetrating
Polymer Networks: Thermogravimetric Analysis. Polym. Degrad. Stab. 2001, 72, 423-439.

Hiltz, J.A. Pyrolysis Gas Chromatography/Mass Spectrometry Identification of Poly(Butadiene-Acrylonitrile) Rubbers. ]. Anal.
Appl. Pyrolysis 2000, 55, 135-150.

Pappa, A.; Mikedi, K.; Agapiou, A.; Karma, S.; Pallis, G.C.; Statheropoulos, M.; Burke, M. TG-MS Analysis of Nitrile Butadiene
Rubber Blends (NBR/PVC). J. Anal. Appl. Pyrolysis 2011, 92, 106-110.

Akiba, M.; Hashim, A.S. Vulcanization and Crosslinking in Elastomers. Prog. Polym. Sci. 1997, 22, 475-521.

Metze, F.K,; Sant, S.; Meng, Z.; Klok, H.A.; Kaur, K. Swelling-Activated, Soft Mechanochemistry in Polymer Materials. Langmuir
2023, 39, 3546-3557.

Li, S;; Gou, R.; Zhang, C. n-rt Stacking in Energetic Crystals. Cryst. Growth Des. 2022, 22, 1991-2000.

Wang, X; Li, J.; Song, H.; Huang, H.; Gou, ]. Highly Stretchable and Wearable Strain Sensor Based on Printable Carbon Nano-
tube Layers/Polydimethylsiloxane Composites with Adjustable Sensitivity. ACS Appl. Mater. Interfaces 2018, 10, 7371-7380.

Li, S.; Liu, G,; Li, R,; Li, Q.; Zhao, Y.; Huang, M.; Zhang, M.; Yin, S.; Zhou, Y.; Tang, H.; et al. Contact-Resistance-Free Stretchable
Strain Sensors with High Repeatability and Linearity. ACS Nano 2021, 16, 541-553.

Nag-Chowdhury, S.; Bellegou, H.; Pillin, I.; Castro, M.; Longrais, P.; Feller, ].F. Non-Intrusive Health Monitoring of Infused
Composites with Embedded Carbon Quantum Piezo-Resistive Sensors. Compos. Sci. Technol. 2016, 123, 286-294.

Ning, N.; Wang, S.; Zhang, L.; Lu, Y.; Tian, M.; Chan, T.W. Synchronously Tailoring Strain Sensitivity and Electrical Stability of
Silicone Elastomer Composites by the Synergistic Effect of a Dual Conductive Network. Polymers 2016, 8, 100.

Bao, W.S.; Meguid, S.A.; Zhu, Z.H.; Weng, G.J. Tunneling Resistance and Its Effect on the Electrical Conductivity of Carbon
Nanotube Nanocomposites. J. Appl. Phys. 2012, 111, 093726.

Yin, L.J.; Zhao, Y.; Zhu, J.; Yang, M.; Zhao, H.; Pei, ].Y.; Zhong, S.L.; Dang, Z.M. Soft, Tough, and Fast Polyacrylate Dielectric
Elastomer for Non-Magnetic Motor. Nat. Commun. 2021, 12, 4517.

Suresh, J.N.; Arief, I.; Naskar, K.; Heinrich, G.; Tahir, M.; Wiefiner, S.; Das, A. The Role of Chemical Microstructures and Com-
positions on the Actuation Performance of Dielectric Elastomers: A Materials Research Perspective. Nano Select 2023, 4, 289-315.
Suresh, ].N.; Liebscher, H.; Komber, H.; Tahir, M.; Gerlach, G.; Wiefiner, S. Network Formation, Properties, and Actuation Per-
formance of Functionalized Liquid Isoprene Rubber. ACS Omega 2024, 9, 4754-4761.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



