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polyurethane (TPU). While pristine NR is mechanically weak,
its properties and durability are easily enhanced by various
prevulcanization processes which cross-link the rubber
molecules into a network of covalently bound chains. Among
prevulcanization process, the sulfur-based method is partic-
ularly eTective. Sulfur-prevulcanized natural rubber (PVNR)
manifests enhanced elasticity, fatigue durability, and shape
recoverability compared to native NR. These attributes are
important for producing robust and stable strain sensors for
long-term use. Numerous PVNR-based strain sensors have
been reported.14,21,22 The techniques used for fabricating these
sensors include filling, coating, casting, sandwiching, and
adsorptive methods. The diTerent fabrication methods result
in sensors with markedly diTerent performance characteristics,
especially in terms of the gauge factor (GF), strain range,
response time, and cyclic stability.21 These methods
notwithstanding, no work has been reported on fabrication
of PVNR-based strain sensors involving a bilayer polymer
composite architecture in which the conductive and the elastic
layers are structurally separated. Such a design is promising for
mitigating the typical trade-oTs between mechanical integrity
and electrical sensitivity observed in conventional single-phase
sensor systems.6
To address the gap identified above, this study focused on

the use of acetylene black (AB, high purity nanosized variant of
carbon black) as the conductive filler in PVNR matrices. AB
has several desirable attributes for sensor applications,
including high thermal conductivity, low moisture absorption,
a high capacity of absorption of liquids, elasticity, and
compressibility.23,24 Its nanoscale particle size and high specific
surface area are particularly good for generating robust
conductive networks within elastomeric matrices. There have
been no reports on the use of AB in PVNR-based sensors
except our own prior work which employed a diTerent filling
method.22 In the cited study,22 the sensor achieved a GF of
only 9 over a strain range of 0−10%. Therefore, the current
study investigated whether sensory performance could be
improved by adopting a bilayer configuration in sensor
fabrication. Thus, in the present work, resistive strain sensors
comprising sulfur-prevulcanized natural rubber (S-PVNR) and
acetylene black as the active composite system were
investigated. Both single-layer and bilayer sensor configura-
tions were fabricated, and their performance was evaluated in
terms of sensitivity, stretchability, and stability under dynamic
loading. While the present study did not involve human
testing, the performance characteristics of the developed
sensors indicated a strong potential for future integration
into wearable electronic systems, particularly in applications
that would benefit by adopting sustainable and biodegradable
materials.

2. MATERIALS AND METHODS
2.1. Materials. Sulfur-prevulcanized natural rubber (PVNR) latex

(dry rubber content (DRC) = 55% w w−1) was prepared by mixing
high ammonia concentrated natural rubber (NR) latex (HA latex;
Natural Art and Technology Co., Ltd., Thailand) with sulfur and
other additives (Table 1) in a mechanically agitated (300 rpm)
beaker.14 This mixture was then heated without mixing on a water
bath (50 °C) for 3 h to complete the sulfur prevulcanization process.
Acetylene black (AB) AB50 (particle size range of 30−50 nm) was a
gift from IRPC Public Co., Ltd., Thailand. Carboxymethyl cellulose
(CMC; average particle size of 50 μm; weight-averaged molecular
weight = 1.5 × 106 kg kmol−1) was purchased from T.C.S Pacific Ltd.,
Thailand. CMC was used as a dispersant for the carbon nanoparticle

dispersions.25 Sodium dodecyl sulfate (SDS) and all other chemicals
(Table 1) were from Lucky Four (Thailand). All aqueous solutions
were prepared using deionized (DI) water.

2.2. Preparation of Carbon Composited Conductive Natural
Rubber (CNR) Latex. The formulation in Table 2 was used. A 5%

SDS solution (5 g SDS in 100 mL deionized water) was heated and
maintained at 40 °C. Acetylene black was added with stirring at 300
rpm. After 15 min, the mixing speed was raised to 400 rpm and CMC
was added. The mixing continued for a further 15 min. The sulfur-
prevulcanized natural rubber (S-PVNR) latex (see Section 2.1) was
then added to the mixture and mixing (400 rpm) continued at 40 °C
for a further 15 min. Heating was then stopped, but mixing continued
for 45 min to obtain the conductive natural rubber (CNR) latex.

2.3. Fabrication of 1-Layer and 2-Layer Strain Sensors.
Strain sensors were fabricated using a GN-VC-20H hot film coating
machine (Gelon; Shandong, China) with the film applicators of the
required gap height (either 0.5 mm, or 1 mm, depending on
experiment) to control film thickness. For the 1-layer sensor, CNR
latex was coated on a transparent polyester sheet (100 mm × 210
mm) by moving the film applicator across the polyester sheet at a
steady speed of 15 mm s−1. The coated sheet was then dried in an
oven at 70 °C for 1 h. The sensor preparation process is depicted in
Figure 1.

The 2-layer sensor comprised of two parallel polymer layers bound
to each other. The first layer (the PVNR layer) was made using the
same method as described above for the 1-layer sensor but by using
the PVNR latex instead of the CNR latex. The PVNR-coated
polyester sheet was dried inside the coating machine by heating to 60
°C for 1 min. Subsequently, the CNR latex was coated on the dried
PVNR layer using a film applicator that moved at the speed specified
earlier. This formed the CNR layer denoted as the second layer. The
entire polyester sheet supporting the two coated layers was dried in an
oven at 70 °C for 1 h. The preparation process is outlined in Figure 1.
Each dried film comprising either 1-layer or 2-layers was cut into three
identical specimens (20 mm × 80 mm) for subsequent testing (Figure
1).14

2.4. Characterization. Film morphologies of NR/AB strain
sensors were characterized by using optical microscopy (Olympus
CX31 HD digital microscope; Olympus, Tokyo, Japan), transmission
electron microscopy (TEM; 80 kV, HT7800; Hitachi, Tokyo, Japan)
and field emission scanning electron microscopy (1 kV, FESEM, JSM-
7800 F Prime; JEOL, Tokyo, Japan). The optical images were used
for determining the layer thicknesses using the ImageJ software
(https://imagej.net/ij/). Mechanical properties of the sensors and
films were measured according to the Standard ISO 37 in the tension

Table 1. PVNR Latex Compound (55% DRC) Formulation

component amount (phra)
HA latex (60% DRC) 100
sulfur (S) 1
zinc diethyldithiocarbamate (ZDEC) 1
zinc 2-mercapto benzothiazole (ZMBT) 1
poly(dicyclopentadiene-cop-cresol) (CPL) 1
zinc oxide (ZnO) 5
potassium hydroxide (KOH) 0.1
deionized water 15

aParts per hundred (by mass) of rubber (phr).

Table 2. CNR Latex Compound Formulation

component amount (phra)
S-PVNR latex (55% DRC) 100
sodium dodecyl sulfate (SDS, 5%) 100
acetylene black (AB) 5
carboxymethyl cellulose (CMC) 0.5

aParts per hundred (by mass) of rubber (phr).
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mode using a universal testing machine (NARIN; NRI-TS500−20B
(Extra), Thailand) at 25 °C and a 1 kN load cell. The crosshead speed
was 500 mm min−1. Strain sensor performance was tested using a
stretching test bench connected to a high-precision multimeter
(HIOKI, DT 4352, Japan). Sensitivity and hysteresis tests were
conducted over 100 stretch−release cycles, with the strain varying
from 0% to the maximum measurable strain (stretchability) beyond
which the resistance (R) exceeded the instrument’s range. A data
logger (Keithley 34972A, USA) recorded R during each stretching
and release cycle. Sensitivity was quantified as the gauge factor (GF,
i.e., the ratio of relative change in electrical resistance to the
mechanical strain) calculated using the following equation

=GF
R R/ 0

(1)

In the above equation, ΔR/R0 (%) was the change in relative
resistance during stretching (ΔR = R − R0; R (Ω) = resistance with
the applied strain, and R0 (Ω) = resistance without the applied strain)
and ε (%) was the applied strain. The linearity was assessed by using
the correlation coe.cient value (r2) of the linear correlation between
the relative resistance (ΔR/R0) and the applied strain (ε).

The change in relative resistance, i.e., ΔR/R0, during stretching and
retraction could diTer due to hysteresis, a consequence of softening or
deformation of material. The degree of hysteresis (DH, %) was
calculated using the following equation

= ◊DH

Y Y

Y

(%) 100unloading loading

unloading (2)

where Yunloading was the ΔR/R0 value during retraction (unloading)
and Yloading was the ΔR/R0 value during stretching, or loading. The
DH was evaluated at the strain at which the diTerence between the
ΔR/R0 values for loading and unloading was the largest.

The dynamic cyclic performance of the sensor was tested by
subjecting it to 5000 stretch−release cycles with constant strain and
recovery rates of 30 mm s−1. During this test, the resistance R was

recorded every 0.02 s both during stretching and during release to
obtain a continuous record of performance. The response and
recovery times were measured by applying tension to the sample until
it reached the desired strain value, maintaining this strain for 1 s, and
then releasing the applied force and maintaining this relaxed state for
10 s. During this cycle, the strain−response and strain−recovery
speeds were equivalent to the pulling speed (stretching speed) of 30
mm s−1. During the test, the electrical resistance of the specimen was
measured every 0.02 s.

3. RESULTS AND DISCUSSION
3.1. Single-Layer Strain Sensors. The neat PVNR films

(i.e., 1-PVNR0.5mm, and 2-PVNR1.0mm) were used as the
control samples to confirm the nonconductive properties and
mechanical properties of AB-free rubber. Optical microscopic
images revealed light gray surfaces for the control samples
(Figure 2a,b), in contrast to the black surfaces of the 1-layer
sensors 3-CNR0.5mm and 4-CNR1.0mm (Figure 2c,d). In
addition, the surfaces of the sensors were not as smooth as
those of the control samples (Figure 2a−d). This diTerence in
smoothness was attributed to the presence of carboxymethyl
cellulose (CMC) in the sensory films. The CMC increased the
viscosity of the mixture, promoting air entrapment during
mixing, and the air bubbles rose to the surface during drying to
create a rougher surface for the two sensor films (i.e., 3-
CNR0.5mm and 4-CNR1.0mm).
For the same sample composition, the film thickness (Table

3) increased with increased height of the applicator gap
(Figure 1), resulting in an increased total volume of the film
and an increased total quantity of AB recovered from 1-layered
CNR films (3-CNR0.5mm and 4-CNR1.0mm; Table 3). The
AB content of the films was measured as explained in
Supporting Information (Section S1 and Figure S1). For

Figure 1. Preparation process for the films. The film applicator with the required gap height is shown at the top. In the first step (circled numbers),
the applicator channel was filled with the PVNR latex compound (pale yellow) to form the PVNR layer. Subsequently, in step 2, the applicator was
filled with the CNR latex compound (black) and the CNR film was coated on the PVNR film. Step 2 was used only if 2-layer sensors were being
made. The water in the latex layers was removed by heating. In step 3, the dry film was cut into three identical pieces measuring 20 mm × 80 mm.
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Figure 2. Optical microscopic images of the top surface (left and middle columns show the surface at diTerent magnifications as on the scale bars)
and the cross-section (right column) of neat PVNR films (1-PVNR0.5mm (a), and 2-PVNR1.0mm (b)) and the strain sensors: (c) 3-CNR0.5mm;
(d) 4-CNR1.0mm; (e) 5-PVNR1.0mmCNR1.0mm; (f) 6-PVNR0.5mmCNR1.0mm; (g) 7-PVNR1.0mmCNR0.5mm; and (h) 8-
PVNR0.5mmCNR0.5mm. The yellow and red bars indicate thicknesses (μm) of the CNR and PVNR layers, respectively.
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Table 3. Layer Thicknesses and the Acetylene Black (AB) Content of the Fabricated Strain Sensors

film applicator gap height
(mm) dry film thickness (mm)

samplea PVNR layer CNR layer PVNR layer CNR layer total thickness AB (mg) AB (% w w−1)
1-PVNR0.5mm 0.5 - 0.111 ± 0.001 - 0.111 ± 0.001 0.0 0.00
2-PVNR1.0mm 1.0 - 0.219 ± 0.002 - 0.219 ± 0.002 0.0 0.00
3-CNR0.5mm - 0.5 - 0.102 ± 0.000 0.102 ± 0.000 6.1 5.82
4-CNR1.0mm - 1.0 - 0.141 ± 0.001 0.141 ± 0.001 11.7 5.88
5-PVNR1.0mmCNR1.0 mm 1.0 1.0 0.214 ± 0.002 0.102 ± 0.001 0.316 ± 0.002 11.0 2.69
6-PVNR0.5mmCNR1.0mm 0.5 1.0 0.108 ± 0.001 0.125 ± 0.000 0.234 ± 0.001 11.4 3.17
7-PVNR1.0mmCNR0.5mm 1.0 0.5 0.212 ± 0.002 0.036 ± 0.001 0.248 ± 0.002 4.9 1.38
8-PVNR0.5mmCNR0.5mm 0.5 0.5 0.107 ± 0.001 0.054 ± 0.000 0.161 ± 0.001 5.5 2.66

aIn the x-yAzB format of the sample nomenclature, x denoted the sample number, the y specified the layer type (either PVNR or CNR), and z
indicated the CNR layer. The layers y and z were formed using applicators with the specified gap heights (mm) of A and B, respectively.

Figure 3. Change in relative resistance versus applied strain for the sensors: (a) 3-CNR0.5mm; (b) 4-CNR1.0mm; (c) 5-PVNR1.0mmCNR1.0mm;
(d) 6-PVNR0.5mmCNR1.0mm; (e) 7-PVNR1.0mmCNR0.5mm; and (f) 8-PVNR0.5mmCNR0.5mm. Beyond the maximum strain values shown
in the plots, the resistance values exceeded the instrument’s upper detection limit of 108 Ω and could not be recorded. The straight lines with the
linear correlation coe.cients (r2) values indicate the linearity of the sensor response over specific ranges of the applied strain. The GF values for the
diTerent strain ranges are shown.
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films prepared using an applicator of a given gap height, the 1-
layer dry sensory film was always a little thinner than the dry
film made using the neat PVNR (Table 3). This was because of
the inclusion of CMC in the CNR latex formulation. The
water-absorbing properties of CMC and its mesh-like
structure26 in solution, swelled the aqueous medium to
increase the volume of the latex. Consequently, the solids
concentration in the CNR latex was less than the concentration
in the PVNR latex used in making the neat PVNR films. The
wet films of the same initial dimensions made using an
applicator of a given gap height resulted in thinner dry films
(less total solids) of the CNR latex compared to the dry films
of the PVNR latex.
3.1.1. Properties of Fabricated Sensors. The relevant

mechanical properties (tensile strength, elongation at break,
the various moduli) of the sensors are summarized in Table S1
(see Supporting Information). The 1-layer sensors with
relatively high mass percentages of AB (i.e., 3-CNR0.5mm,
and 4-CNR1.0mm; Table S1) had reduced tensile strength and
elongation at break compared to the neat PVNR films of equal
thickness; however, this reduction was compensated by
enhanced moduli at 100%, 300%, and 500% elongation. The
improved moduli were attributed to the carbon filler reducing
the mobility of the rubber molecules in the polymer matrix.27
With respect to electrical properties, the control samples

(i.e., the neat PVNR films) that lacked AB had high values of
electrical resistance (R0 greater than the instrument’s limit of
108 Ω). In contrast, the 1-layer sensors were more conductive
with R0 values of the order of 105 Ω. The electrical resistance
of these sensors increased under applied strain because of
disconnection of some of the conductive links among the
overlapping AB nanoparticles reduced, a common character-
istic of strain sensors.18,28 The 1-layer sensors exhibited
diTerent values of the gauge factor (GF) depending on the
ranges of strain (Figure 3a,b), reflecting changes in sensing
mechanisms. At low applied strain values, only some of the
carbon particles in AB aggregates were pulled apart a short
distance allowing electron transfer with minimal tunneling
eTect, a quantum mechanical phenomenon that enables
electrons to travel a small distance through a nonconductive
polymer matrix separating the carbon aggregates.2,29 The low
applied strain condition resulted in lower GF values. At higher
strains more AB aggregates were disconnected and pulled
further apart, reducing the tunneling eTect and significantly
increasing the GF.18,30
The 1-layer sensor 4-CNR1.0mm had a thicker CNR layer

and a higher AB content than the sensor 3-CNR0.5mm; it also
had lower GF values than 3-CNR0.5mm at lower strains but
higher GF values at higher strains. This behavior was attributed
to the thicker CNR layer with its more conductive pathways
requiring greater strain to disrupt.31 Furthermore, the
disruption of these numerous pathways led to a pronounced
increase in electrical resistance and, therefore, higher GF
values.31 Both 1-layer sensors (i.e., 3-CNR0.5mm, and 4-
CNR1.0mm) were characterized by strong linear correlations
between ΔR/R0 and strain, with the r2 values exceeding 0.98
across all strain ranges (Figure 3a,b). However, the dynamic
performance of these sensors was poor: the sensor 3-
CNR0.5mm failed after 300 cycles whereas the sensor 4-
CNR1.0mm failed after 600 cycles (Figure S2a,b; see
Supporting Information). These failures were due to the
tearing of the films.

3.2. Two-Layer Strain Sensors. The 2-layer sensor
consisted of two parallel tightly adhering rubber layers: a
nonconductive layer (the PVNR layer) produced from the
PVNR latex, and a conductive layer (the CNR layer) produced
from the CNR latex. The layers were formed as previously
explained (Section 2.3 and Figure 1). Cross-sectional images
(Figure 2e−h, column 3) revealed a clear interface between the
lower PVNR layer and the upper CNR layer. The layers
adhered tightly with no evidence of trapped air bubbles at the
interface. However, the tiny indentations were observed on the
outer surface of the CNR layer (Figure 2e−h; columns 1 and
2) suggesting that air bubbles existed in this layer. These
bubbles likely originated from the inclusion of CMC in the
CNR latex: CMC increased the viscosity of the latex and the
microbubbles of air incorporated in the latex during mixing
could not completely leave the viscous matrix. While drying
with heating, the viscosity reduced because of the heat while
the matrix was still liquid, and the trapped air bubbles migrated
upward and burst at the surface leaving a pockmarked surface.
The gap heights of the film applicators and the resulting dried
layers are noted in Table 3.

3.2.1. Properties of Fabricated Sensors. The mechanical
properties of the 2-layer sensors are summarized in Table S1
(see Supporting Information). Compared with 1-layer sensors,
the 2-layer sensors had greater tensile strength and elongation
at break (Table S1, see Supporting Information). For given
thickness of the PVNR layer, the moduli of the 2-layer sensors
increased with increasing thickness of the CNR layer, reflecting
the contribution of the filler-rich CNR layer to the overall
mechanical performance. Furthermore, the 2-layer sensor 6-
PVNR0.5mmCNR1.0mm (Table S1, see Supporting Informa-
tion) made by coating the CNR layer onto a partly dried
PVNR layer exhibited better mechanical properties than the
equivalent sample that was made by separately casting and
drying the two films and then bringing them into contact as a
b i l a y e r ( i . e . , t h e u n a dh e r e d 2 - l a y e r s amp l e
PVNR0.5mmCNR1.0mm; Table S1) clamped in the grips of
the mechanical test equipment. In the sample with the
nonadhering layers, the individual layers failed at diTerent
rates, with the conductive layer failing seconds before the
PVNR layer. In contrast, in the sensors in which the second
layer was coated before the first layer dried fully, both layers
broke simultaneously, as observed visually. These results were
clear evidence for strong interfacial adhesion between the
layers when the CNR layer was coated on a partly dried PVNR
layer.
In terms of electrical properties, the 2-layer sensors had R0

(i.e., resistance in the absence of applied strain) values
comparable to those of the 1-layer sensors (∼105 Ω). Like
the 1-layer sensors, the GF values of the 2-layer sensors varied
with strain (Figure 3c−f). For 2-layer sensors, the GF increased
with the applied strain and with the thickness of the CNR layer
(Figure 3c−f and Table 3). In contrast, the thickness of the
PVNR layer did not significantly aTect GF values of the 2-layer
sensors (Figure 3c−f and Table 3). The sensors demonstrated
excellent linearity (r2 > 0.98) of electrical response for wide
ranges of strain.
All sensors with the same total AB content demonstrated

comparable sensitivity irrespective of the number of layers
(Figure 3a−f). For example, the 4-CNR1.0mm (1-layer
sensor), the 5-PVNR1.0mmCNR1.0mm (2-layer sensor), and
6-PVNR0.5mmCNR1.0mm (2-layer sensor) had similar total
AB content (Table 3), and similar GF values. These GF values
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were notably higher than those of the sensors with lower total
AB content (i.e., the sensors 3-CNR0.5mm (1-layer sensor), 7-
PVNR1.0mmCNR0.5mm (2-layer sensor), and 8-
PVNR0.5mmCNR0.5mm (2-layer sensor)). A higher GF for
the sensor with a higher AB loading was consistent with the
literature.31 Among all samples, the 2-layer sensor 6-
PVNR0.5mmCNR1.0mm had the highest GF value (10,607;
Figure 3d) and an outstanding durability, enduring 5,000
stretch−release cycles (see further details in Section 3.3).
Compared to single-layer sensors, the bilayer configurations

demonstrated superior overall performance. The bilayer
sensors exhibited greater tensile strength and elongation at
break (Table S1) and withstood repeated stretching cycles
within the tested strain range far beyond the failure points
observed in single-layer sensors (Figure S2a,b). These results
indicated that the bilayer design eTectively preserved the
intrinsic rubber elasticity of PVNR, enabling full recovery after
deformation and substantially enhancing the sensor’s dura-
bility.
A schematic representation of the sensing mechanism is

shown in Figure 4. Although the single-layer and the bilayer
sensors exhibited diTerent dynamic durability, both demon-
strated comparable GF values, indicating that their sensing
mechanisms were fundamentally the same. In all strain sensors,
regardless of the number of layers or the thickness of the CNR
layer, the separation among AB aggregates increased with
applied strain. At low strain levels, the aggregates were only
slightly displaced, and electrons could move between the filler
particles via the tunneling eTect. As a result, the GF remained
relatively low in this strain regime. However, as the strain
increased, the AB aggregates were pulled farther apart,
disrupting more of the conductive pathways and significantly
reducing the tunneling eTect. This led to a pronounced
increase in electrical resistance and, consequently, a higher GF
at larger strains. At a su.ciently high strain, the conductive
network was fully disrupted, and the electrical resistance
exceeded the measurement limit of the instrument.

Regarding the eTect of the thickness of the CNR layer,
increasing thickness eTectively increased the total amount of
conductive filler, thereby increasing the initial number of
conductive pathways.18,31 With more filler present, higher
strain was required to fully separate the AB aggregates and
suppress the tunneling eTect. In other words, sensors with
thicker CNR layers could withstand greater deformation before
losing conductivity. In addition, at su.ciently high strain, the
larger number of conductive pathways available for disruption
in sensors with thicker CNR layers resulted in higher GF values
compared to sensors with thinner CNR layers.
Notably, the GF value of the 2-layer sensor 6-

PVNR0.5mmCNR1.0mm was high compared to the literature
for a stretchable strain sensor operating within a 100% strain
r a n g e . 1 1 − 1 3 , 3 2 F u r t h e r m o r e , t h e s e n s o r 6 -
PVNR0.5mmCNR1.0mm had a high flexibility considering
its low measured value of Young’s modulus (0.06 MPa).29,33,34
Overall, the 2-layer sensor 6-PVNR0.5mmCNR1.0mm was
deemed optimal and all subsequent work focused on this
configuration.

3.3. Static and Dynamic Characteristics of the
Optimal Sensor 6-PVNR0.5mmCNR1.0mm. 3.3.1. Hyste-
resis Tests. Hysteresis, or the diTerence in ΔR/R0 during
stretching and retraction in the strain range of 0−71% (Figure
5a), reflects the energy loss due to softening or deformation of
material.35 The degrees of hysteresis (DH) declined sharply
after two cycles and then stabilized at ∼4.4% (Table 4), well
below the 20% upper threshold for an ideal sensor for
applications involving rapid contraction.32 Hysteresis is
influenced by the viscoelasticity of a polymer matrix and the
strength of interfacial adhesion between the polymer matrix
and the conductive particles.1,36 The stable DH observed after
two cycles suggested that the initial stretching broke the weak
adhesive links between the polymer and the conductive
particles, leaving the polymer’s viscoelasticity as the primary
factor influencing hysteresis. After the initial two stretch−
release cycles, hysteresis was essentially absent in the optimal

Figure 4. Schematic illustration of the sensing mechanism in single-layer and bilayer strain sensors.
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Figure 5. Static and dynamic characteristics of the 6-PVNR0.5mmCNR1.0mm sensor. (a) ΔR/R0 versus strain for 100 cycles (the insets a1 and a2
show the data for the first and the second stretch−release cycles). The GF values shown were obtained during stretching. The dynamic durability
tests over 5000 cycles for strains of: (b) 10%; (c) 30%; and (d) 50%. Response and recovery times of the sensor under transient input at strains of:
(e) 10%; (f) 30%; and (g) 50%.
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sensor configuration because the rubber used had been
vulcanized to prevent permanent creep.
As noted earlier, the initial stretch cycle caused a partial

disruption of the conductive network. This initially increased
and then stabilized the R0 value (Table 4 and Figure 5a).
Similarly, the GF value initially decreased and then stabilized
(Table 4 and Figure 5a). The R0 value of the optimal sensor
increased from 1.40 × 105 Ω (Cycle 1) to 2.41 × 105 Ω
(Cycles 2, ···, 100), whereas the peak GF value in Cycle 1
decreased from ∼10,600 to ∼2800 (Cycles 2−100). Further
repeated cycles (Cycle ≥ 2) did not aTect the sensor linearity,
ensuring consistent performance (Table 4). Thus, prior to use
in routine measurements, the sensor required at least two
stretch cycles to stably realign the conductive material37 in the
polymer matrix.
3.3.2 Dynamic Durability Tests. These tests characterize

the useful life of a sensor by subjecting it repeated loading−
unloading cycles in the 10−50% strain range (Figure 5b−d).
After the initial stabilization cycles, the sensor attained a stable
resistive response pattern (i.e., ΔR/R0 values) (Figure 5b−d)
comparable to patterns reported for other strain sensors.28,38
Thus, after the initial cycles, a stable conductive network
emerged with the same conductive pathways connecting and
disconnecting during repeated loading−unloading cycles.28,37
Larger strains increased ΔR/R0 values (Figure 5b−d) as the
conductive network was disrupted more severely, increasing
the interspacing among the carbon aggregates. In addition, the
hysteretic behavior, evidenced by dual peaks within individual
cycles, was most pronounced at 10% and 30% strain and
disappeared at 50% strain (Figure 5b−d). The larger peak
occurred at maximum extension, while the smaller shoulder
peak appeared during retraction. This was attributed to weak
filler−polymer adhesion resulting in slippage of the AB
aggregates during retraction, with a consequent increase in
resistance.1,11,28 At higher strains, the retractive force in the
cross-linked rubber matrix, driven by entropy loss,39 counter-
acted slippage, reducing hysteresis. However, at strains ≥60%,

the sensor stability declined due to severe damage to the
conductive network (Figure S3; see Supporting Information).
Response time and the recovery time of the sensor stabilized

after the first loading−unloading cycle in the 10−50% strain
range (Table 5) because of the above-discussed changes in the

conductive network (see Section 3.3.1). After the first cycle,
the response time correlated linearly with strain (r2 ≈ 1). The
recovery times were larger than the response times because of
the friction between the polymer matrix and the filler,1 but
decreased linearly with increasing strain. This was attributed to
the entropy loss within the rubber matrix creating a stronger
retractive force to overcome friction and enabling a rapid
return to the original state.39 The recovery times at 50% strain
(0.14−0.16 s) were consistent with data reported for other
natural rubber-based sensors (e.g., 0.1−0.135 s).21 Resistive
relaxation occurred, as evidenced by a decrease in ΔR/R0
under constant tensile strain (Figure 5e−g). This behavior is
typical of viscoelastic polymers.11,37
Based on the SEM images (Figure 6a−c), the surface of the

sensor 6-PVNR0.5mmCNR1.0mm showed no change, or
damage, after 5000 loading−unloading cycles at 50% strain
(Figure 6c), compared to both the initial state (Figure 6a) and
after one use cycle (Figure 6b). Similarly, the cross-sectional
image after 5000 cycles (Figure 6f) revealed no signs of
cracking or delamination between the PVNR and CNR layers
and was comparable to the initial (Figure 6d) and post-first-
cycle (Figure 6e) images. This confirmed the presence of
strong interfacial adhesion, likely because the CNR layer was
applied before complete drying of the PVNR layer, resulting in
polymer chain interdiTusion and mechanical interlocking.
Thus, the 2-layer optimal sensor was robust.
A transmission electron microscopy (TEM) image of the

film made from S-PVNR latex without the conductive filler is
shown in Figure 7a. Spherical rubber particles (0.5 to 1 μm in
size) and the dispersed ZnO particles are visible in the image
(Figure 7a). The image in Figure 7a is comparable to other
published images of S-PVNR latex.14 The TEM image of the
sensor 6-PVNR0.5mmCNR1.0mm (Figure 7b) showed
dispersed AB aggregates in addition to the clusters of spherical
rubber particles and ZnO particles. As Figure 7b was a 2D
image it could not show the conductive network but fine AB
particles could be seen in the interspaces of the NR particles.
Compared to prior work on the preparation of sulfur-

prevulcanized natural rubber latex,14 the present study used a
diTerent method of incorporating the conductive filler. The
earlier work used an embedding technique in combination with
a high loading (12 phr) of the filler to produce a sensor with a

Table 4. Electrical Properties and Sensory Performance
Characteristics of the Sensor 6-PVNR0.5mmCNR1.0mm in
the Strain Range of 0−71%

cycle
number

DH
(%) R0 (Ω) GF (% strain range)

r2
(stretch)a

1 33.5 1.40 × 105 5.55 (0−33%) 0.9859
38.14 (33−50%) 0.9984
1392.50 (50−64%) 0.9999
10607.00 (64−71%) 0.9915

2 8.3 2.41 × 105 23.03 (0−33%) 0.9016
363.54 (33−54%) 0.9651
2875.2 (54−71%) 0.9929

3 4.4 2.40 × 105 23.59 (0−33%) 0.9471
365.06 (33−54%) 0.9651
2887.2 (54−71%) 0.9929

50 4.4 2.31 × 105 23.61 (0−33%) 0.9429
397.02 (33−54%) 0.9832
2795.6 (54−71%) 0.9931

100 4.4 2.41 × 105 24.00 (0−33%) 0.9003
422.95 (33−54%) 0.9889
2795.40 (54−71%) 0.9972

ar2 is the linear correlation coe.cient in the specified range of the
applied strain.

Table 5. Response and Recovery Times of the Sensor 6-
PVNR0.5mmCNR1.0mm for Various Applied Strains and
Use Cycles

strain (%) cycle number response time (s) recovery time (s)
10 1 0.06 6.50
10 2 0.06 6.00
10 40 (last cycle) 0.06 6.00
30 1 0.10 4.60
30 2 0.08 4.20
30 40 (last cycle) 0.08 4.20
50 1 0.12 0.16
50 2 0.10 0.14
50 40 (last cycle) 0.10 0.14
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gauge factor (GF) of only 9.71 (0−140% strain) and a tensile
strength of 12 MPa.14 In contrast, the optimized sensor 6-
PVNR0.5mmCNR1.0mm in the present work achieved much
higher performance values (Table S1 and Table 4), despite
using a filler loading of only 5 phr. In addition, the GF
performance of the optimized sensor in this work exceeded
that reported in several previous studies.9,21,22
Certain strain sensors fabricated using a bilayer config-

uration were reported to have GF values ranging from around
10 to nearly 1265 in the strain range of 0−80%.9 These sensors
were successfully applied to monitor various human motions,
including pulse, swallowing, tiptoeing, and joint movements.9
The strain associated with these types of motions typically falls
within the 3% to 100% range.18,40 In addition, strain sensors
with hysteresis (DH) values below 20% have been shown to be
re l i ab le over thousands of dynamic s t re tch ing
cycles.11,13,18,32,38 In comparison with these earlier sensors,
the optimized sensor 6-PVNR0.5mmCNR1.0mm of the
present study exhibited excellent sensitivity, comparable
hysteresis behavior, and outstanding dynamic durability.
These attributes suggest it has strong potential for future
applications in human motion monitoring and wearable
electronics.

4. CONCLUSIONS
A highly stretchable strain sensor based on natural rubber films
was developed. The sensor had a 2-layer structure consisting of
a nonconductive prevulcanized natural rubber (PVNR) layer
and an adhering carbon-composited conductive natural rubber
(CNR) layer both having precise thicknesses. Both layers were
prepared using a sulfur-prevulcanized NR latex to enhance the
mechanical strength and elasticity of the sensor and reduce
polymer creep. A reduced creep reduced hysteresis during
repeated stretch−release cycles. In terms of the mechanical
properties, sensitivity, reproducibility, stability, and durability,
the optimized 2-layer sensor outperformed an identically thick
1-layer sensor made of CNR. While the 1-layer sensor failed
after 300−600 cycles during durability tests, the 2-layer sensor
had excellent long-term stability (>5000 cycles at 10−50%
strain). The 2-layer sensor had a high gauge factor (GF) value
of 10607 under 64−71% strain during the first use cycle,
stabilizing at ∼2800 from the second cycle onward (54−71%
strain). This confirmed the need for pre-stretching before use.
The 2-layer sensor had a short response time (0.10 s) and
recovery time (0.14 s at 50% strain), and satisfactory hysteresis
characteristics. The high sensitivity of the 2-layer sensor was a
consequence of an optimally thick conductive rubber layer,

Figure 6. SEM images of the top surface (top row) and the cross-section (bottom row) of the sensor 6-PVNR0.5mmCNR1.0mm: initial state (a,
d); after 1 cycle (b, e); and after 5000 cycles (c, f). The applied strain was 50% at a strain rate of 30 mm s−1. The white arrows (d, e, f) identify the
interface between the layers.

Figure 7. TEM images of (a) 1-PVNR0.5mm film; and (b) the prepared sensor 6-PVNR0.5mmCNR1.0mm. Globules of natural rubber (NR), zinc
oxide (ZnO) particles and acetylene black (AB) particles are shown.
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while the PVNR layer provided the required durability. The
SEM images revealed strong adhesion between the PVNR
layer and the CNR layer even after 5000 stretching cycles at
50% strain. Given its high sensitivity, mechanical robustness,
low cost, and flexibility, the bilayer NR-based strain sensor has
a strong potential for wearable applications, particularly for
human motion detection. Future work may explore the
influence of CMC as a dispersant on sensory performance
and the sensor’s stability in biologically relevant environments
(e.g., sweat) for wearable applications.
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