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Abstract: Flexible and stretchable conductive materials represent an emerging class of advanced functional materials.
Among them, rubber—carbon composites have attracted considerable attention for their potential in fabricating flexible,
stretchable conductive systems. Carbon fiber (CF), as a representative carbon material, offers advantages such as large
aspect ratio and the ability to form effective conductive networks through interconnection. However, commercially available
CF is predominantly supplied in bundled form. During compounding with conventional rubber matrices, high shear forces
are typically required to achieve uniform dispersion, often leading to severe CF breakage and a consequent decline in the
electrical conductivity of the composite. In this study, a low-viscosity, self-crosslinking, two-component room-temperature
vulcanizing liquid silicone rubber (LRTV) was employed as the matrix. To overcome the dispersion issues of bundled
CF, short-cut CF bundles were treated with air plasma to induce CF fluffing, thereby improving their uniform distribution
within the LRTV matrix. Additionally, surface modification of carbon black (CB) with silane coupling agents was performed
to eliminate the adverse effect of oxygen-containing functional groups on composites, which had been found to inhibit
the self-crosslinking process of LRTV. Using a simple and reliable injection molding process, high-performance flexible
and stretchable conductive composites were successfully prepared. The synergistic influence of CF and CB on the elec-
trical conductivity of the composites was systematically investigated. Results showed that the electrical conductivity of
the composites was highly sensitive to CF content. At a fixed CB content of 3 wt%, increasing the CF content from 1 wt%
to 4 wt% led to a six-fold enhancement in conductivity. In contrast, varying CB content had a minimal impact. At a fixed
CF content of 3 wt%, increasing the CB content from 1 wt% to 5 wt% only increased the conductivity by 0.11 S/m. Fur-
ther studies on the electrical response of the composites under large-strain cyclic deformation revealed that samples with
1 wt% CF and 3 wt% CB exhibited periodic fluctuations in conductivity in response to deformation, demonstrating prom-
ising potential for applications in flexible sensors. On the other hand, the composite containing 4 wt% CF and 3 wt%
CB exhibited a smooth conductivity profile with minimal variation, indicating its suitability for flexible conductor appli-
cations. This work presents a novel strategy for the development of flexible and stretchable conductive electrodes or sen-
sor materials, offering new opportunities in wearable electronics.
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Introduction

With the rapid advancement of artificial intelligence, the
demand for flexible and stretchable electronic devices has
surged, driving their widespread application in modern elec-
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tronics and related scientific fields."” Currently, the primary
candidates for flexible and stretchable conductive materials are
conductive polymer composites, among which rubber—carbon
composites have emerged as a research hotspot for the fabri-
cation of such materials.*® Flexible and stretchable conductive
materials are defined as materials capable of maintaining high
electrical conductivity while undergoing mechanical deforma-
tion, particularly stretching.” However, most of the existing
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flexible conductive materials exhibit significant fluctuations in
electrical resistance during deformation and fail to retain stable
conductivity under large strains. Consequently, the develop-
ment of simple and reliable fabrication strategies for flexible
and stretchable conductive materials—while ensuring stable
electrical performance under conditions of large deformation
and cyclic strain—remains an urgent challenge that must be
addressed.

Most flexible conductive materials are designed for appli-
cations involving direct contact with the human body. To min-
imize the risk of allergic reactions, biocompatible silicone rubber
is considered the optimal choice for the matrix material.** In
recent years, numerous studies have employed silicone rubber
as a flexible matrix, incorporating carbon fiber (CF), carbon
black (CB), and multicomponent fillers as conductive and
reinforcing agents to fabricate conductive rubber composites.'*"
These efforts have yielded promising results and demonstrated
significant potential for practical applications.'® For example,
Huang et al. used CF as a conductive filler, adjusted the viscosity
of liquid silicone rubber by adding thixotropic agents, and then
prepared highly conductive composite materials with oriented
carbon fibers using 3D printing technology. Research has
shown that the conductive properties of the composite material
are superior in the direction parallel to the orientation com-
pared to the direction perpendicular to the orientation.'” Aziz-
khani et al. used chopped CF as the conductive filler and silicone
rubber as the stretchable polymer matrix to prepare a piezore-
sistive composite strain sensor. Under cyclic tensile conditions
with strain amplitudes up to 25%, the composites still exhibit
good conductivity."® Yang et al. dissolved solid silicone rubber
in a hexane suspension containing CF/CB, and mechanically
stirred to mix silicone rubber, CF, and CB. The hexane was
then removed, and the mixture was processed through an open
mill into a vulcanization system to prepare a flexible, stretch-
able conductive composite material. The results showed that
the composite material containing 12.5 wt% CB maintained
good electrical conductivity even under large deformations.” As
a carbon-based material, CF offers advantages such as a rela-
tively large aspect ratio and ease of forming interconnected
conductive networks. However, commercially available CF is
typically supplied in bundled form, and during conventional
silicone rubber compounding, high shear forces are required to
achieve uniform dispersion. This often results in severe breakage
of the CF, thereby significantly compromising the electrical
conductivity of the resulting composite.”**' Previous studies
have attempted to address this issue using conventional silicone

rubber solution blending methods. However, such approaches
not only introduce the risk of solvent contamination but also
necessitate mechanical incorporation of the vulcanization
system, which can further exacerbate CF fragmentation.

In this study, bundled short-cut CF were subjected to plasma
treatment to induce CF fluffing, while CB particles were sur-
face-modified using a silane coupling agent. A flexible and
stretchable conductive composite material based on CF-CB/
silicone rubber was subsequently fabricated through simple
mechanical mixing and injection molding. The synergistic effects
of CF and CB on the electrical conductivity and mechanical
properties of the silicone rubber composites were systemati-
cally investigated. Furthermore, the electrical conductivity behav-
ior of the composites under cyclic tensile loading within a large
strain range was evaluated. This work presents a facile and
reliable strategy for the preparation of flexible stretchable con-
ductive materials, enabling the composites to maintain stable
electrical conductivity under conditions of significant defor-
mation and alternating strain.

Experimental

Materials. Liquid silicone rubber (Part A and Part B, viscosity:
1.9 Pa.s, industrial grade) purchased from Shenzhen Hongyejie
Technology Co., Ltd., China; y-Methylacryloxypropyl trime-
thoxysilane (KH-570, analytical grade) purchased from Guangdong
Lvwei New Materials Technology Co., Ltd., China; chopped car-
bon fiber (T700, industrial grade) purchased from Weihai Guang-
wei Composite Materials Technology Co., Ltd., China; carbon
black (industrial grade) purchased from Tianjin Tianyi Century
Chemical Products Development Co., Ltd., China; formic acid
(analytical grade) purchased from Shanghai Aladdin Bio-Chemical
Technology Co., Ltd., China.

Surface Modification of CB and Fluffing Treatment of
CF. The pH of the ethanol-water solution was adjusted to 3.5
with formic acid. Subsequently, CB and the silane coupling
agent KH-570 were added to the solution and the mixture was
allowed to react for 12 h. After the reaction, the mixture was fil-
tered to remove the solvent, and the sample was rinsed with
ethanol to eliminate unreacted KH-570 and then with distilled
water. Finally, the sample was dried in a vacuum oven at 80 °C
until a constant weight is achieved.

Air plasma (PT800, Nanjing Jiayang Engineering Technol-
ogy Co., Ltd., Nanjing, China) was used to fluff the chopped
CF bundles for 5 min at a power setting of 300 W and a work-
ing frequency of 20 kHz.
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Preparation of CF-CB/Silicone Rubber Flexible Stretchable
Composite. The processed CF and CB were weighed according
to the ratios specified in Table 1 and added to a mortar along
with component A of the silicone rubber. The mixture was
ground and stirred for 30 min. Subsequently, component B was
added, and the grinding and stirring process was continued for
an additional 1 min. The resulting uniformly dispersed mixture
was then transferred to an injection molding machine, where
samples were prepared via injection molding under the following
conditions: injection pressure of 150 bar, injection time of 3 s,
holding pressure of 120 s, mold temperature of 85 °C, and bar-
rel temperature of 35 °C. The molded samples were crosslinked
and cured for 30 min to obtain the CF-CB/silicone rubber flex-
ible stretchable composite materials. The naming scheme for sam-
ples with different component ratios is presented in Table 1. The

Table 1. Experimental Formulations of Flexible Stretchable
Conductive Composites

Number CB (wt%) CF (wt%) Component A Component B

#1 1 3 50 50
#2 2 3 50 50
#3 3 3 50 50
#4 4 3 50 50
#5 5 3 50 50
#6 3 1 50 50
#7 3 2 50 50
#8 3 3 50 50
#9 3 4 50 50
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preparation process of the composite materials and the modi-
fication mechanism of CB are illustrated in Figure 1.

Characterization. All experiments were performed in trip-
licate to ensure statistical reliability. The data are presented as
mean + standard deviation, and the error bars in all figures rep-
resent the standard deviation of three independent measure-
ments.

Analysis of Functional Groups and Chemical Elements
on the Surface of CB: Fourier transform infrared spectros-
copy (FTIR, IS50, Thermo Scientific, USA) was employed to
analyze the chemical functional groups present on the surface
of CB Prior to analysis, the CB samples—both before and after
surface modification—were ground into fine powder, dried, and
thoroughly mixed with potassium bromide (KBr) in an agate
mortar. The mixture was then compressed into pellets using a
pellet press. These pellets were placed under the FTIR spec-
trometer probe for scanning, with a spectral range of 500-4000
cm™. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB XI+, USA) was utilized to characterize the ele-
mental composition of CB surfaces before and after modifi-
cation, enabling the identification of surface functional groups.
Thermogravimetric analysis (TGA, 209F3, NETZSCH, Germany)
was conducted at a heating rate of 10 °C/min to investigate the
compositional changes of CB before and after surface.

CF-CB/Silicone Rubber Flexible Stretchable Composites
Mechanical Properties Analysis: The mechanical properties
of the CF—CB/silicone rubber flexible stretchable composite
materials were evaluated using a universal testing machine
(Instron-3365, Instron, USA), in accordance with the standard
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Figure 1. Preparation process of flexible stretchable conductive composite materials and CB surface modification mechanism.
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GB/T 528-2009. Dumbbell-shaped tensile specimens were used,
and the crosshead speed was set to 500 mm/min. Shore A
hardness was measured following the national standard GB/T
531.1-2008.

CF-CB/Silicone Rubber Flexible Stretchable Composites
Conductivity Analysis. A sample with dimensions of 12.5 x
12.5 x 2 mm was placed between two copper plates. The work-
ing and counter electrodes of the electrochemical workstation
(CHI760e, Shanghai Chenhua Instrument Co., Ltd., China)
were connected to the respective copper plates. A voltage of 1 V
was applied across the material, and the instantaneous current
of the CF—CB/silicone rubber composite was recorded using
the electrochemical workstation. The electrical conductivity
was then calculated using the following formula.

_IxL
7T Uxs M

In the formula: L represents the thickness of the sample (m);
S: denotes the contact area between the sample and the elec-
trode plate (m?); 1 is the current passing through the composite
material (A); U is the applied voltage (V).

CF-CB/Silicone Rubber Flexible Stretchable Composites
Swelling Performance Analysis: Take a clean sample and
accurately record its initial mass, denoted as m;. Immerse the
sample in toluene for 72 h. After removal, gently wipe off
any residual toluene from the sample surface and accurately
measure its final mass, denoted as m,. The mass change rate
(S) of the sample is then calculated using the following for-
mula.
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Figure 2. FTIR of CB and CB modified by KH-570.

Results and Discussion

Analysis of Functional Groups and Chemical Elements
on the Surface of CB. Infrared spectroscopy was employed
to analyze the surface functional group structures of the mod-
ified CB Figure 2 presents the infrared spectra of both unmod-
ified and modified CB In the spectrum of the unmodified CB,
a strong absorption peak appears at 3380 cm™, corresponding
to the stretching vibration of hydroxyl groups, and a charac-
teristic absorption peak of C=0 is observed at 1642 cm™. The
presence of hydroxyl groups is known to hinder the crosslink-
ing of silicone rubber. After surface modification, the hydroxyl
peak on the CB surface disappears, and a new absorption peak
emerges at 960 cm™', corresponding to the stretching vibration
of the Si-O bond. Additionally, a new peak at 2925 cm’ is
attributed to the vibrational absorption of the —CH, groups from
the silane coupling agent. These FTIR results confirm the suc-
cessful grafting of KH-570 onto the CB surface.

(b)

C-C(~284.2eV)
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Figure 3. XPS spectra before and after surface modification of CB: (a) Cls spectrum of CB; (b) Cls spectrum of CB-KH-570.
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To further verify the successful surface modification of CB
by KH-570, XPS was conducted to analyze the surface chem-
ical composition of CB prior to modification, with peak decon-
volution performed on the Cls spectrum, as shown in Figure
3(a). The binding energies at 288.5, 285, and 284.2 ¢V corre-
spond to O—C=0, C-O, and C—C functional groups, respec-
tively. The XPS spectrum of CB after KH-570 modification is
shown in Figure 3(b). As illustrated, new binding energy peaks
appear at 282.51 eV and 282.78 eV, which are attributed to the
C-Si and C—O-Si functional groups, respectively. These results
confirm that KH-570 has been successfully grafted onto the
surface of CB.

The two-component LRTV used in this study cures via a
platinum-catalyzed hydrosilylation reaction between vinyl groups
in Component A and hydrosilane groups in Component B.
Unmodified CB contains a large number of surface hydroxyl (-
OH) and carboxyl (-COOH) groups, as confirmed by the FTIR
peaks at 3380 and 1642 cm™. These oxygen-containing func-
tional groups can coordinate with the platinum catalyst, forming
stable complexes that poison the catalyst and reduce its catalytic
activity. This leads to incomplete crosslinking of the silicone
rubber matrix and a decrease in the mechanical and electrical
properties of the composites.

After modification with KH-570, the silane coupling agent
undergoes hydrolysis and condensation reactions with the
hydroxyl groups on the CB surface, forming covalent Si-O-C
bonds. This is evidenced by the disappearance of the hydroxyl
peak at 3380 cm™ in the FTIR spectrum and the appearance of
C-Si and C-O-Si peaks at 282.51 and 282.78 eV in the XPS
spectrum. The grafted KH-570 molecules not only eliminate
the catalyst-poisoning sites on the CB surface but also intro-
duce methacryloxy groups that have good compatibility with
the silicone rubber matrix. This improves the dispersion of CB
in the LRTV matrix and promotes the uniform crosslinking of
the silicone rubber, thereby enhancing the overall performance
of the composites.

TG Analysis Before and After Surface Modification of
Carbon Black. While XPS and FTIR analyses can confirm
the presence of KH-570 on the surface of CB, they cannot dis-
tinguish whether KH-570 is chemically bonded to the surface
or merely physically adsorbed. Therefore, thermogravimetric
analysis (TGA) was conducted on CB before and after surface
modification. Figure 4 presents the TGA curves of CB prior to
and following surface treatment. The boiling point of KH-570
is 250 °C. As shown in the figure, a slight weight loss is observed
below 250 °C, which is attributed to the evaporation of residual

Zan, 45048 A45, 2026\
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Figure 4. TG curves of CB and CB-KH-570.

moisture and the desorption of physically adsorbed KH-570.
A more pronounced weight loss occurs between 300 °C and
450 °C, corresponding to the thermal degradation of KH-570
that is chemically grafted onto the CB surface. This signif-
icant mass loss in the higher temperature range confirms the
formation of chemical bonds between KH-570 and the CB
surface.

CF-CB/Silicone Rubber Flexible Stretchable Composite
Material Internal Microstructure Analysis. Figure 5 illustrates
the microstructure of the CF-CB/silicone rubber flexible stretchable
conductive composite material. As shown, the transparency of
the composite material decreases progressively with increasing
CB content. When the CB content reaches 3 wt%, only a faint
outline of the CF is visible, and CB particles begin to exhibit
aggregation within the composite matrix. Figure 5(f) presents
a color-adjusted image of sample #6 (1 wt% CF, 3 wt% CB),
in which only CF is retained. The image reveals that CF, after
plasma-induced fluffing, is uniformly dispersed throughout the
composite, with individual fibers separated and interwoven,
effectively avoiding the formation of fiber bundles. This indi-
cates that plasma fluffing significantly enhances CF dispersion.
Furthermore, individual CF are interconnected by CB parti-
cles, which act as a bridging framework within the network,
synergistically forming a conductive network with CF.

CF-CB/Silicone Rubber Flexible Stretchable Composites
Mechanical Properties Analysis. Figure 6 presents the mechan-
ical properties of composite materials with a fixed CF content
of 3 wt% and varying CB content. As shown in Figure 6(a) and
6(b), the tensile strength of the composite gradually increases
with increasing CB content and eventually stabilizes, while the
elongation at break remains largely unchanged. Meanwhile, the
permanent deformation of the composite material continues to
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Figure 5. Microscopic morphology of composites: (a) #1: 3 wt% CF 1
wt% CB; (b) #2: 3 wt% CF 2 wt% CB; (c) #6: 1 wt% CF 3 wt% CB; (d)
#9: 4 wt% CF 3 wt% CB; (e) #5: 1 wt% CF 3 wt% CB; (f) Microscopic
photo with color grading showing #6: 1 wt% CF 3 wt% CB.

rise with increasing amounts of modified CB This phenome-
non can be attributed to the fact that the addition of modified CB
restricts the movement of the silicone rubber molecular chains.
During the tensile process, the modified CB particles undergo
relative displacement, occupying the original positions of the
molecular chains and preventing them from returning to their
initial configurations. As a result, the permanent deformation
of the material increases.

Figure 7 illustrates the mechanical properties of composite
materials with a fixed CB content of 3 wt% and varying CF
contents. As shown in Figure 7(a), the stress—strain curves indi-
cate that the mechanical properties of the composite materials
exhibit a decreasing trend with increasing CF content. Further-
more, as seen in Figure 6 and 7, when CF and CB are used
in combination to reinforce silicone rubber composites, the
mechanical properties are predominantly influenced by CB
This is because CF possesses high rigidity and modulus, while
the interfacial strength between CF and the flexible polymer
matrix is relatively low, making the interface susceptible to
stress concentration. Under external loading, such stress con-
centration leads to premature failure of the composite, thereby
reducing its tensile strength. As shown in Figure 7(d), the per-
manent deformation of the composite material increases with
rising CF content. When the CF content reaches 4 wt%, the
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Figure 6. Mechanical properties of composites with fixed CF content and variable CB content: (a) stress-strain curve; (b) tensile strength;

(c) elongation at break; (d) permanent deformation.
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Figure 7. Mechanical properties of composites with fixed CB content and variable CF content: (a) stress-strain curve; (b) tensile strength;

(c) elongation at break; (d) permanent deformation.

permanent deformation is twice that observed at 1 wt%. Upon
unloading, the silicone rubber molecular chains tend to revert
to a low-energy state characterized by a coiled conformation.
However, the incorporation of rigid CF restricts the mobility of
these chains, preventing them from returning to their original
configurations and thus resulting in greater permanent defor-
mation. As CF content increases further, the hindrance to molec-
ular chain recovery becomes more pronounced, leading to a
corresponding increase in the permanent deformation of the
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composite material.

Figure 8 presents the electrical conductivity of composite
materials with varying CF and CB contents. As shown in Fig-
ure 8(a), when the CF content is fixed at 3 wt%, the electrical
conductivity of the composite material increases gradually with
increasing CB content, though the overall improvement is rel-
atively modest. Specifically, the addition of 5 wt% CB results
in a 26.8% increase in electrical conductivity compared to 1 wt%
CB. In contrast, as shown in Figure 8(b), when the CB content
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Figure 8. Electrical conductivity of composite materials from different samples.
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is fixed at 3 wt%, the electrical conductivity of the composite
material increases dramatically with increasing CF content—
from 7.2 x 10° S/m at 1 wt% CF to 1.21 S/m at 4 wt% CF—
representing an enhancement of six orders of magnitude. This
significant improvement is attributed to the morphological dif-
ferences between CF and CB. Due to the small particle size
and relatively large inter-particle gaps, CB alone contributes
minimally to conductivity. In comparison, CF offers longer
and more continuous conductive pathways, facilitating more
efficient electron transport. Furthermore, a synergistic conduc-
tive effect is observed between the interlaced CF and the dis-
persed CB within the composite matrix. CF acts as an
extended conductive bridge, connecting isolated CB particles,
while the interaction between these two conductive compo-
nents contributes synergistically to the enhanced electrical per-
formance of the composite material.

Figure 9 illustrates the electrical conductivity of the com-
posite material under cyclic tensile loading at a strain of 20%,
investigating the synergistic effect between CF and CB on elec-
trical conductivity under repeated deformation. Figure 9(a) shows
the conductivity response of the composite containing 1 wt%
CF and 3 wt% CB. As observed, the relative resistance change
(AR/Ro) exhibits periodic fluctuations corresponding to the cyclic
tensile strain, along with significant variations. A “shoulder”
phenomenon appears during the initial cycles, which is consistent
with the findings reported by Yang ef al., who attributed this
behavior to the destruction and reconstruction of the conductive
network."” The “shoulder” phenomenon observed during the ini-
tial strain cycles can be attributed to the sequential microstruc-
tural evolution of the conductive network. In the first stage of
stretching, the loosely connected CB particles that are only in
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physical contact with each other and with CFs are the first to
separate, leading to a rapid increase in electrical resistance. As
the strain continues to increase, the weak overlapping points
between adjacent CFs begin to break, further increasing the
resistance. However, simultaneously, the CFs undergo gradual
alignment along the stretching direction, and the CB particles
slide and redistribute on the surface of the aligned CFs. This
redistribution allows CB patrticles to form new conductive bridges
between adjacent CFs, which slows down the rate of resistance
increase and results in the characteristic “shoulder” in the resis-
tance-strain curve. After several loading-unloading cycles, the
conductive network reaches a dynamic equilibrium state, and
the “shoulder” phenomenon gradually disappears. Moreover,
changes in the local static electric field during repeated strain
cycles are considered another contributing factor to the emer-
gence of the shoulder feature. These periodic variations in con-
ductivity under mechanical strain indicate that the composite
has considerable potential for application in flexible sensing
technologies. Figure 9(b) displays the conductivity response of
a composite material with 4 wt% CF and 3 wt% CB under the
same cyclic strain conditions. In this case, the relative resistance
change (AR/R,) remains stable throughout the cycles, with the
relative resistance change (AR/R,) curve exhibiting minimal
fluctuation and a smooth, flat trend. After 16 loading cycles, the
relative resistance change (AR/R,) increases by only 0.02, indi-
cating excellent electrical stability. This enhanced performance
is attributed to the higher CF content, where the fibers inter-
lock and synergize with the dispersed CB to form a robust and
stable conductive network. These results demonstrate the com-
posite’s strong potential for use in flexible conductive appli-
cations.
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Figure 9. Electrical conductivity of composite materials under cyclic tension: (a) #6: 3 wt% CB 1 wt% CF; (b) #9: 3 wt% CB 4 wt% CF.
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Conclusions

By investigating the effects of CB and CF content on the
performance of the composite materials, it was found that CF
and CB exhibit a synergistic effect in enhancing the electrical
conductivity of the composites. The larger-sized CF serves as
efficient conductive pathways within the composite, while the
smaller-sized CB functions as a hub that interconnects these
pathways. The study revealed that the electrical conductivity of
composite sample #9 (4 wt% CF, 3 wt% CB) reached 1.21 S/m.
Conductive performance is significantly influenced by CF con-
tent. When the CB content was fixed at 3 wt%, increasing the
CF content from 1 wt% to 4 wt% led to an improvement in elec-
trical conductivity by six orders of magnitude. In contrast, the
electrical conductivity was less sensitive to changes in CB con-
tent. At a constant CF content of 3 wt%, increasing the CB
content from 1 wt% to 5 wt% resulted in a relatively small
increase in electrical conductivity—only 0.11 S/m. Addition-
ally, composite sample #6 (1 wt% CF, 3 wt% CB) exhibited
significant variation and periodicity in electrical conductivity
under deformation, indicating promising potential for applica-
tion in strain-responsive sensors. On the other hand, composite
sample #9 maintained stable electrical conductivity under cyclic
strain, characterized by a smooth conductivity curve with min-
imal fluctuation, highlighting its strong potential for applica-
tion in flexible conductors.

The optimal compositions for different applications are deter-
mined by the structural characteristics of the synergistic con-
ductive network formed by CF and CB For flexible conductor
applications, the 4 wt% CF, 3 wt% CB composition is optimal
because the high CF content forms a dense, interlocked three-
dimensional conductive skeleton. The CB particles fill the gaps
between CFs and act as “conductive bridges” to connect adja-
cent CFs, resulting in a robust conductive network that is resis-
tant to structural damage under cyclic deformation. For strain
sensor applications, the 1 wt% CF, 3 wt% CB composition is
ideal because the sparse CF network forms a discontinuous
conductive pathway. Under mechanical deformation, the weak
contact points between CFs and between CFs and CB particles
are easily broken and reconnected, leading to significant and
periodic changes in electrical conductivity, which is essential for
high-sensitivity strain sensing.
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