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Abstract Conductive elastomer composites (CEC) are widely used in flexible electronics, structural health monitoring, and aerospace applica-
tions. However, their resistive strain response often exhibits a shoulder peak effect, which undermines signal stability and measurement accura-
cy. In this study, the generation and suppression mechanisms of the shoulder peak effect were clarified by regulating hydrogen bonding interac-
tions on the surface of nano-silica. Experimental results combined with molecular dynamics (MD) simulations demonstrate that in samples (OCV-
260) fabricated with hydrophobic nano-silica (OB), the hydrophobic surface induces weak hydrogen bonding between conductive carbon black
(CB) and OB. This interaction reduced the hysteresis area of the resistive-strain response by 78.84%, suppressed the adhesion-desorption migra-
tion of CB along silicone rubber (SR) molecular chains, and prevented sudden resistance spikes during unloading, thereby eliminating the shoul-
der peak effect. In addition, OCV-260 exhibited a 97.19% enhancement in the strain sensitivity coefficient (GF), a 53.20% extension of the moni-
toring range, and a rapid response time of 221 ms. Remarkably, no shoulder peak effect was detected, even after 1x10* loading-unloading cycles.
These findings offer a promising strategy and broad application potential for achieving long-term, precise sensing in CEC for aerospace, flexible

electronics, and structural health monitoring.
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INTRODUCTION

Conductive elastomer composites (CEC) are widely employed in
aerospace, electronic skin, and structural health monitoring ap-
plications owing to their ability to generate resistivestrain re-
sponse signals under deformation.!'=>! However, during practi-
cal monitoring, CEC frequently exhibits a shoulder peak
effect,*~'%! characterized by abnormal inflection peaks in the Re-
sistance-strain curve during unloading (Fig. S1 in the electronic
supplementary information, ESI). This effect impairs the moni-
toring performance in three major ways: (1) it distorts the resis-
tive-strain response, causing inaccuracies, irreversible resistance
drift, and reduced signal stability; (2) in the long-term monitor-
ing of large-scale engineering structures, particularly under sig-
nificant deformation, it obscures real damage signals and ele-
vates potential safety risks; and (3) under dynamic loading, it
amplifies signal noise, thereby decreasing real-time response
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accuracy and monitoring reliability. To suppress the shoulder
peak effect, various strategies have been proposed,!''~'¥ in-
cluding designing tensile metamaterials with negative Poisson’s
ratios, introducing cationic/anionic surfactants to optimize con-
ductive phase dispersion, fabricating serrated groove structures
to minimize residual strain, and employing pre-stretching meth-
ods to regulate conductive network unloading. Although these
approaches partially alleviate the problem, they generally re-
quire specialized equipment, involve complex chemical modifi-
cations, and incur high fabrication costs, limiting their practical
applicability. Therefore, it is imperative to develop a simple and
cost-effective fabrication strategy that can effectively suppress
the shoulder peak effect.

In recent years, hydrogen bonding has emerged as an ef-
fective strategy to enhance the overall performance of elas-
tomers. For example, Gao et all'>! introduced a decuple hy-
drogen bonding design to construct a dynamic sacrificial hy-
drogen bond network, which imparted polydimethylsiloxane
(PDMS) elastomers with excellent self-healing ability while
markedly improving their strength and toughness. Wu
et all'dl developed a hierarchical sacrificial hydrogen-bond
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network that enabled high strength, toughness, and self-
healing in supramolecular polymers without the need for co-
valent crosslinking. Similarly, Liu et al.l'’l enhanced the tough-
ness and overall performance of polybenzoxazine coatings by
regulating the sacrificial hydrogen bond networks within
polyurethanes. Although sacrificial hydrogen bonds have
been widely studied for improving the mechanical and self-
healing properties of elastomers, their role in regulating the
electromechanical response, particularly the shoulder peak
effect, in conductive elastomers remains underexplored. Giv-
en the reversible and stress-responsive nature of hydrogen
bonds, their impact on the dynamic reconfiguration of con-
ductive networks and the stability of signal outputs are of
critical importance for flexible sensing and strain monitoring.
Moreover, molecular dynamics (MD) simulations!'8' provide
an effective means of probing material behavior at the atom-
ic scale. By analyzing interatomic interactions and molecular
motion, MD simulations enable the dynamic evaluation of hy-
drogen bond formation as well as the disruption and recon-
struction of conductive networks, thereby offering theoreti-
cal support for elucidating the correlation between internal
hydrogen bonding mechanisms and shoulder peak respons-
esin CEC.

This study aims to eliminate the shoulder peak effect in
CEC during strain monitoring to improve the stability and reli-
ability of the resistive-strain response signals. Silicone rubber
(SR) was selected as the elastomer matrix, and conductive
carbon black (CB) as the conductive filler. Hydrophobic and
hydrophilic nano-silica were introduced to regulate hydro-
gen bond formation by altering the surface polarity, thereby
enabling the investigation of their influence on the resistive-
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strain response behavior of CEC, as shown in Fig. 1. By com-
bining experimental approaches with molecular dynamics
simulations, this study systematically elucidates the mecha-
nism by which hydrogen bonding governs the generation
and regulation of the shoulder peak effect. These findings
provide new design strategies and theoretical guidance for
CEC applications in aerospace, flexible electronics, and intelli-
gent monitoring.

EXPERIMENTAL

Specific details regarding raw materials, preparation, characteri-
zation, etc,, are included in section EXPERIMENTS AND SIMU-
LATIONS (in ESI).

RESULTS AND DISCUSSION

Formation and Elimination Mechanism of the CEC
Shoulder Peak Effect

Figs. 2(a)-2(d) present the resistance-strain response signals of
four conductive elastomer composites (CEC) at strain levels of
10%-50%. The signals of Hydrophilic Nano-Silica BET: 380
mg?/g/CB-SR  (ICV-380), hydrophilic nano-silica BET:260
mg?%/g/CB-SR (ICV-260), and hydrophilic nano-silica BET:150
mg?/g/CB-SR (ICV-150) exhibited pronounced shoulder peak ef-
fects, severely compromising the reliability and stability of CEC
monitoring. In contrast, the hydrophobic nano-silica BET:260
m?/g/CB-SR (OCV-260) maintained a stable resistance-strain re-
sponse relationship under all strain conditions. To elucidate the
origin of the shoulder peak effect and its suppression, an analy-
sis was conducted from the following perspectives.
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Fig.1 Schematic of hydrogen bond regulation in conductive elastomers.
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Fig. 2 (a) Resistance-strain response of ICV-380 at strain levels of 10%-50%; (b) Resistance-strain response of ICV-260 at strain levels of 10%-50%;
(c) Resistance-strain response of ICV-150 at strain levels of 10%-50%; (d) Resistance-strain response of OCV-260 at strain levels of 10%-50%.

(1) Fig. S6 (in ESI) shows the FTIR spectra of IL-380, IL-260,
IL-150, and OB-260. Characteristic absorptions of Si—OH and
Si—O—Si appeared at 3400 and 1100 cm-', respectively.
Baseline-corrected integration was performed in the
3600-3200 cm-! region (hydrogen-bonded O—H broad
band) and the 1200-1000 cm~' region (Si—O—Si main band),
and the normalized integral intensity ratio (HBI) was defined
as the ratio of these two bands. A higher HBI indicates greater
availability of effective sites for hydrogen bond formation.2%
The results show that OB-260 has a lower HBI than IL-380, IL-
260, and IL-150, suggesting a weaker hydrogen bond forma-
tion capability as a filler within the matrix. Furthermore, Fig.
3(a) presents the FTIR spectra of the four CEC samples. Dis-
tinct absorption bands at 1403.86 and 1662 cm~' are ob-
served in the ICV series, corresponding to the symmetric
stretching vibration of the carboxylate group (—COO-) and
the stretching vibration of the carbonyl group (C=0), respec-
tively. The introduction of these polar groups significantly en-
hances the hydrogen bonding capacity and surface polarity,
thereby improving hydrophilicity.2':221 In contrast, the OCV-
260 sample showed a markedly weaker —COO- peak and a
complete absence of the C=0 peak, leading to reduced sur-
face polarity, weakened hydrogen bonding interactions, and
diminished hydrophilicity.

XPS analysis was used to evaluate the influence of the hy-
droxyl (Si—OH) content on the hydrogen bond formation ca-
pability across the four CEC surfaces, as shown in Figs.

3(b)-3(e). The results show that the Si—OH binding energies
are mainly distributed within the 532.3-532.6 eV range,[23.24]
with the presence of Si—OH being essential for hydrogen
bond formation. A comparison of the area ratio (AR) between
Si and OH and Si—O—Si in each sample revealed the follow-
ing order: ICV-380 > ICV-260 > ICV-150 > OCV-260. This indi-
cates that ICV-380 has the highest density of polar surface
groups and, therefore, the strongest hydrogen bonding capa-
bility. In contrast, OCV-260 exhibited the smallest Si—OH
peak area and the narrowest peak width, reflecting the low-
est surface polarity and the strongest hydrophobicity. Thus,
the smaller AR of OCV-260 corresponds to weaker surface po-
larity and reduced hydrogen bonding capacity.

DMA testing was conducted to compare the storage mod-
ulus, loss modulus, and tand among the different CEC, reflect-
ing the strength of their intermolecular interactions,[25261 as
shown in Figs. 3(f)-3(h). Among the ICV series, ICV-380 exhib-
ited the highest storage modulus and the lowest tand peak,
indicating the most restricted segmental motion and
strongest intermolecular physical crosslinking. Its surface con-
tains abundant Si—OH polar groups, which enable the for-
mation of a dense hydrogen bond network between the ma-
trix and conductive filler surface, thereby markedly enhanc-
ing the rigidity and cohesion of ICV-380. In contrast, OCV-260
showed the lowest modulus, highest tané, and right-shifted
Ty reflecting fewer surface polar groups, weaker hydrogen
bonding, increased chain segment mobility, and stronger hy-
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drophobicity.2) Thus, the hydrogen bonding capacities of
the four CEC decreased in the following order: ICV-380 > ICV-
260 > ICV-150 > OCV-260. These results further demonstrate
that the type and content of surface polar groups are critical
factors in regulating the hydrogen bond network and overall

performance of the CEC.

AFM adhesion force testing was conducted to examine the
relationship between the differences in surface polarity
among the four CEC types and their hydrogen bond forma-
tion capabilities,27.281 as shown in Figs. 3(i)-3(l). The adhesion
force plots and corresponding average values are presented
in Figs. 3(i)-3(l) and Table S1 (in ESI). ICV-380 showed the
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highest average adhesion force (18.30 nN), followed by ICV-
260 (17.80 nN), ICV-150 (16.10 nN), and OCV-260 exhibited
the lowest value (15.50 nN). Stronger adhesion generally indi-
cates stronger interactions between the Si and OH groups
and the probe, indirectly reflecting the enhanced hydrogen-
bonding capacity. These results demonstrate that the ICV se-
ries has a significantly higher surface polarity than hydropho-
bic-modified OCV-260, providing more active sites for hydro-
gen bond formation. In contrast, the hydrophobic nature of
OCV-260 reduced the number of polar groups and weakened
adhesion, resulting in the lowest hydrogen bonding capacity.

Water contact angle (WCA) testing was performed to com-
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pare the surface polarities of the four CEC samples, indirectly
reflecting their hydrogen bond formation capabilities,[2%301 as
shown in Figs. 3(m)-3(p). Smaller contact angles indicate
stronger surface polarity and greater hydrogen-bonding ca-
pacity. The measured contact angles of ICV-380, ICV-260, and
ICV-150 were 119.23°, 120.79°, and 123.40°, respectively,
which were lower than the 125.72° observed for OCV-260.
This demonstrates that the ICV series surfaces are more hy-
drophilic, with higher Si—OH exposure and a stronger ability
to form hydrogen bonds with the substrate or water
molecules. In contrast, the hydrophobic nature of OCV-260
reduces Si—OH exposure, producing a more hydrophobic
surface and weaker hydrogen-bonding interactions.

The shoulder peak effect primarily originates from differ-
ences in the interfacial interaction strength between conduc-
tive carbon black (CB) and nano-silica, combined with the re-
configurable nature of the conductive network. Hydrophilic
silica surfaces, enriched with Si—OH groups, formed exten-
sive hydrogen bonds with Si—OH groups on the CB surfaces.
This strong interfacial bonding restricts the free slip of the CB
particles and induces dynamic adhesion-desorption behavior
during strain loading. As a result, the conductive pathways
are frequently broken and reconstructed, leading to nonlin-
ear, reversible, and unstable resistance responses, which are
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typical shoulder effect peaks. In contrast, hydrophobic silica
has lower surface polarity and weaker hydrogen bonding, al-
lowing CB particles to slide more freely. This maintains the
continuity and stability of the conductive network under
strain, producing a linear and stable Resistance-strain re-
sponse signal.

(2) The 10t resistance-response cycle at 40% strain was se-
lected for each of the four CEC, as shown in Figs. 4(a)-4(d). For
ICV-380, ICV-260, and ICV-150, the resistance increased with
strain during tensile loading (AB) and decreased during un-
loading (BC). Owing to the viscoelastic hysteresis of SR, the re-
sistance then increased sharply (CD), producing a shoulder
peak effect, as shown in Figs. 4(a)-4(c). In contrast, the OCV-
260 maintained a monotonic linear resistance response dur-
ing loading and unloading. No sudden increase in resistance
occurred during unloading, and no shoulder peak effect was
observed. Thus, the second cause of the shoulder peak effect
is the competition between the conductive network recon-
struction and the SR viscoelasticity. The hysteresis areas of the
resistance-response signals for the four composites were cal-

|As — Ag

culated using A, = Rl, where As, AR represent the ar-

eas under the tensile ancf unloading curves, respectively. Ay,
Anz, Aus, and Ayscorrespond to hysteresis areas of 1CV-380,
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Fig.4 (a) 10th tensile-unloading cycle at 40% strain for ICV-380; (b) 10th tensile-unloading cycle at 40% strain for ICV-260; (c) 10th tensile-unloading
cycle at 40% strain for ICV-150; (d) 10t tensile-unloading cycle at 40% strain for OCV-260.

ICV-260, ICV-150, and OCV-260, respectively. A larger Ay indi-
cates poorer recovery of the resistance-response signal. As
shown in Figs. 4(a)-4(d), the hysteresis areas were
A1 =45.70%, Ayp=32.43%, Ay3=28.27%, and Apa=9.67%, rep-
resenting a 78.84% reduction. This demonstrates the excel-
lent recovery performance of the OCV-260 Resistance-strain
response signal.

(3) Dispersion performance of CEC. Figs. 5(a)-5(d) show the
SEM images of the four CEC. In the ICV-380 and ICV-260 sam-
ples, CB particles were extensively adsorbed on the surfaces
of IL-380 and IL-260. This is because the surfaces of IL-380 and
IL-260 are rich in Si—OH groups, which readily form hydro-
gen bonds with the —OH groups on the CB surface. As a re-
sult, CB aggregates around the IL-380 and IL-260 particles,
disrupting the continuous distribution of CB in the SR, as
shown in Figs. 5(a) and 5(b). During strain unloading, the con-
ductive pathways underwent severe restructuring and dis-
connection, leading to a pronounced shoulder peak in the
Resistance-strain response signal. In contrast, ICV-150 exhibit-
ed significantly reduced adsorption between the CB particles
and IL-150 because of the lower content of hydrogen-bond-
ing groups on the IL-150 surface. This effect is even more evi-
dent in OCV-260, where the SEM image clearly shows that the
CB particles are not adsorbed onto the OB-260 surface. Be-
cause of the surface hydrophobicity, a volume exclusion ef-
fect occurs, maintaining good spatial separation between the
CB particles and OB-260. This repulsive effect effectively sup-
pressed CB agglomeration and preserved the structural sta-
bility of the conductive network during strain. Consequently,

OCV-260 maintained continuous and controllable conductive
pathways throughout loading and unloading, thereby elimi-
nating the shoulder peak effect. This microstructural evi-
dence demonstrates that regulating the surface hydrogen
bonding capacity not only affects the interfacial bonding
strength, but also governs the formation of conductive path-
ways and response stability.

Additionally, the microstructures of the four CEC were ana-
lyzed using RPA and AFM. Figs. 6(a)-6(c) show the storage
modulus (G), loss factor (tand), and complex viscosity (n*) of
the four CEC at 100% strain. As shown in Fig. 6(a), the G’ val-
ues of all samples decreased with increasing strain owing to
disruption of the conductive network within the CEC, a phe-
nomenon known as the Payne effect.3! This effect was used
to evaluate the dispersion of the conductive fillers in the ma-
trix,132 with AG' = AG'q gg0, — AG'gg 659 as the evaluation criteri-
on. Here, AG'represents the difference between G'at the
maximum and minimum strains, whereas AG'ggg, and
AG'yg g9, cOrrespond to G’ values of 9.98% and 99.98% strain,
respectively. A smaller AG'indicates a weaker Payne effect,
better filler dispersion, and more stable conductive network.
Calculations from Fig. 6(a) yield G'values of 59.55, 49.40,
42.17, and 36.75 kPa for the four CEC, representing a 38.28%
reduction and confirming the excellent dispersion of CB in
OCV-260. Fig. 6(b) shows the tand curves of the four samples.
Lower tand values typically reflect more uniform filler disper-
sion in the elastomer matrix and a more stable interfacial
structure. OCV-260 exhibited a significantly lower tand than
the other three samples, indicating fewer internal hydrogen
bonds, reduced polar interactions, and a more uniform CB
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500 nm

Fig.5 SEM images of (a) ICV-380, (b) ICV-260, (c) ICV-150, and (d) OCV-260, respectively.

distribution within the SR matrix, thereby improving the
structural integrity of the conductive network. Fig. 6(c)
presents the complex viscosity (n*) of the four CEC at 100%
strain. This parameter reflects molecular chain entanglement
and filler distribution uniformity under dynamic shear.33!
Lower n* values indicated better flowability during process-
ing, more uniform filler dispersion, and lower viscous resis-
tance. OCV-260 exhibited the lowest n*, which was signifi-
cantly lower than those of ICV-380, ICV-260, and ICV-150,
demonstrating its superior flow characteristics and filler dis-
persion during compounding. This is attributed to the lower
surface polarity of IL-260 in OCV-260, which minimizes the
strong hydrogen bonding interactions with CB. Consequent-
ly, the interfacial adhesion energy is reduced, CB adsorption
and retention under high shear are decreased, and agglomer-
ation during processing is prevented, leading to uniform dis-
persion and lower viscous resistance. In contrast, the ICV se-
ries, particularly ICV-380 and ICV-260, exhibited strong hy-
drophilicity. Their surfaces, which are rich in Si—OH groups
from 1L-380 and IL-300, readily form extensive hydrogen-
bond networks with CB. While this strengthens the interfacial
bonding and rigidity, it also induces excessive structuring of
the filler network under dynamic shear, increasing hysteresis,
reducing flowability, and increasing n*. In summary, the low-
er n* of OCV-260 not only highlights its superior dispersion
capability during processing, but also reflects a more moder-
ate spatial arrangement and greater structural flexibility of its
conductive fillers.

Figs. 6(d)-6(k) show the microscopic surface morphology
and three-dimensional contour maps of the four CEC sam-
ples, further illustrating the regulatory effect of the fillers on
the SR structure. As observed in the two-dimensional and
three-dimensional AFM images (Figs. 6d-6k), the OCV-260
sample exhibited a relatively smooth surface with minimal
undulation. In contrast, the ICV-150, ICV-260, and ICV-380
samples displayed distinct undulating structures with un-
even surfaces, indicating a higher micro-roughness. Further
analysis of the average surface roughness (R,) and root-mean-
square roughness (Rg) values in Fig. 6(I) shows that OCV-260

had the lowest R, and R,, confirming its superior surface flat-
ness, specific data are provided in Table S1 (in ESI). This flat-
ness promotes uniform CB distribution within the SR matrix
and enhances the continuity of the conductive network. A
flatter interface reduces CB aggregation and improves free
mobility, enabling the formation of more uniform, stable, and
reconfigurable conductive pathways. In contrast, the ICV se-
ries exhibited higher surface roughness owing to the abun-
dance of Si—OH groups on the IL-380, IL-300, and IL-150 sur-
faces. While these groups form hydrogen bonds with CB, they
also introduce excessive interfacial adhesion points during
the composite formation. This promotes CB enrichment in lo-
calized regions, leading to adhesion-desorption structures
and pronounced surface undulation. Such rough microstruc-
tures not only reduce the controllability of the filler distribu-
tion, but also weaken the stability of conductive pathways, in-
crease interfacial energy dissipation, and induce nonlinear re-
sistance responses.

(4) Molecular dynamics simulation. To further investigate
the influence of hydrogen bonds on the CEC shoulder effect
peak, molecular dynamics (MD) simulations were performed.
Figs. 7(a)-7(f) show the mean square displacement (MSD), ra-
dial distribution function (RDF), radius of gyration (ROF), free
volume fraction (FFV), and hydrogen bond counts during the
CEC pulling simulation. The MSD reflects the restriction of in-
terfacial chain motion within the matrix, with higher values
indicating weaker confinement by hydrogen bond interac-
tions (52.2.5).1341 As shown in Fig. 7(a), OCV-260 exhibits the
highest MSD trend, indicating the weakest hydrogen bond
formation capability. RDF evaluates hydrogen bond forma-
tion within the hydrogen bond shell (approximately 1.5-2.6
R), where higher values represent stronger interfacial hydro-
gen bonding interactions (52.2.6).5° As shown in Fig. 7(b),
OCV-260 shows the lowest RDF, and the magnified view in
the 1.5-2.6 A range confirms weaker hydrogen bonding com-
pared with the other three CEC. ROF measures the com-
paction and adhesion of CB chains at the interface, where
smaller values indicate tighter chain packing and stronger
confinement owing to hydrogen bonding (52.2.7).B61 As
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Fig. 6 (a—c) RPA of four CEC types; (d-g) AFM micrographs of four CEC types; (h-k) 3D hub images from AFM of four CEC types; (I) R, versus R,

statistical plot for four CEC types.

shown in Fig. 7(c), OCV-260 consistently exhibits the highest
ROF, reflecting the weakest interfacial densification and seg-
ment confinement. FFV evaluates the densification and
porosity of the interfacial layer, with higher values corre-
sponding to greater free volume, looser segments, and weak-
er hydrogen-bonding capacity (52.2.8).1371 OCV-260 showed
the highest FFV, which increased by 56.66%, confirming its
weaker hydrogen-bonding capacity. The hydrogen bond for-
mation during the peeling simulation was also analyzed at 1,
50, 150, 200, and 250 Ps, as shown in Figs. 7(e) and 7(f) and

Figs. S7-S9 (in ESI). OCV-260 consistently formed fewer hy-
drogen bonds than the other three CEC, further indicating its
weaker hydrogen-bonding capability. These computational
findings were consistent with the experimental results.
Therefore, experiments consistent with molecular dynam-
ics (MD) simulations indicate that the emergence or suppres-
sion of the shoulder peak effect is not determined by a single
structural phenomenon in isolation but rather results from
network restructuring driven by the strength of interfacial in-
teractions coupled with the viscoelasticity of the matrix. The
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hydrogen bonds discussed in this paper can be categorized
into three types of interfacial interactions: CB-SiO,, SiO,-
CB/SR, and CB-SR. Among these, the SiO,-CB/SR interfacial
hydrogen bonds play a dominant role in suppressing the
shoulder peak effect. This is because the abrupt restructuring

of the conductive pathways during the unloading phase is
primarily triggered by the anchoring-release-re-anchoring
(adhesion-desorption migration) of the conductive phase CB
at the interface. Furthermore, SiO,—CB and CB-SR interac-
tions primarily modulate segment motion and viscoelastic
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terfacial hydrogen bonding is crucial for achieving a stable

timing, potentially influencing response hysteresis, but not
linear resistance response and eliminating the shoulder peak

constituting the primary interface governing shoulder peak
emergence or suppression. Thus, inhibiting the CB-SiO,/SR in- effect.
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When hydrophilic silica surfaces are rich in Si—OH groups,
the CB-SiO,/SR hydrogen bonds are strong, and interface an-
choring is pronounced. During loading-unloading cycles, ad-
hesion-desorption migration readily occurs, inducing fre-
quent pathway breakage and reconstruction. Combined with
the viscoelastic hysteresis of SR, the unloading phase is more
prone to sudden resistance increases and larger hysteresis ar-
eas, which is known as the shoulder peak effect. Conversely,
OB-260 reduces the surface polarity of SiO, and Si—OH expo-
sure through hydrophobic modification, significantly weak-
ening CB-SiO,/SR hydrogen bonding. weakening the interfa-
cial anchoring while preserving the steric effects and a uni-
form spatial distribution. This facilitates CB slip and enables
conductive pathways to evolve through continuous rear-
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rangement rather than abrupt reconstruction, thereby avoid-
ing resistance spikes during unloading and eliminating the
shoulder effect (Figs. 8a and 8b).

Force-Electric Response Performance Of CEC

Figs. 9(a) and 9(b) illustrate the mechanical properties of the
four CEC formulations. Statistical analysis of stress-strain curves,
tensile strength, and elongation at break showed that ICV-380
exhibited significantly higher tensile strength (4.58 MPa) and
elongation at break (838.88%) than ICV-260, ICV-150, and OCV-
260, indicating superior rigidity and ductility. AFM modulus
mapping further reveals average moduli of 2.16 MPa and 2.14
MPa for ICV-380 and ICV-260, respectively, both much higher
than ICV-150 (1.36 MPa) and OCV-260 (1.83 MPa), as shown in
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Fig. 9 (a) Strain-strain curves for the four CEC types; (b) Statistical plot of tensile strength and elongation at break for four CEC types; (c) Uniaxial

resistance/strain response plots for four CEC types; (d) Resistance-strain response signal plots for OCV-260 at different strains; (e) Recovery time of
resistance-strain response signal for OCV-260 at 1% strain and 1000 mm/min strain rate; (f) OCV-260 resistance response signature at different strain
rates; (g—j) OCV-260 resistance-strain response signature after 500 cycles at 10%, 20%, 30%, and 40% strain; (k) OCV-260 resistance-strain response

signature after 1x10* cycles at 50% strain.

Fig. S10 and Table S2 (in ESI). This enhancement was attributed
to the use of hydrophilic nano-silica with a high specific surface
area in the ICV series, particularly ICV-380. Its surface is enriched
with polar Si—OH groups, enabling the formation of a dense
hydrogen bond network with CB, which strengthens the inter-
facial bonding and increases the modulus and stress-bearing
capacity. In contrast, OCV-260 employs surface-hydrophobized
nano-silica with reduced polarity and significantly fewer Si—OH
groups, resulting in weak hydrogen bonding and, consequently,
lower modulus and strength. The cyclic hysteresis curves (Fig.
S11 in ESI) further demonstrated the influence of the reversible
adhesion-desorption mechanism of hydrogen bonds on the

dynamic response. The energy dissipation during loading-un-

loading is characterized by the hysteresis area coefficient

Hg = # where L is the tensile area and Ly is the unloading

area. ICV-380 and ICV-260 exhibited pronounced hysteresis and
substantial energy dissipation (Hg=18.99% and 18.63%, respec-
tively), indicating that hydrogen bond-induced structural rear-
rangement drives nonlinear mechanical responses and con-
tributes to the shoulder peak effect. In contrast, OCV-260, de-
spite using hydrophobic nano-silica with low surface polarity
and lacking hydrogen bond support, shows a relatively stable
conductive network. Although it had a lower modulus (1.83
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MPa) and tensile strength (1.15 MPa), it exhibited the smallest
hysteresis area Hr=14.28%). Weak hydrogen bonding reduces
interfacial adhesion, resulting in loose CB contacts, greater filler
migration, and frequent pathway breakage and reconstruction,
which conversely lowers stress hysteresis. Fig. 9(c) shows the Re-
sistance-strain responses of the four CEC under uniaxial loading.
Resistance increased with strain in all cases, but OCV-260 exhib-
ited a 96.33% higher strain sensitivity than ICV-380, highlight-
ing its superior responsiveness for real-time monitoring. Sensi-
tivity was evaluated using GF = (AR/Ry)/e, where AR =R - Ry, Ry
is the initial resistance, R is the measured resistance, and ¢ is the
strain. Linear fitting yielded maximum GF values of 0.22, 2.27,
3.99, and 7.84 for ICV-380, ICV-260, ICV-150, and OCV-260, re-
spectively. OCV-260 showed a 97.19% increase in GF and a
53.20% expansion in the monitoring range, confirming a broad-
er sensing range and higher sensitivity. Fig. 9(d) shows the sta-
ble resistance response of OCV-260 across various strains. As
shown in Fig. 9(e), OCV-260 exhibits a response time of 221 ms
at 1% strain and a rate of 1000 mm/min, faster than the other
CECE8#31 Fig. 9(f) shows the resistance response signals of OCV-
260 at different strain rates, indicating that the Resistance-strain
response is unaffected by the strain rate. Figs. 9(g)-9(j) and Fig.
S12 (in ESI) shows the dynamic resistance response signals of
OCV-260 after 500 cycles at strain levels of 10%, 20%, 30%, and
40%. As shown in Figs. 9(g)-9(j), no shoulder peak effect was
observed in the resistance response signals from either the first
10 cycles or the last 10 cycles. To further evaluate the stability, a
1x10%*cycle resistance response test was conducted at 50%
strain, as shown in Fig. 9(k). The magnified section confirms that
no shoulder peak effect occurs throughout the entire 1x10%cy-
cle tensile-unloading process. These results demonstrate that
the conductive network structure of OCV-260 possesses an ex-
cellent damagereconstruction capability.

CONCLUSIONS

In this study, hydrogen bond-regulated conductive elastomers
(CEC: ICV-380, ICV-260, ICV-150, and OCV-260 Hydrophilic Nano-
Silica BET: 380 mg?/g/CB-SR (ICV-380), hydrophilic nano-silica
BET:260 mg?/g/CB-SR (ICV-260), hydrophilic nano-silica BET:150
mg?/g/CB-SR (ICV-150), and hydrophobic nano-silica BET:260
m?2/g/CB-SR (OCV-260)) were prepared, and OCV-260 effectively
eliminated the shoulder peak effect in the Resistance-strain re-
sponse signals. By reducing the polarity and hydrogen bond
density through the hydrophobic groups on nano-silica (OB)
surfaces, the spatial repulsion between CB and OB particles is
maintained. This enables the formation of a continuous and re-
configurable conductive network within the silicone rubber (SR)
matrix, preventing sudden resistance spikes during unloading.
The formation and elimination mechanisms of the shoulder
peak effect were elucidated through multiscale experiments
and molecular dynamics (MD) simulations. OCV-260 showed a
78.84% reduction in the hysteresis area, a 97.19% increase in de-
formation sensitivity (GF), a 53.20% expansion in the monitor-
ing range, and a response time of 221 ms. Its resistance re-
sponse remained unaffected by the loading rate, and no shoul-
der effect was observed even after 1x10* cycles. These results
demonstrate the broad application potential of CEC for flexible
electronics, aerospace, and structural health monitoring. Fur-

thermore, the molecular dynamics simulations in this study em-
ployed a simplified unitization model at the interfacial level, pri-
marily aimed at revealing the trends and mechanisms of local
interactions in the system evolution. However, they remain in-
sufficient for directly characterizing the topological connectivity
and cooperative restructuring processes of multi-filler conduc-
tive networks at the network scale. Future work may integrate
multi-particle, coarse-grained simulations or mesoscopic statis-
tical models to refine the description of network-scale behavior.
Furthermore, incorporating DFT or quantum chemical methods
to calculate the interaction energies and charge distributions of
representative interface fragments can quantify the relative dif-
ferences in hydrogen-bonded polar interactions under varying
surface polarity conditions. This would provide a stronger mu-
tual validation with the interface mechanism conclusions pre-
sented herein.
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