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Abstract

Conductive elastomers, commonly used in flexible electronics, enable real-time monitoring of deformation through changes
in output resistance in response to signal variations. However, conductive elastomers often exhibit a shoulder peak effect in
their output resistance response, which significantly compromises the stability of monitoring and limits their practical
application. In this study, the cross-linked structure of elastomeric silicone rubber (VMQ) was modified using C-glue (VPS),
and polyvinyl pyrrolidone (PVP)-functionalized multi-walled carbon nanotubes (MWCNT) were incorporated as conductive
fillers (MP) to generate electrostatic repulsion and enhance dispersion within the matrix, forming a functionalized conductive
elastomer. The results showed that the hysteresis area in the resistance response signal of the functionalized elastomer was
reduced by 88.72%, effectively eliminating the shoulder peak effect. The mechanism behind the formation and removal of
the shoulder peak effect was elucidated through a combination of experimental analysis and molecular dynamics simulations.
The tensile strength and elongation at break of the functionalized conductive elastomer were increased by 69.44% and
50.91%, respectively, which endowed it with excellent strain-sensing properties, including a deformation sensitivity (gauge
factor, GF = 16.92) and a response time of 262 ms. This elastomer was successfully applied for strain monitoring of seismic
isolation bearings, with no shoulder peak effect observed during the process. It was capable of detecting residual deformation
during the bi-directional shear loading, providing a more accurate assessment of cumulative damage and performance
degradation within the seismic isolation bearings. This novel functionalized conductive elastomer demonstrates a significant
potential for structural health monitoring in large-scale components.
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1. Introduction superstructure.[*-4] However, these bearings are exposed to
Seismic isolation bearings are placed between a structure's prolonged external loads and harsh environmental conditions,
superstructure and foundation to absorb earthquake-induced which can cause damage or even failure, compromising
energy, play]ng a crucial role in the seismic resistance of structural safety. Therefore, real-time deformation monitoring
buildings and bridges, and ensuring the safety of the of seismic isolation bearings is critical. Currently, methods
such as convolutional autoencoder (CAE) networks, active

L Faculty of Civil Engineering and Mechanics, Kunming University sensing technology, Bayesian-optimized deep neural networks,

of Science and Technology, Kunming, 650500, China. and wireless sensor networks (WSN) are employed to monitor
2yunnan Key Laboratory of Disaster Reduction in Civil Engineering, ~ the deformation of seismic isolation bearings.>") However,
Kunming, 650500, China. these approaches often suffer from limitations, including poor
3School of Civil and Hydraulic Engineering, Hua zhong University ~ Tesistance to environmental noise, inadequate real-time
of Science and Technology, Wuhan, 430074, China. performance for vibration data acquisition, high installation

4 International Joint Laboratory for Green Construction and and maintenance costs, and reduced accuracy in strain
Intelligent Maintenance of Yunnan Province, Kunming, 650500, ~ monitoring when training data is insufficient or feature
China selection is improper. Thus, there is a pressing need to develop
*Email: yangyang0416@kust.edu.cn (Y. Yang) a new, low-cost, high-stability intelligent composite material

with synchronized deformation monitoring capabilities for
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Fig. 1: (a) Scenario diagram of the application of seismic isolation bearings, (b) Mechanism diagram of functionalized MWCNT,
and (c) Mechanism diagram of altering the original cross-linking structure of VMQ.

real-time strain monitoring of seismic isolation bearings, as
illustrated in Fig. 1(a).

Elastomers are known for their impact resistance, light
weight, and ease of processing, making them ideal matrices
for new smart composites. At the same time, seismic isolation
bearings are usually made of rubber, and the rubber in
elastomers is compatible with seismic isolation rubber
bearings, making them an ideal matrix for strain monitoring of
seismic isolation bearings.®'” In recent years, conductive
fillers such as multi-walled carbon nanotubes (MWCNT),[18.2]
graphene (GR),?2 and conductive carbon black (CB),?%2
have been incorporated into elastomers to impart conductive
properties. This resistance/strain response characteristic
enables real-time structural deformation monitoring, based on
the functional relationship between the resistance and
deformation of the conductive elastomer. Such monitoring is
widely applied in areas like human body monitoring and
structural health assessment.[?>28] However, conductive
elastomers often exhibit a shoulder peak effect in their
resistance response signal.[®192%-3 The shoulder peak effect
refers to the nonlinear resistance signal observed during cyclic
loading-unloading, where the main peak occurs at the
maximum strain in tension, and a shoulder peak appears
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during unloading, as shown in Fig. S1. The occurrence of the
shoulder peak effect has two main implications for the
monitoring field. It distorts the resistance response signal,
leading to an irreversible offset in the resistance change. This
undermines strain monitoring accuracy, affecting the stability
and consistency of the conductive elastomer’s output signal.
In long-term monitoring of large engineering structures,
particularly during large deformation monitoring, the shoulder
peak effect can mask actual damage signals, increasing
potential safety risks.

Additionally, under dynamic loading, the shoulder peak
effect exacerbates signal noise, further reducing the
effectiveness and accuracy of real-time monitoring. The
shoulder peak effect significantly undermines the stability of
conductive elastomers in monitoring applications, hindering
their development in the field. To address this, researchers
have attempted various strategies, such as reducing residual
strain, adjusting the dispersion of carbon nanomaterials,
improving the negative Poisson's ratio of the material, and pre-
stretching the elastomer to mitigate the shoulder peak effect.[*>
%l However, these approaches often require specialized
equipment, large quantities of chemical reagents, and complex
designs. Thus, a simpler and more efficient preparation
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method is needed to eliminate the shoulder peak effect in
conductive elastomers. The self-assembly strategy has been
used in the field of flexible strain sensors, and the performance
of strain-sensing materials can be effectively improved by
modifying the conductive fillers and substrates. For example,
Ji et al."@ prepared carbon nanotube whiskers (CNW)@n-
Al;O3 micro- and nano- scale multilevel hybrid network
structures by electrostatic self-assembly. Wang et al.*1
prepared highly conductive porous elastomers using a self-
assembled solid-phase transition dual template (S-PTDT). Liu
et al.® prepared boron nitride/nanodiamond (ND/KBN)
honeycomb networks via an electrostatic self-assembly ice
template method. Moreover, molecular dynamics (MD)
simulation*#! is an effective computational tool for studying
the physical behavior and molecular interactions of materials
at the atomic level. MD simulations can complement
experimental studies and provide a theoretical basis for
eliminating the shoulder peak effect.

This research used a self-assembly method to adsorb alkyl
and pyrrolidone groups from polyvinylpyrrolidone (PVP) onto
the surface of MWCNT. This created synergistic mechanisms
of spatial isolation and electrostatic repulsion, preventing
MWCNT aggregation. Additionally, C-glue (VPS) was
introduced into VMQ to modify its original crosslinking
structure, increase its reactive sites, and enhance the
crosslinking density of the conductive network. This process
led to the formation of a self-assembled functional conductive
elastomer, which effectively eliminates the shoulder peak
effect and improves the stability of the elastomer during
monitoring. The causes of the shoulder peak effect and its
elimination mechanism were investigated through a
combination of experimental and MD simulations. The
developed conductive elastomer was successfully applied to
strain monitoring of seismic isolation bearings.

2. Experiments
2.1 Materials
Materials in Supporting Information S1.1.

2.2 Preparation of functional conductive elastomer
composites

Preparation process of conductive elastomer composites in
support of information S1.2.

2.3 Characterization
Characterization test in support of information S1.3

2.4 MD simulation modeling and methods
Modeling Methodology and Models in Support of Information
S1.4.

3. Results and discussion

3.1 Design of functionalized conductive elastomers

First, the functionalized conductive filler (MP) was created by
adsorbing the methyl group (-CH3) from PVP with the amide
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group (-C=0-N-) onto the surface of MWCNT. This process
prevents MWCNT aggregation through electrostatic repulsion
and spatial isolation, thereby promoting a better dispersion of
MP within the matrix, as shown in Fig. 1(b). Next, the original
cross-linking structure of VMQ was altered by introducing C-
glue (VPS), which formed multiple centralized cross-linking
points. This transition from a linear to a centralized cross-
linking structure resulted in the creation of a new three-
dimensional network (VVS system), as shown in Fig. 1(c).
Finally, through temperature and shear synergism during the
mixing process, MP and VVS were homogeneously combined
to form the functionalized conductive elastomer. The detailed
formation process and mechanism are described in section
S2.1 (see supporting information).

3.2 Mechanism of generation and elimination of shoulder
peak effect

Figs. 2(a-d) show the resistance response signals of MV, MVS,
MPYV, and MPVS under varying strains. It is clear that MV,
MVS, and MPV exhibit nonlinear resistance responses, which
compromise the stability of the conductive elastomer during
monitoring. However, MPVS displays a stable, linear
resistance response across different strain conditions, as
shown in Fig. 2(d). To explain the mechanism behind the
shoulder peak effect, the 5™ cycle resistance signals at 10%
strain were extracted from Figs. 2(a-d) for analysis, as
illustrated in Figs. 2(e-k). There are three key observations: (1)
Figs. 2(e-g) illustrates the 5™ cycle resistance signals for MV,
MVS, and MPV at 10% strain. When strain is applied, the
distance between the conductive fillers and the substrate
increases, severely damaging the conductive network,
resulting in a sharp rise in resistance (AB). Upon unloading,
due to the viscoelasticity of the elastomer,l 4 61 the
reconstruction of the conductive network lags behind the
unloading process, causing a sudden increase in resistance
(CD). (2) As shown in Fig. 2(i), the conductive filler is
attached to the elastomer's molecular chain crosslinked
network. When strain is applied, the crosslinking points of the
molecular network inside the conductive elastomer are
disrupted, increasing the distance between the conductive
fillers and raising the resistance, as shown in Fig. 2(j). Upon
unloading, the crosslinking network is reconstructed, but the
conductive fillers slip along the molecular chain, causing a
delayed change in the conductive network and scattering the
fillers, as shown in Fig. 2(k). (3) Fig. S11(a-f) shows the TEM
and SEM images of MV, MVS, and MPV. It is evident that the
conductive fillers in all three elastomers are significantly
agglomerated, forming localized aggregation regions that
create obstacles to charge transfer. This results in a sudden
change in electrical resistance when strain occurs, triggering a
drastic shift in resistance. The shoulder peak effect can thus be
attributed to four main factors: (1) Competition between the
elastomer's viscoelasticity and the conductive network
reconstruction process. (2) Insufficient crosslinking within the
elastomer’s molecular chain network, leading to weak
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Fig. 2: (a~d) Resistive response signal plots of MV, MVS, MPV, MPVS, (e-h) the resistance/strain response of four conductive
elastomers strained at 10% during the 5% cycle, (i~k) Mechanism plots of molecular chains inside the conductive elastomers during
stretch-unloading, (1) DSC curves of MV, MVS, MPV, MPVS, (m) Crosslink density versus T, relaxation time plots, (n) Energy
storage modulus of four conductive elastomers, and (o) Loss modulus of four conductive elastomers.

recovery of the conductive network during deformation. (3)
Poor interfacial interaction between the conductive filler and
elastomer, causing slippage between the two during strain
unloading and large resistance hysteresis. (4) Poor dispersion
of the conductive filler in the elastomer causes it to aggregate
into clusters or form discontinuous conductive networks.
Under strain, the local conductive channels experience sudden
changes due to filler aggregation or lack of connectivity,
leading to nonlinear fluctuations in the resistance response. To
further elucidate the elimination of the shoulder peak effect,
the following five methods were employed to analyze it:

(1) The hysteresis area of the resistance response signals
for the four conductive elastomers is evaluated using Equation
(2):
|Es—Eg|

E, =
H Es

(1)

where Eg and Ej represent the areas under the tensile and
unloaded resistance response curves, respectively. Eyq, Ey,
Eys, Ens correspond to the hysteresis areas of MV, MVS,
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MPV, and MPVS, respectively. A larger Ey value indicates a
poorer recovery of the resistance response signal.*1From Fig.
2(e-h), we observe the following values: Ey; =33.7%,
Ey>=19.16%, Ey3=10.49%, Ey,=3.8%. The lag area of the
MPVS resistance response is reduced by 88.72%. In addition,
the viscoelasticity of the rubber was also evaluated using the
Tan § of the Rubber Processing Analyser (RPA).*¥ The Tan 6
values of four conductive elastomers at a strain of 1-10% are
shown in Fig. S11, and the average values of MV, MVS, MPV,
and MPVS were calculated to be 0.94, 0.92, 0.91, and 0.86,
respectively, which are denoted as Tan da1, Tan da2, Tan da3,
and Tan da4, respectively. Meanwhile, based on the calculated
En, the intensity of competition between the rubber matrix
viscoelasticity and the conductive network reconstruction is
denoted as VR and presented by Equation (2):
En
Tan 6,

VR= )

A larger VR represents a stronger intensity of competition
between the rubber viscoelasticity and the conductive network
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reconstruction, and the results of the calculations are shown in
Table S1. The results show that the VR of MPVS conductive
elastomer is lower than that of the other three conductive
elastomers. This proves that MPVS has a good ability to
recover the resistance response.

(2) Fig. S11(g-h) shows the TEM and SEM images of
MPVS, where the white tubes represent the conductive filler
and the black areas represent SiO,. Compared to the other
three conductive elastomers in Fig. S11(a-f), it is clear that the
MP in MPVS is uniformly dispersed throughout the matrix. To
further assess the dispersion of the conductive elastomers, the
roughness, adhesion, and 3D profile of the materials were
analyzed using AFM, as shown in Fig. S13(a-h). The results
reveal that the roughness and adhesion of MV, MVS, and MPV
are higher than those of MPVS, indicating that the surface
fluctuations in MV, MVS, and MPV are more pronounced,
with conductive fillers more heavily agglomerated within the
matrix. In contrast, MPVS exhibits smoother surface
fluctuations, promoting a better continuity of the MP within
the matrix. The specific roughness values are provided in
Table S2. This phenomenon is also clearly visible in the 3D
contour maps shown in Fig. S14(a-d).

Additionally, the dispersion of the four conductive
elastomers was evaluated by RPA. Fig. S15 presents the
energy storage modulus (G'), loss factor (Tan d), and complex
viscosity (n*) of the elastomers under strain conditions. Fig.
S15(a) illustrates the G' of MV, MVS, MPV, and MPVS,
showing a linear decrease in G’ for all four materials. This
decrease is attributed to the disruption of the conductive
network as strain increases, known as the Payne effect,!”!
which is commonly used to assess filler agglomeration in the
matrix.’! The AG' value, defined as the difference between G’
at maximum and minimum strain (AG’ = G’ at 99.98% strain -
G’ at 9.98% strain), serves as the assessment criterion. A larger
AG' indicates a stronger Payne effect, more severe filler
agglomeration, poorer dispersion, and a more unstable
conductive network. From Fig. S15(a), the AG’ values for MV,
MVS, MPV, and MPVS are 39.71, 35.29, 35.29, and 32.44,
respectively, indicating that MPVS exhibits superior
dispersion of MP. Fig. S15(b) shows that the Tan & of MV,
MVS, and MPV is significantly higher than that of MPVS.
This is attributed to the aggregation of conductive fillers in MV,
MVS, and MPV, which increases internal friction and energy
loss, resulting in a higher hysteresis loss when the conductive
network is damaged.

Fig. S15(c) shows the complex viscosity (n*) of the
conductive elastomer, which reflects the rheological
properties of the conductive elastomer during processing. .52
When the n* of the conductive elastomer is high, the
rheological resistance of the conductive elastomer increases,
causing the conductive fillers to aggregate into clusters in the
elastomer. When the n* of the conductive elastomer is low, it
indicates that the conductive filler has a better flowability in
the elastomer, a less internal friction, and the conductive filler
is uniformly dispersed in the conductive elastomer. The n* of
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MPVS is notably lower than that of MV, MVS, and MPV,
which suggests that the conductive fillers in MV, MVS, and
MPV are agglomerated, affecting the fluidity within the matrix,
increasing the internal friction, and raising n*. These findings
indicate that the MP in MPVS have excellent dispersion
properties.

(3) DSC and NMR techniques were employed to evaluate
the degree of cross-linking in the conductive elastomers. Fig.
2(1) shows the DSC curves for MV, MVS, MPV, and MPVS,
where the exothermic response is associated with the cross-
linking process of the elastomers.®! It is evident that the
exothermic curve for MPVS is higher than those for the other
three conductive elastomers, indicating that the cross-linking
reaction sites in MPVS are more numerous, leading to a denser,
more highly cross-linked conductive network. Fig. 2(m)
presents the trends in crosslink density and T relaxation time
for MV, MVS, MPV, and MPVS. The crosslink density of
MPVS is 56.34% higher than that of MV, suggesting the
formation of new cross-linking points within MPVS. This
results in a more stable, three-dimensional conductive network
within the elastomer. Additionally, the T relaxation time for
MPVS is consistently shorter than those for MV, MVS, and
MPYV, further confirming the increased degree of cross-linking
in MPVS.B4 The T, relaxation time inversion spectra for all
four elastomers are shown in Fig. S16. The peaks for T>A and
T>B in MPVS significantly shift towards shorter relaxation
times, indicating an increase in cross-linking points within the
molecular chain of the conductive elastomer. Moreover, the
intensity of the T>A signal for MPVS is lower than that for MV,
MVS, and MPV, suggesting a quicker transition from free to
cross-linked chains™ due to the higher number of cross-
linking reaction points in MPVS, as shown in Fig. S17.

(4) DMA and XPS were employed to evaluate the binding
energy and molecular chain motion of the conductive
elastomers. Fig. 2(n) and 2(o), along with Fig. SI18,
demonstrate the energy storage modulus, loss modulus, and
loss factor (Tan &) of MV, MVS, MPV, and MPVS as a
function of temperature. As shown in Fig. 2(n), the energy
storage modulus reflects the binding energy between the filler
and the matrix, with a higher modulus indicating stronger
interaction.[® The energy storage modulus of MPVS is higher
than that of other three conductive elastomers, suggesting a
stronger interaction between the filler and the matrix in MPVS,
as well as a higher degree of molecular chain confinement
within the elastomer. Fig. 2(0) shows the loss modulus of four
conductive elastomers, which reflects the internal friction and
energy dissipation within the materials.[* Stronger binding
energy between the filler and the matrix reduces the interfacial
slip and friction, thereby lowering the loss modulus. The loss
modulus of MV, MVS, MPV, and MPVS are 488.4, 439.41,
394.11, and 369.92 MPa, respectively. The 24.25% reduction
in loss modulus for MPVS indicates that the filler within
MPVS forms a strong interface with the -elastomer,
significantly constraining the molecular chain movement."
Fig. S18 illustrates the Tan § of four elastomers, which reflects
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the motion of the molecular chains. The peak value of Tan
6 for MPVS is lower than that for MV, MVS, and MPV,
suggesting that the molecular chain movement in MPVS is
more restricted. In addition, Tg represents the glass transition
temperature of the conductive elastomer, while Tg1, Te2, Tg3,
and T4 refer to the glass transition temperatures of MV, MVS,
MPV, and MPVS, respectively. Ty of MPVS shifts
significantly to the right compared to Tgs, Tg3, and T2 of MV,
MVS, and MPV. This shift is attributed to the strong interfacial
binding energy, which restricts the free movement of the
matrix’s molecular chains and leads to the formation of
regions with higher molecular chain constraints in MPVS.57]
To further evaluate the interfacial binding energy between the
filler and matrix, XPS analysis was conducted. Fig. S19 and
S20 show the Cls and Ols spectra for the four conductive
elastomers, with characteristic peaks for C-C and Si-O bonds.
The C-C and Si-O peaks for MPVS shift to higher binding
energies (from 283.38 to 283.74 eV) for C-C and from 531.15
to 531.65 eV for Si-O, indicating a stronger filler-matrix
interaction in MPVS.

(5) All-atom molecular dynamics simulations. To further
explain the mechanism behind the elimination of the shoulder
peak effect, MD simulations were used to calculate the mean
square displacement (MSD), free volume fraction (FFV),
radial distribution function (RDF), and pullout simulation
binding energy. The specific modeling steps can be found in
section (S1.4), and the models of VMQ, VPS, MWCNT, and
MP are shown in Fig. S3(a-d). The AC models of MV, MVS,
MPYV, and MPVS are depicted in Fig. S4. MSD is used to
evaluate the movement of conductive fillers within the
elastomer molecular chains (S1.5). A lower MSD value
indicates that the molecular chains are more constrained. As
shown in Fig. 3(a), the MSD of MPVS is lower than that of
MV, MVS, and MPV, indicating that MPVS has highly
constrained regions, which restrict the movement of its
molecular chains. RDF is used to assess the adsorption
capacity between the elastomer and conductive fillers (S1.6).
Fig. 3(b) shows that the average RDF of MPVS is higher than
that of MV, MVS, and MPV, suggesting that MPVS exhibits a
stronger adsorption between the conductive fillers (MP) and
the molecular chains of the matrix. FFV reflects the ability of
molecular chains to move within the conductive elastomer
(S1.7). As shown in Fig. 3(c), the FFV of MPVS is reduced by
30.32% compared to MV, MVS, and MPV, indicating that the
molecular chains in MPVS are more hindered and constrained
than in the other elastomers.

Additionally, the interfacial bonding energies were
calculated using pull-out simulations (S1.8) for MV, MVS,
MPV, and MPVS, as shown in Fig. 3(d) and Fig. S21-S23. As
the number of simulation frames increased, the interface
between the conductive filler and the elastomer was disrupted.
The calculated interfacial binding energies for each material at
1 Ps, 50 Ps, 100 Ps, 200 Ps, and 300 Ps are shown in Fig. 3(e).
It is evident that the interfacial binding energies of MPVS are
higher than those of MV, MVS, and MPYV, indicating better
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interfacial interactions within MPVS. Furthermore, the
interfacial binding energies of MPVS at 300 Ps are 67.56%
higher than those of MV, MVS, and MPV, suggesting a
stronger bonding between the conductive fillers and the
molecular chains within MPVS, making it more difficult for
the fillers to detach from the matrix. These MD simulation
results are consistent with the findings from DMA and XPS
experiments, confirming the enhanced interfacial interactions
and better overall structural stability of MPVS.

In summary, by functionalizing commercial MWCNT and
modifying the original cross-linking structure of VMQ, the
MP inside MPVS generates electrostatic repulsion, which
prevents MP from agglomerating within the matrix. At the
same time, this modification increases the reaction sites on the
molecular chains of MPVS, leading to more cross-linking
points between the chains. This results in a higher cross-
linking density and a greater degree of constraint on the
formation of free chains within MPVS, converting them into
cross-linked regions. As a result, the conductive cross-linked
network structure inside MPVS is enhanced. When the
conductive network is reconstructed, the movement of MP
attached to the molecular chain of MPVS is restricted, forming
spatial isolations within the conductive network. This
strengthens the interfacial bonding interactions between MP
and the molecular chain of MPVS and reduces the sudden rise
in electrical resistance that occurs during strain unloading.
Consequently, the shoulder peak effect is eliminated. Fig. S24
illustrates a schematic diagram of the internal cross-linked
network of MPVS during stretch-unloading.

3.3 Force-electric response properties of conductive
elastomers
Fig. 4(a) shows the stress-strain curves of MV, MVS, MPV,
and MPVS. All four conductive elastomers exhibit a linear
growth trend, with the curve for MPVS showing a steeper
slope than those of MV, MVS, and MPYV, indicating that
MPVS has a superior deformation ability. Furthermore, the
tensile strength and elongation at break of MPVS are increased
by 69.44% and 50.91%, respectively. These improvements are
attributed to the introduction of functionalized MP and VPS,
which enhance the cross-linking network of MPVS and
increase cross-linking points, strengthening the interactions
between the filler and matrix. Fig. S25 (a~h) shows the cyclic
stress-strain curves of MV, MVS, MPV, and MPVS. The
hysteresis area of the stress-strain curves was evaluated using
Equation (3):
L-Lg

. 3)
where L is the area in tension and Ly is the area in unloading.
The highest reduction in hysteresis for MPVS, at 49.95%,
indicates a better elasticity compared to MV, MVS, and MPV.
Fig. 4(b) illustrates the uniaxial resistance-strain response of
MV, MVS, MPV, and MPVS at a strain of 100%. As strain
increases, the resistance of all conductive elastomers rises. The
sensitivity of the conductive elastomers is quantified using
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Fig. 3: (a) MSD of MV, MVS, MPV, MPVS, (b) RDF of MV, MVS, MPV, MPVS, (c) FFV of MV, MVS, MPV, MPVS, (d) Pulling
and pulling the simulation process of MPVS, and (e) The pull-out simulation binding energy of MV, MVS, MPV, MPVS at frame

numbers of 1, 50, 100, 200, 300 Ps.

gauge factor (GF) as shown by Equation (4):

GF=(AR/Ry)/e 4)

where AR=R-R,, Ry is the initial resistance, R is the test
resistance, and ¢ is the strain. The maximum resistance
variation and maximum GF variation of the four conductive
elastomers are displayed in Fig. 4(c). The maximum resistance
change and maximum deformation sensitivity for MPVS are
increased by 79.02% and 83.98%, respectively, compared to
MV, MVS, and MPYV, indicating that MPVS has superior
sensitivity and higher deformation responsiveness.

Fig. S26 shows the current-voltage (CV) curves for MV,
MVS, MPV, and MPVS. As the voltage increases from 1 to 5
V, the current increases for all four materials, suggesting that
they maintain stable resistance within this voltage range. Fig.
4(d) demonstrates that MPVS maintains a stable resistance
response across all strains. Fig. 4(¢) shows that the resistance
recovery time of MPVS at a strain of 5% and a rate of 1000
mm/min is 262 ms, which is faster than that of other
conductive elastomer materials.64 Fig. 4(f) confirms that
MPVS maintains a stable resistance response under various
strain rates, proving that the resistance signal is not rate-
dependent. Fig. 4(g~j) shows the results of 200 cycles of
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MPVS under strain, with no shoulder peak effect observed in
the first 10 cycles or the last 190 cycles. To evaluate the long-
term stability of MPVS resistive response, the material was
tested for 5000 cycles at a strain of 60%, as shown in Fig. 4(k).
MPVS gradually decreases in resistance with increasing
cycles and finally flattens out. This is due to the viscoelasticity
of the rubber itself,*! which produces hysteresis effect and
triggers the resistance hysteresis phenomenon.? The enlarged
view reveals that no shoulder peak effect occurs during the
5000 cycles, indicating that MPV'S maintains a stable resistive
response signal over extended cycling.

3.4 Application of MPVS for monitoring of seismic
isolation bearing

The sensing range and experimental design for seismic
isolation bearing monitoring are detailed in Sections S2.2 and
S2.3. Fig. 5(a-e) demonstrates the strain monitoring of lead
core seismic isolation rubber bearing (LRB) under
bidirectional shear deformation on a compression-shear
machine using MPVS. It is evident that, under varying shear
displacements, the output signals of MPVS deform
synchronously with the LRB during the shear deformation.
Conventional monitoring materials rarely withstand such large
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deformations while maintaining complete synchronization
between resistance and strain. Furthermore, compared to other
monitoring materials used in physiological, mechanical, and
large-scale structural monitoring, this conductive elastomer
exhibits no shoulder peak effect, as statistically demonstrated
in Table S3. Real-time videos of different shear displacements
are available in V1-V4 (supporting information). Notably,
distinct large and small peaks of varying heights emerge in the

8| Eng. Sci., 2025, 34, 1479

resistance  response  signals under different shear
displacements. This phenomenon results from residual
deformation caused by previous bidirectional shear cycles,
which accumulates with subsequent shear deformations,
leading to sudden increases in the resistance response signal.
This finding confirms that MPVS can effectively monitor
residual strain in objects subjected to large deformations,
enabling timely detection of potential damage or deformation
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monitoring of MPVS on LRB under bi-directional shear conditions from 60 to 90 mm.

to ensure structural safety. This capability significantly
enhances the implementation of intelligent monitoring for
large-scale components.

4. Conclusion

In this work, we employed a self-assembly strategy to
successfully prepare novel self-assembled functionalized
conductive elastomers MPVS, which are used for strain
monitoring of seismic isolation bearings through the output
resistive response signal. The successful adsorption of alkyl
and pyrrolidone groups from PVP onto commercial MWCNT
creates electrostatic repulsion, resulting in highly dispersed
MP conductive fillers. Meanwhile, C-glue (VPS) was used to
alter the cross-linking structure of the original VMQ, increase
its reactive sites, and enhance its cross-linking degree,
resulting in a highly cross-linked VVS matrix. MP and VVS
were mixed under strong shear forces to obtain a highly stable
MPVS with good dispersion performance. MPVS overcame
the shoulder peak effect that commonly occurs during the
output of resistive response signals in conductive elastomers.
The causes of the shoulder peak effect were analyzed, and its
elimination mechanism was explained using a combination of
experimental and molecular dynamics simulation methods.
MPVS also exhibited excellent force-electric response
performance, including an increase in tensile strength and

Engineered Science Publisher

elongation at break by 69.44% and 50.91%, respectively, a
reduction in stress-strain hysteresis area by 49.95%, and an
increase in resistance change and deformation sensitivity by
79.02% and 83.98%, respectively. Additionally, during strain
monitoring of the seismic isolation bearing, no shoulder peak
effect was observed, and the resistance response signal
remained stable. The self-assembled functionalized
conductive elastomer opens up new application prospects in
the field of large component monitoring. However, due to the
viscoelastic properties of the rubber matrix, it exhibits a
significant resistance hysteresis during the resistance/strain
response, which affects their stability during the monitoring
process. Therefore, how to minimise the effect of the
viscoelasticity of the rubber matrix on the resistance/strain
response signal will be a key challenge for future research.
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