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The recent discovery of electromechanical coupling in elastomers showed periodic electrification in phase with
rubber stretching but following different electrostatic potential patterns. In this work, a Kelvin electrode
monitored silicone and natural rubber electrification for extended periods until the rubber tubing underwent
rupture. The electric potential of the rubber follows regular, quasi-sinusoidal patterns at the beginning and
during the whole run, except when close to rubber fatigue failure, changing into complex waveforms. The
attractors on natural latex and silicone rubber become chaotic at roughly 50 seconds before rubber rupture
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when the nearby orbits diverge wildly. Thus, mechanical-to-electrical transduction in rubber alerts fatigue failure
nearly one minute ahead of the breakdown. Moreover, electrostatic potential maps of stretched rubbers show
the electrification of the rupture sites, evidencing the electrostatic contribution to the breakdown. These results
show the convenient features of electromechanical coupling in rubbers for the non-contact, real-time
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prediction of the rubber fatigue failure, adding to the possibility of environmental energy harvesting.

Introduction

Elastomers account for a small fraction of overall materials
production, but they are hardly replaceable by other types of
materials due to their unique combination of mechanical
properties. For this reason, large or small rubber parts are
found in almost every transportation equipment, industrial
machinery, robotic devices, medical ware and household
goods. Large amounts of rubber are used to make vehicle tires
and other parts that involve safety concerns such as firefighting
hoses, vibration absorbers and transportation belts that are
subjected to periodic mechanical efforts for extended periods.
The risk associated with the rubber product failure' and the
complexity of rubber materials and products led to the devel-
opment of the equipment for their non-destructive
examination.’

The most important rubber materials are made from cross-
linked macromolecules, forming insoluble networks, and they
are often loaded with other organic or inorganic constituents
that play important roles. This makes rubber analysis especially
difficult, requiring a number of specific, special techniques.
Moreover, the mobility of rubber surface components produces
a quick surface change even with a small change in the
environment, placing a limitation on the usefulness of techni-
ques that require rubber contact with definite materials or
immersion in a liquid or high vacuum, for instance.
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A point of special concern is rubber heterogeneity, either
in the raw materials or in the finished goods. An industrial
rubber product may contain ten or more components,
whose processing requires energetic mixing. Even if this is
successful, thermodynamically driven de-mixing may introduce
heterogeneity in the finished material, whose detection is a
challenge, considering the already mentioned analytical
difficulties. In particular, natural latex is complex since it is
a natural product whose properties depend on the agri-
cultural environment and on latex processing that adds or
eliminates different components which may have an
important effect on the final rubber properties.>”® Moreover,
during their use, rubber materials undergo chemical reactions,
whose detection requires the creative development of specific
methods.”

The pre-service or in-service, real-time monitoring of parts
made with rubbers, is desirable to detect material degradation,
modification and wear that may lead to failure. Many efforts
have led to significant advances in our understanding of
rubbers,® while extensive literature review has pointed out to
four major categories of factors that influence mechanical
fatigue life of rubber components:® mechanical load, environ-
mental conditions, rubber formulation and the change in the
mechanical properties due to the dissipative aspects of the
constitutive response of rubber. In fact, with a certain degree of
accuracy, it is possible to predict the dynamic fatigue life of
rubbers under constant load conditions by knowing the strain
length.'® In addition, due the high entropy state of rubbers,
mechanochemical reactions are less pronounced on pre-
strained elastomers under periodic deformations, withstanding
oscillation strokes for longer periods until rupture.'® On
the other hand, it is not always an easy task, being aware that
all these variables and rubbers suddenly undergo fatigue
failure.

Real-time monitoring can increase safety in equipment use,
probably increasing also the service lifetime of rubber goods.
Unfortunately, excluding direct and camera-aided visual
inspections,"" in-service real-time monitoring is rarely possible
for any material. Moreover, extracting information from optical
inspection requires significant expertise, but this is being
changed by the inputs from artificial intelligence, large arrays
of sensors, massive data processing and other recent
developments.

Digital image correlation (DIC) is a powerful analytical
optical technique capable of comparing images during testing
to produce full-field strain and displacement maps.>'® The
maps are very intuitive and used to visualize contour, deforma-
tion, vibration and strain on almost any material over the full
two-dimensional surface of the test specimen.""® On the other
hand, DIC usually requires the creation of a speckle pattern
onto the specimen using aerosol sprays'® (matt white and/or
black), but this can modify important surface properties. In
addition, DIC is not suitable for long-time monitoring of
samples under periodic motion hence it is not capable of
predicting fatigue failure in a specific time. Moreover, since
DIC relies on complex measurement chains,"’ it has inherent
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source of errors such as those from the displacements obtained
with DIC algorithms.

Due to the discrete and invisible nature of electrostatic
charges® and the lack of firm knowledge on the nature of
the charged carriers of dielectric materials,"** the electrical
properties of dielectric elastomers have not been investigated.
In fact, electrostatic phenomena are seldom mentioned in the
studies of rubber fatigue and electrostatic measurements have
not been used in rubber analysis and monitoring, with a few
exceptions.?® For example, rubbers were found to be sensitive
to electric charges built during periodic deformation and the
fatigue life is increased by grounding the rubber specimen,”*
but no explanation was then provided to describe this
phenomenon.” In addition, the electrostatic techniques of
materials analysis are not widespread because the measured
potential or charge is not easily correlated to the changes in
material composition due to the limitations of current knowl-
edge on the mechanism of charge formation, accumulation and
transfer, in dielectrics.?> 2 Fortunately, this area is now receiv-
ing greater attention®® and there has been conceptual and
instrumental progress.®'*

Recently, our group has published new results on rubber
electrostatic charging and the methods used allow the detec-
tion of rubber modification triggered by mechanochemical
action.*® Very high electrostatic potentials are displayed on
rubbers during periodic loads*® with an important contribution
from relative humidity (RH).>*> Moreover, rubbers exhibit this
electromechanical coupling throughout their lifetime, but the
electrostatic potentials have a very peculiar behavior close to
rubber fatigue.?” This motivated the acquisition of an extended
time series of non-contact electrostatic potentials measured in
periodically stretched rubbers that are presented and discussed
in this study.

Experimental
Materials and methods

Natural latex for laboratory and medical use (2255785, Sigma-
Aldrich) and commercial silicone rubber tubes with an internal
diameter of 3.175 mm and an external diameter of 6.35 mm
were cut into 60 mm long pieces. The tubes were handled with
antistatic gloves, which is positioned in the fatigue testing
machine and cleaned by spraying isopropyl alcohol (99.5%)
prior to use.

Linear dynamic fatigue testing machine

Rubber tubes were mounted on metal holders lined with
rubber films on a home-made fatigue testing machine
equipped with a variable frequency drive and an amplitude
set to 100 mm, as schematically shown in Fig. 1a. The tube
sample has a useful test length of 20 mm (Fig. 1b), stretching to
a maximum of 600% from its initial useful length. The stretch-
ing frequency was set to 1 Hz, except when indicated otherwise
(electrostatic maps and ESI{). Fatigue tests were performed
under repeated loading to failure.

This journal is © the Owner Societies 2021
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Fig. 1 (a) Experimental setup used to measure the electric potential on
periodically stretched rubbers and (b) the schematic description of the
sample holder.

Electrostatic potential measurements

Electrostatic potential measurements during repeated cyclic
stretching were made with a low noise (3 mV), a high speed
of response (3 ms) and a high-resolution (0.79 mm aperture
size) Kelvin electrode (6000B-6, Trek Inc., USA) positioned at
the center of the tubing surface and kept at 2 mm above it
(Fig. 1a), as recommended by the manufacturer. The Kelvin
electrode was connected to an electrostatic voltmeter (347, Trek
Inc., USA), measuring the static potentials in the range of
—3300 to +3300 V. The voltmeter output was connected to an
electrometer (6514, Keithley, USA) via a low-noise triaxial cable
under a high-speed acquisition rate of 120 readings s™*, using
an USB-to-GPIB interface (KUSB-488b, Keithley, USA). The
repeated cyclic stretching was performed only for the cleaned
rubber specimens with low electrostatic potentials, down to
0 £ 2 V. The attractors from the electrostatic potential time
series were plotted in two dimensions as V (¢ + A¢) vs. V (t) with a
delay of A¢ = 10 measured points (or 0.08 s), which was found as
a convenient attractor for the data obtained in this study.

Electrostatic potential maps were acquired by attaching the
Kelvin electrode to a mechanical arm, where the rubber speci-
men was stretched to the desired position at a strain rate of
40 mm s . The temperature and relative humidity were con-
tinuously monitored using a digital thermohygrometer (Akrom
KR420). All the experiments were conducted at 20-25 °C and
50-60% RH, where the samples were video recorded using a
USB digital microscope (Decdeal).

Charge-density calculation

The surface charge density was estimated following a previously
described procedure,***® where the virtual charges were placed
on a 256 x 256-pixel matrix. The electrostatic potential gener-
ated by all the charges was calculated using the principle of
superposition, where the number of charges per pixel is
adjusted until the calculated and measured macroscopic elec-
trostatic potentials match. The charge density was also
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confirmed using the solution to Poisson’s equation for a uni-
form surface charge distribution in a circle.*

Microscopy analysis of pristine and tested natural latex tubes

Atomic force microscopy (AFM) was performed using a Park
NX10 microscope (Park Systems, Korea) equipped with SmartS-
can software version 1.0.RTM1la. Topography and phase-
contrast images were obtained using a high-frequency rotated
monolithic silicon probe (TAP300G, Budget Sensors, Bulgaria)
with a nominal resonance frequency of 300 kHz and a force
constant of 40 N m~". All the measurements were made under
ambient conditions at room temperature (21 + 5 °C) and a
relative humidity of 55 + 10%. Images were treated offline
using Park XEI software version 4.3.4Build22.RTM1.

Scanning electron microscopy (SEM) was performed using a
JSM6360 microscope (JEOL, USA) at 15 kV with 500x and
1000x magnifications.

Results and discussion

Elastomers display actual characteristic electromechanical cou-
pling that is usually developed at larger deformations.**™”
Different from common crystalline (or semicrystalline) dielec-
trics, the stretched elastomers increase their surface area many-
fold so that the strain-induced electrostatic charging built
cannot be evaluated using compliant electrodes connected to
amplifiers as it is commonly measured in flexoelectric and/or
piezoelectric systems.**** The vibrating Kelvin electrode con-
nected to an electrostatic voltmeter measures the electrostatic
potential at the rubber surface due to the great advantage of its
non-contact and non-destructive features. In addition, since the
electric field between the capacitive probe and the testing
surface is nullified (potential difference compensation), the
presence of the instrument does not disturb the existing sur-
face charge distribution, resulting in very low errors of the
measurement.* Thus, its configuration is highly suitable to
measure the electrostatic response of rubbers subjected to large
mechanical deformations.

The macroscopic strain-induced electrostatic charging of
natural latex is shown in Fig. 2a. Initially, the Kelvin electrode
measures the electrostatic potential on the relaxed sample for
approximately 30 s, following the stretching—relaxation cycles
until the latex rupture. At the relaxed state, the Kelvin probe
measures 0 V, but when latex is periodically pulled, the
mechanical stimulus (strain gradient) is promptly transduced
into the induced electrostatic potentials, reaching a negative
potential of roughly —2.0 kV, as observed in the inset of Fig. 2a.
Thus, quick discharging events are displayed on latex while
returning to its unstrained relaxed position, reaching a close to
zero electrostatic potential. In addition, the periodic quick
charging and discharging events are produced in phase with
a latex strain gradient until its rupture. In fact, periodic
potentials appear irrespective of the oscillation frequency, but
highly dependent on the strain gradient (see Fig. S1, ESIt). On
the other hand, electrostatic potentials change quickly close to
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Fig. 2 Representative plots of the electrostatic potential of (a) natural
latex and (d) silicone rubber under stretching—relaxation cycles. The insets
in (a) and (d) show the zoom-in plots at the beginning, while (b) and (e) are
the zoom-in plots close to the rupture of the latex and silicone, respec-
tively. Optical images for (c) latex and (f) silicone during the course of the
experiment are shown along with the respective electrostatic potentials.
For additional experiments, see Fig. S1 (ESI¥).

the latex fatigue, where regular and quasi-sinusoidal potentials
are converted to much complex periodic waveforms, as shown
in Fig. 2b.

As observed in Fig. 2c¢, cyclic stretching-relaxation induces
mechanochemical reactions on latex that undergoes physical-
chemical transformations upon testing, acquiring a whitish
color close to the region surrounding the rupture. Moreover,
an important observation regarding the experiments using
natural latex specimens is that the rupture always takes place
in the same region, which is close to the stationary holder as
observed in Fig. 1. As observed in Fig. 2, periodic potentials
decrease slowly towards negative values and higher potential
amplitudes are normally reached after crack propagation, but
there is no direct correlation between electrostatic potentials
and crack size (Fig. S2, ESIT). In fact, crack initiation is strongly
related to macroscopic quantities such as stress or strain®>*’
and the stationary holder concentrates higher strain gradients
during the stretching experiments of natural latex (Fig. S9,
ESIT).

Although the potentials on silicone rubber are not repro-
duced in detail, the patterns of both the elastomers share
important common features. As observed in the inset graph
of Fig. 2d, silicone rubber initially displays the positive and
negative charges that build up which are also in phase with
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mechanical deformations, but the potentials move gradually to
negative signals only. Compared with natural latex, sharper
electrostatic potential peaks are observed in silicone rubber,
which indicates that the electromechanical coupling of elasto-
mers is dependent on and susceptible to their physical-
chemical properties. Again, as shown in Fig. 2e, complex
periodic waveforms are displayed close to specimen rupture,
but differently from natural latex, the rupture site in silicone
rubber is randomly distributed along the sample surface
(Fig. 2f). In addition, silicone rubber does not undergo visual
transformations such as whitish regions and/or clear signals of
topographical defects any time before the rupture. In fact,
many elastomers such as silicone rubber have a self-healing
ability,*® further complicating the determination of the fatigue
failure point.

The electromechanical coupling in rubbers has an impor-
tant feature that cannot be explained only within the frame-
work of flexoelectricity: the dependency on the relative
humidity. In fact, the charge build up and dissipation in rubber
materials can decrease to roughly 90% under dry conditions.**
In addition, natural latex and silicone rubber undergo impor-
tant mechanochemical reactions under stress. Thus, hygro-
electric potentials and contributions from mechanochemical
reactions®” are important sources of charge build up in rubbers
during periodic stretching. On the other hand, since rubbers
display a quasi-linear relationship between the strain gradient
and the electric response,***® flexoelectric potentials must also
play a certain role on elastomers during deformation by break-
ing the inversion symmetry of polymer chains. Moreover, the
strain-induced electrostatic potential of elastomers can have a
dominating effect on triboelectrification, reversing the direc-
tion of charge transfer in contact charging.

The surface charge density on natural latex or silicone
rubber can be estimated from the macroscopic electrostatic
potentials. For example, the excess charge that account for
—1000 V observed with a Kelvin electrode in Fig. 2 is in the
range of 700 electron charge units um 2. Considering the
volumes of the specimens, the surface charge density is con-
verted to 0.07 charge units um™>. Thus, it is possible to
conclude that the net charge of rubber phases are due to small
amounts of charge carriers, which are difficult to be detected
chemically, even by sensitive surface analytical techniques.

Despite the mechanisms, the identification of dominant
effects or the determination of charge carriers, rubbers make
non-stop electromechanical couplings throughout their
lifetime.>” In fact, both natural latex and silicone rubber
undergo transformations that modify the mechanical-to-
electrical transduction close to the rupture. On the other hand,
since the strain-induced behavior of rubbers has important
particularities, the identification of any peculiar change on the
electrostatic behavior can be a challenging task even for trained
electrostatic scientists. Thus, how can we extract information
from electrostatic potentials to predict if rubber is about to
undergo rupture?

Periodically stretched rubber is a dynamical system. This
means that the electromechanical coupling (and other properties)
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changes with time, although only probabilities can be given for
the prediction of rubber fatigue failure. Dissipative dynamical
systems have motivated the development of many theories, but
non-linear terms can lead to instability of a system (stochastic
dynamics).>! Attractors play a major role in the study of the limit
regimes of the dynamical dissipative systems. An attractor is a set
of numerical values within a phase plane, which can appropriately
represent the evolution of a non-linear dissipative dynamic
system.>

Fig. 3 and 4 show the electrostatic potentials on the periodi-
cally stretched natural latex at different time intervals pre-
sented with the respective attractors (see also Fig. S3 and S4
for potentials and attractors of rubber at different oscillation
frequencies, ESIf). Although only a minor difference is
observed on the electrostatic potential profiles of both natural
latex and silicone rubber, this slight difference is highlighted in
the attractors. At the beginning of the stretching-relaxation
cycles (Fig. 3a, b and 4a, b), the electrostatic potentials on latex
and silicone display very well-defined attractors, keeping their
overall shape for most of the time during the course of the
experiment (Fig. 3¢, d and 4c, d). The attractors from latex and
silicone have differences among them that are related to the
electrostatic response during mechanical-to-electrical transduc-
tion, as shown in Fig. 2. On the other hand, the attractors on
natural latex change quickly at roughly 50 seconds before its
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Fig. 3 (a, c, e and g) Sections of the recorded time series of the electro-
static potential of the periodically stretched natural latex and (b, d, f and h)
the respective attractors. See also Fig. S3 and S5 (ESI¥).

This journal is © the Owner Societies 2021

View Article Online

Paper
(a) Potentials on silicone (b) Attractors Cycle
05 05 106
g-o.s 2 0sf
£-15 F8f 78
2 =
& 25 Sost
35 - 35 ! . - 50
65 93 121 35 25 15 05 05
Time (s) V() (kV)
(C) (d ) Cycle
0.5 0.5 1445
< 05 <05
3 g L
s = s
£-15 g5 1415
2 £
& 25 > 25t
35 : 35 . . L 1385
1400 1430 1460 35 25 15 05 05
(e) Time (s) f) V(t) (kV) Cycle
05 05 3048
<05 ~-05F
2 g C
S5 =5}
= 3 5 3018
L e
&£ 25 > 25}
35 - 35 : : . 2988
3003 3033 3063 35 25 15 05 05
(g) Time (s) (h) V() (kv) Cycle
05 - 3109
<-05 F
g
S5 5 3079
=
2 :
L 25 : 25
Rupture:
-35 - - 35 . . . 3049
3064 3004 3124 35 25 15 05 05
Time (s) V() (kV)

Fig. 4 (a, c, e and g) Sections of the recorded time series of the electro-
static potential of the periodically stretched silicone rubber and (b, d, f
and h) the respective attractors. See also Fig. S4 and S6 (ESI+).

rupture (Fig. 3e and f), while the outcome of further cyclic tests
is chaotic attractors (Fig. 3e and f), indicating that nearby orbits
diverge exponentially from one another with time®* (see also
Fig. S7 and S8, ESIf). Silicone rubber has a similar behavior
(Fig. 4e and f), but the attractors retain the initial pattern even
80 seconds before its rupture. Instead, roughly 60 seconds
before silicone rubber fatigue failure, the attractors show a
chaotic pattern which is observed until complete rupture
(Fig. 3e and f).

The attractors from the electrostatic potential measure-
ments offer an accurate way to predict rubber fatigue failure,
with a good safe margin of roughly 60 seconds before complete
rupture. In fact, this approach and extended ones using
induced or attached electrodes can find many real-world appli-
cations for online monitoring of rubber parts. On the other
hand, whereas natural latex undergoes visual transformations
due to the mechanochemical action in the region surrounding
the rupture, silicone rubber has an intrinsic unpredictability
regarding the exact location of the rupture. Thus, another
relevant question arises from these observations: are the elec-
trostatic potentials by any means correlated to the point of the
rupture?

Rubbers electrification has never been an easy problem in
electrostatics as rubbers are noted for being absent from the
most published triboelectric series.>® In addition, even
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of elastomers samples to measuring the electrostatic potential maps. The
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respectively. The electrostatic potential average on both the surfaces is
shown in (f). The surface potential in two fixed positions (first and last
pixels) extracted from the potential maps are shown in (g). Standard
deviations are results from five independent experiments.

flexoelectric mechanisms in elastomers are much more
complex than those in crystalline solids.>®> On the other hand,
electrostatic potential mappings at micro®® and/or macro®*?
scales have emerged as a powerful tool in electrostatics by
explaining old paradigms substituting them for new
concepts."® In addition, the Kelvin electrode setup was recently
used to acquire the electrostatic potential maps on natural
latex, where the specimen displays a non-homogeneous charge
distribution under stretching.**

The electrostatic potential maps on the relaxed and
stretched rubbers were obtained as schematically shown in
Fig. 5a. Rubber tubes were scanned using a Kelvin probe setup
at different fixed positions of stretching. Fig. 5b shows a
representative potential map on natural latex along with the
respective line profiles (Fig. 5c¢). The electrostatic potentials
close to zero are found on relaxed latex, but negative potentials
are displayed after stretching primarily close to the stationary
holder, reaching —100 V in some spots although preserving
low potentials near the moving holder of the testing machine.
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On the other hand, charge build up in silicone rubber reaches
lower potentials and is far more distributed along the specimen
(Fig. 5d). In fact, the electrostatic potential line profiles for
silicone (Fig. 5e) show that the regions close to the stationary
holder still have more negative potentials (as low as —1000 V),
but the charge is also built up on many pixels along the sample.
In addition, the error bars for the potential average (Fig. 5f)
highlight the importance of electrostatic mapping on the study
of electromechanical coupling. Since the charge is heteroge-
neously distributed along the stretched rubber, fixed and/or
compliant electrodes connected to amplifiers would result in
measurements far from representing the occurrence of poten-
tials on the rubber surface during stretching. Finally, as shown
in Fig. 5g, the potentials on the first and the last pixels describe
a linear relationship between the strain gradient and the
electric response, but after a stretching of 40 mm.

The results shown in Fig. 5 are timely: both natural latex and
silicone rubber display a non-homogeneous charge distribution
under stretching; although the charge build up in latex is highly
localized, silicone rubber has the ability to distribute the charge
carriers. The dissipation of charges built-up during cyclic
deformation was long time ago related to the longer life of
vulcanized rubbers,** but no explanation has emerged since
then.® Here, we have shown that the electrostatic potentials are
clearly interconnected to the local of the rupture on latex. In
addition, since the electrostatic maps on silicone rubber dis-
played charged regions much more distributed along the speci-
men, the results help in understanding the unpredictability of
the exact location of rupture events on silicone rubber. More-
over, as observed in the DIC results of the ESI{ (Fig. S9), the
strain gradients on natural latex and silicone rubber are strictly
related to the electrostatic potentials measured using the
Kelvin probe.

Mechanochemical reactions are far more evident on natural
latex than on silicone rubber. In fact, as observed in the optical
images of Fig. 2c and f, latex changes its color but no apparent
modification is observed for silicone. Fig. 6 shows SEM micro-
graphs of natural latex and silicone rubber before and after
periodic stretching (see also Fig. S10 ESIL,+ for the AFM images
of latex). Pristine rubbers have very smooth surfaces, but a
remarkable difference is observed after the fatigue failure:
natural latex is highly fragmented while silicone rubber still
preserves most of its original morphology. Moreover, the
mechanochemical action during stretching is not only related
to complex micro- and nanomorphology transformations but is
also responsible for novel oxidative chemical groups.*”

Conclusions

Mechanical-to-electrical transduction on the natural latex and
silicone rubber receives essential contributions from their
physical-chemical properties. Mechanochemical reactions take
place during the stretching-relaxation cycles and affect the
electromechanical coupling of elastomers. Consequently, the
electrostatic potential profiles change slightly during each
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Fig. 6 SEM micrographs of the (a) natural latex and (b) silicone rubber
before and after fatigue tests at different magnifications.

experimental run, but the respective attractors change wildly
shortly before fatigue failure. Electrostatic potential monitoring
can thus anticipate and estimate the location of rupture events
as shown in the potential maps. Thus, the approach described
in this work may provide real-world applications for the pre-
diction of rubber fatigue failure, contributing to accident pre-
vention and maintenance practices.
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