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Abstract

The nonlinearity of piezoresistive response is critical in developing strain sensors,
various self-monitoring applications and wearable electronics based on filled rub-
bers. This parameter could change dramatically when scaling up from small-size
prototypes to full-scale production. The present work focuses on the nonlinear sig-
nals in stretchable rubber-based sensors, their origin and dependence on size of
samples. Thus, a set of rectangular, piezoresistive samples differing in width was
prepared from natural rubber reinforced with carbon black filler. Their electric
resistance was tested under planar strain/recovery conditions at 25 and 50% strain
amplitudes. It was found that piezoresistance and the related nonlinear phenomena
significantly depended on the size of the samples. For the first time, hydrodynamic
flow of deformed material was used to explain the nonlinearities of the piezoresis-
tive signal. The trajectory, velocity, and magnitude of this flow were accounted for
by a newly developed empirical equation describing the evolution of local resistivity
under the strain/recovery process.

Keywords Nonlinear piezoresistance - Stretchable sensors - Filled rubber - Planar
strain - Hydrodynamic pressure

Introduction

Traditionally, electrical properties of rubber compounds have been intensely inves-

tigated in the context of antistatic or insulating applications [1]. However, interest
has gradually shifted to strain gauge sensors [2—4], sensors for supporting mobility
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[5], self-monitoring the behavior of filler network [6], fatigue life prediction [7, 8],
soft robotics actuators [9, 10] and the like, commonly based on piezoresistive effect
in rubbers filled with various conductive fillers. However, the present study goes
beyond these applications, exploring the possibilities of scaling up the developed
prototypes and the corresponding nonlinearities in the piezoresistive signal.

Over the years, different non-conductive rubber matrices loaded with vari-
ous conductive fillers at different concentrations were used as a structural material
for prototyping various electromechanical devices. Simultaneously, some theo-
ries explaining their piezoresistive behaviors, including nonlinear phenomena [7,
11-22], were propounded. The highly nonlinear piezoresistivity of CB-filled rubber
got seriously known after Yamaguchi et al. published their research [13] in 2003.
The authors observed that electrical resistivity increased when a filled elastomer
specimen was stretched to small extensions and, contrary to that, decreased at higher
tensile extensions, which was ascribed to the initial breakdown of the carbon black
network structure and further alignment of the shaped CB aggregates under strain
at that time being only an observed phenomenon. However, the phenomenon asked
for a more detailed explanation, which was later substantiated through the work [7]
and called precursor of shoulder peak phenomenon (PSPP). Following the strain, the
samples exhibited another nonlinear phenomenon—a jump in electrical resistance in
the recovery phase, coined later as shoulder peak phenomenon (SPP). Their origin
has been granted to filler dynamics without too much detailed explanation. Often,
the SPP is described in the following string of words: “The shoulder peak phenom-
enon is mainly caused by the competition between the destruction and reformation
of the conductive network during the deformation and the time-dependent properties
(viscoelasticity) of the polymer matrix™ [15]. Thus, a deep understanding of filler
dynamics is further necessary for an adequate quantification of nonlinear piezoresis-
tive signal.

The filler dynamics, which refer to the movement and rearrangement of the con-
ductive fillers within the rubber matrix, are highly influenced by polymer-filler inter-
phase interaction, which governs the structure and properties of composites [23-26].
Here, the dominant microscopic mechanisms are the hydrodynamic effect and stiff
interphases bonding the elastomer to the fillers [27]. All the models regarding the
deformation of such composites contain the assumption of geometrical arrange-
ments of aggregates or filler network structures resulting from percolation or kineti-
cal flocculation. These concepts are primarily independent of filler types [24] and
satisfactorily predict the Payne effect [28].

Directly monitoring filler dynamics during the deformation of the sample is chal-
lenging [26]. In the present study, a non-trivial approach to estimating the filler
dynamics using digital image correlation (DIC) of the surface material flow of a
deformed planar specimen was applied to overcome this difficulty. The straining of
the planar specimen always divides the sample into three regions: namely, a region
of pure shear (PS) and two symmetric regions of lateral contraction (LC) (Fig. 1).
From a mechanical perspective, the specimen is strained primarily in the direction
of the tensile deformation within the width of the PS region. A randomly selected
surface of w, X1, deforms into w1, indicating that the distances between the indi-
vidual particles, aggregates, and agglomerates composing the conductive fillers
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PS region

Fig. 1 Representation of the planar sample indicating PS and LC regions possessing different hydrody-
namic behaviors

increase in the direction of the applied strain without any significant perpendicular
movement. In the edge regions, the deformation involves tension in the stretching
direction and contraction in the perpendicular direction, transforming any surface
of wy X1, into wx1. Similarly, the distances between the filler particles increase in
the direction of the principal strain, but they converge in the perpendicular direction.
This unique deformation, where the size of the regions depends on scaling up prefer-
ences and can be unambiguously determined by using DIC, has led us to devise a
novel tool. This tool, which enables us to analyze the CB-reinforced rubber’s elec-
trical properties through differential filler dynamics, provides a precise and reliable
approach in our field.

The present work reports findings on piezoresistivity of natural rubber (NR) filled
with 60 phr of CB, which is unusually high concentration for electro-sensitive but
usual for many industrial rubber applications. Samples, designated as NR9, NR7,
NRS, and NR3, were filled with CB type N330. They had a fixed length L, of 10 mm
and fixed thickness, of 2 mm, but varying widths W, of 90, 70, 50, and 30 mm. The
piezoresistance as a function of sample size was investigated under a strain/recovery
experiment at moderate strain amplitudes of 25 and 50%, which are well below the
strain level at which crystallization occurs in NR.

Experimental
Materials

Rubber compounding was done in a two-stage mixing process. In the first stage,
masterbatches were prepared by mixing the natural rubber (NR) SMR20 CV/BP1
(Lee Rubber Co. (Pte) Ltd. Malaysia) with the reinforcing and electrically conduct-
ing high abrasion furnace (HAF) (N330) carbon black (CB) filler, supplied by Cabot
Corporation, Boston, MA, USA.

In continuation, the second mixing stage was achieved by the addition of cur-
ing ingredients as follows: sulfur, zinc oxide (ZnO), stearic acid and 6PPD (N-(1,3-
dimethylbutyl)-N'-phenyl-p-phenylenediamine) were supplied by Sigma-Aldrich,
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Germany, while TBBS (N-tert-butyl-benzothiazolesulfenamide) was produced by
Xianyang Sanjing Technology Co, China. The final prepared batch was milled and
sheeted in a two-roll mill and stored for 24 h at an ambient temperature of 23 °C
before the rheological investigation and further curing. The complete formulation of
the rubber compound produced and used for this study is listed in Table 1.

The optimum cure time (OCT) of 5.37 min at 160 °C was determined using a
moving die rtheometer (MDR 3000, MonTech, Germany) according to ISO 3417.
Based on the OCT, the compound was molded in an electrically heated hydraulic
press (LabEcon, The Netherland) at 160 °C and 200 kN into samples of a specific
geometry, defined generally with dimensions of 90x 10x2 mm?® with cylindrical
shoulders of 6 mm diameter at both the ends of the long side. A brass tube (outer
diameter 2 mm and inner diameter 1.4 mm) was vulcanized into each cylinder to
implement future electrical contacts, as shown in Fig. 1. Samples of the width,
W,=90, 70, 50 and 30 mm and length, L;=10 mm, were cut from the initially pre-
pared dimensioned sample. Therefore, samples with varied aspect ratios, Wy/L;,=9,
7, 5 and 3, were at disposal for future analysis. Three replicates from each aspect
ratio were prepared and tested.

Experimental setup

The customized experimental setup for direct current (DC) resistance measurements
used in this study has been described in detail in a previous work [14]. All data
were recorded with a digital multichannel oscilloscope RIGOL MS05104 (RIGOL
TECHNOLOGIES, Co Ltd, China). In order to achieve an accurate time synchro-
nization of the sampled data, each of the physical quantities (force, displacement,
current and voltage) was recorded from one of the four channels of the oscilloscope.

The samples’ mechanical deformation was efficiently achieved using servo-
hydraulic tensile testing equipment, Instron 8871 (Instron, UK), equipped with mod-
ified non-conductive clamps as in [14]. These clamps were used to fix the lateral
cylindrical shoulders of the tested samples, effectively reducing the additional stress
commonly encountered with simple fixing. The conductive wires were mechanically
crimped into the brass tubes, a method that avoided metal-rubber interface overheat-
ing, a potential disadvantage of soldering. This efficient process ensured the validity
of our experimental conditions.

A triangular loading protocol consisting of 25% and 50% strain and strain recov-
ery phases was used to monitor the electrical response of the specimens at a speci-
fied strain rate.

Table 1 Rubber formulation

Ist stage 2nd stage
NR* Carbon black* TBBS* Sulfur* ZnO* Stearic Acid* 6PPD*
100.00 60.00 1.00 2.00 2.00 1.00 1.00

*phr—parts per hundred of rubber by mass
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The local hydrodynamic flow of the samples was monitored by a digital image
correlation (DIC) system. For this purpose, a stochastic pattern made by an anti-
reflex spray, MR2000 Anti-Reflex L (MR Chemie GmbH, Unna, Germany), was
applied on the surface of all the tested samples. Complete strains of the samples
were recorded over the testing protocols via a charge-couple device (CCD) mono-
chrome camera Bacumer PXU 60 M Q (Bauemer, Frauenfeld, Switzerland) with a
sampling frequency of 15 Hz. The DIC process was controlled using the software
GOM Snap 2D (GOM, Braunschweig, Germany) and trajectories of points with
2-mm separation, situated on the axis perpendicular to the stretching direction, were
meticulously tracked. This monitoring process ensured the comprehensiveness of
the obtained data.

Moreover, a JEOL 1200 EX (LEOL, Japan) microscope, operating at a 120 kV
acceleration voltage, was employed to capture transmission electron microscope
(TEM) images of the carbon black-rubber interphase. CB dispersed in toluene was
drop-casted on carbon-coated copper grids and air-dried at room temperature. For
interphase shell investigation, 1 g of a thoroughly mixed uncured rubber composite
was dissolved in 20 ml of toluene for one week. The obtained solution was then
homogenized in an ultrasound bath for 30 min. 0.02 ml of the attained solution was
further dissolved into 1 ml of toluene, drop-casted on the carbon-coated copper
grids and air-dried at room temperature for 72 h.

Results and discussion

Figure 2a and b shows the representative force versus time curves for all the phases
of the testing protocols of the investigated samples. Since the initial length of sam-
ples was kept constant, the force required to deform the specimens to the set defor-
mation was a function of the width, with a known and expected trend of an increase
in force with an increase in cross section. For example, specimen NR3 exhibited
forces of approximately 20 N and 30 N at 25% and 50% strain, respectively, which
were much less compared to those of the specimen NR9 which exhibited approxi-
mately 55 N and 84 N for the respective strains.

For all the tested specimens, a transition to a negative force was observed just
before the fixing clamps returned to their initial positions. This opposing force gen-
erally defeats the temporary residual strain of a crosslinked rubber matrix. It lasts
until the rubber molecules completely relax and get accommodated to the new state
of maximum entropy attained at equilibrium [7].

The representative piezoresistive responses of the samples, as shown in Fig. 2¢
and d, clearly demonstrate the alternation of resistance trend during the loading
sequence, followed by an increase in resistance during the strain recovery stage.
These nonlinear phenomena, referred to as PSPP and SPP in this study, are evident
and strongly influenced by the sample size and corresponding filler dynamics.

PSPP [7] can be understood as a situation where a part of the electric resist-
ance is seemingly withdrawn and stored until the strain is released. At this point,
the electric resistance, instead of continuously decreasing, experiences a sud-
den increase, known as the SPP. Thus, the recovery phase was characterized by
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Fig.2 Applied tensile force versus time and strain for different size of the samples strained up to a 25%
and b up to 50%. Piezoresistive response of tested samples up to ¢ 25% strain amplitude and up to d 50%
strain amplitude

a remarkable shoulder peak phenomenon (SPP), as shown in Fig. 2¢ and d. PSPP
and SPP phenomena were consistently observed in the applied test protocols and
for all aspect ratios of tested samples. Notably, the specimens with higher aspect
ratios exhibited a lower resistance amplitude of piezoresistive nonlinearities. In
each case, the electric resistance at the maximum strain was much smaller than
that of the peak resistance during PSPP or SPP.

As the introduction mentions, different aspect ratios in the specimens resulted
in different ratios between the LC and PS regions. The widths of the PS and LC
regions at the maximum strains used in the test protocols were calculated accord-
ing to references [29, 30] and presented in Table 2. A tolerance of 1% was chosen
for all calculations to ensure minimum deviation.

An essential conclusion can be drawn: The ratio between LC and PS regions
strongly affects the magnitude of the nonlinear piezoresistive signals. Specifi-
cally, a higher ratio generates a higher amplitude of the nonlinear signal.

The obtained results revealed a much higher degree of nonlinearity of pie-
zoresistance at the recovering stage compared to that in the stretching process.
Another significant conclusion emerged: The filler moved along distinct trajec-
tories during the stretching and relaxation stages. DIC technology, a reliable and
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Table2 Width of PS region and

. . ; Sample NR3 NRS NR7 NR9

LC regions and their ratio at
maximum applied strains PS region (mm) 3.7 7.1 119 251
LC at 25% strain, (mm) 12.6 20.3 28.3 31.6
LC at 50% strain, (mm) 12.0 19.2 27.6 30.9
2*LC/PS, at 25% 6.8 5.7 4.7 2.5
2*LC/PS, at 50% 6.5 5.5 4.6 2.4

accurate method, was employed to confirm this. The remarkable results showed
two different trajectories for the stretching and recovering stages. Moreover, and
very importantly, the differences gradually decreased from the edge of the LC
region toward the PS region, as shown in Fig. 3, where sample NR 5 was taken as
the representative one.

The trajectories of surface points aptly traced by using DIC, conclusively repre-
sented an in-plane projection of the filler motion. At the edge of the sample, a sig-
nificant lateral displacement was noted at the onset of deformation in the LC region
(see the trajectories of filler within strips number 1, 2 and 3 in Fig. 3b). This lateral
deformation gradually decreased from the edge of the PS toward the center of the
sample and became almost zero at the PS region. This fact led to a local increase
in the volume fraction of the conductive CB filler. As per the percolation threshold
theory, this increase in the filler volume fraction in the rubber matrix could trans-
form the low conductivity, implemented through the tunneling of electrons between
conductive particles, to a higher conductivity, depending on the junction width.

This dynamic behavior made the electric charges reorient and flow more accessi-
ble through the recently modified, more conductive paths, producing a PSPP. Later,
the effective electric resistance suddenly increased with the initiation of the sample’s
recovery, generating the SPP. It was hypothesized that in general SPP most probably
happens due to the tendency for a fast destruction of “superconductive” peripheral
paths in the LC region. It was then the confrontation between the evolution of resist-
ances in LC and PS regions which formed the final shape of PSPP and SPP. This
was the key finding in the present study.

The assumption of local fluctuation of filler volume fraction and the proof of the
duality of filler dynamics during the stretching and recovery stages provides valua-
ble insights into the mechanism of the occurrence of nonlinear piezoresistive effects
and their evident asymmetry. However, the challenge to understand the immense
amplitude of the nonlinear signals, which clearly exceed the resistance at maximum
strain, remains unanswered. This underscored the need for a more profound insight
into the material’s structure.

The filler reinforcement theory suggests that a modified rubber shell should be
formed around the CB particles or aggregates (the so-called interphase shell) [23,
27, 31]. Thus, this shell can be formed by the adsorption of the elastomer chains
onto CB surfaces, by the free radical chemistry that can occur between polymer
chains and CB aggregates, or through some chemical bonds between polymer and
filler without chain adsorption [31]. In any case, these shells should have their input
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Fig.3 a Schematic of unstrained and up to 50% strained NRS specimen with corresponding trajectories
of selected points traced by DIC. b and ¢ are magnified trajectories of selected points during the defor-
mation and recovery processes

into junction width formation and, consecutively, should influence the effective elec-
tric resistance, leaving much less room for the variation of junction width during the
deformation.

The present study shows the TEM images of the CB agglomerates without and
with interphase shells; the latter exhibited almost twice the size of the CB filler
(see Fig. 4). Observed shells, taken as a difference between the initial CB particle
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a b

Fig.4 TEM images of CB N330 agglomerates: a before mixing, b extracted by dissolving the uncured
composite in toluene

sizes (around 30 nm for CB N330) and those extracted after compounding, had a
10-15 nm thickness. These shells, intriguingly, could not be formed from a mere
modification of rubber. The reasons were twofold: firstly, the solvent proved ineffec-
tive in dissolving these shells, and secondly, for such junction dimensions between
CB aggregates, the tunneling effect, and resulting effective conductivity, must be
negligibly small [32].

Hence, the formed shells were not a part of non-conductive barriers and must
have possessed a reasonable electric conductivity. Simultaneously, their mechanical
and chemical behaviors diverged significantly from the rest of the rubber matrix.
This led to the conclusion that the shells were most likely a part of a former CB par-
ticle, swollen by deep adsorption and penetration of rubber molecules into the CB
surface. However, it is important to note that another intriguing possibility, such as
the synthesis of a new conductive polymer on the CB surface, cannot be excluded,
highlighting the need for further investigation.

Considering the hypothesis about the conductivity of the interphase shells, their
remarkable resistance to solvents, and their resistance to mechanical breakage, it is
challenging to fathom that an aggregate of CB protected by such a shell can be bro-
ken at small deformations, thus generating the PSPP drop in resistance. This finding
in the present work could potentially revolutionize the understanding of the behavior
of carbon black particles in a rubber matrix, opening up new avenues for research
and application in the field of composite materials.

In such circumstances, the breakage of filler aggregates, as a primary mechanism
of nonlinearities in piezoresistance, propounded in the past, may be incorrect. How-
ever, torsion and distance variation between aggregates in deformed samples are
undebatable contributors to nonlinear signals, but they cannot be responsible for the
extreme amplitude of signals as long as the intrinsic behavior of CB is not consid-
ered. Thus, the variation of intrinsic resistivity of CB aggregates covered by inter-
phase shell is a concept that could complement the percolation theory and can play
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a significant role in accounting for the sudden variation in the electrical resistance
during the deformation of the sample.

The well-known formula for percolation threshold in terms of resistivity can be
written as:

p=po(v=v)" M

where p is the electrical resistivity, p, is the scaling factor, v is the volume fraction
of the conductive filer, v, is the critical volume fraction of the filler for the electri-
cal percolation threshold, and v=1.6 [33] is the conductivity exponent. During the
deformation of the sample, the hydrodynamic pressure may dramatically change the
intrinsic resistivity of the CB aggregate [34-36], affecting the effective resistance
of the whole sample. Thus, the scaling factor p, becomes pressure-dependent and
could be substituted by the intrinsic resistivity p; of CB [35]:

b=t @
where P is the applied pressure, K and J are the coefficients, and n has values
between 1 and 2 in dependence on the elasticity or the plasticity of the reinforcing
and conducting particles. Usually, the structure of carbon black is considered to be a
heterogeneous mixture of domains that range from a single graphite layer (graphene)
to graphite crystals [37]. Consequently, the intrinsic resistivity is also dependent on
pressure orientation. Although pressure does not follow the vector laws, it can be
said that the direction and magnitude of pressure depend upon the orientation of the
surface of graphite crystallites [38]. In the case of a sample under deformation, it is
now assumed that the pressure varies due to the internal hydrodynamic effect and
the terms from Eqgs. (1) and (2) can then be considered to be strain (&) dependent.
Thus,

—r K -7
= p; v =|==+J -V,
p(e) = pi(e)[v(e) = v.| ( ey ) [ve) - v ] 3)
The hydrodynamic pressure P(e) can be expressed through instantaneous speed
of hydrodynamic flow Ufe):

LU(e)?

5 “)

P(e)=p

where p* is the density of rubber matrix. The formula for the calculation of the local
resistivity, which now consider both, the filler dynamics and the intrinsic quantum
effects within the filler, can be written as:

2"K -
ple) = (T ”) e ®

Resulting from Eq. (5), the resistivity in a certain place of the sample under
deformation can be seen to be dependent on the local speed of hydrodynamic
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flow and the local volume fraction of the CB filler in a rubber composite. Both
the local speed of hydrodynamic flow and the local filler volume fraction in the
samples under deformation are dependent on the sample size and could be found
from DIC measurements.

The complicated calculation to find the effective resistance of the entire sam-
ple under deformation was sidestepped in this paper, being a matter of a separate
research. Instead, the analysis of dynamic filler volume fraction and the corre-
sponding hydrodynamic pressure in the discrete regions (as denoted in Fig. 3a)
from the edge toward the middle of the sample was performed. Therefore, one-
fourth of the sample was imaginatively divided into 2-mm-wide strips covering
the LC region and the half-width of the PS region.

For simplicity, all the material within one such a strip was considered to move
parallel to the material on the surface, and the thickness of the sample under
deformation was considered to be a constant at 2 mm. Hence, the measured dis-
placement of the upper left corner of each strip allowed to assess the instanta-
neous changes in its volume V, under strain. The strain-dependent filler volume
fraction presented in Fig. 5 is calculated as:

Vi
Ve

s

v(e) =

(6)

where V(¢) is the volume of selected strip at a certain strain of the tested sample,
and V; is the volume of the CB filler occupying the examined region, considered to
be a constant during the whole deformation process.

Fig.5 Strain-dependent variation of filler volume fraction in selected strips
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It should be noted that at the edge of the sample, a non-trivial behavior, such as
an observable increase in the local filler volume fraction, was attested at the begin-
ning of the sample strain and close to the end of the recovery process. However, in
the end, this increase was comparatively less than that at the beginning.

Consequently, a hydrodynamic pressure gradient directed from the edge of the
sample to the PS region was predictable. To determine the hydrodynamic pressure
in the strips, the speed of displacement of each corresponding upper left corner rel-
ative to their initial position (Fig. 3a) was considered. Expectedly, the maximum
hydrodynamic pressure was observed in the LC domain, gradually decreasing from
the edge of the sample toward the PS domain (Fig. 6).

Strain-dependent hydrostatic pressure and filler volume fraction show an impres-
sive dependence on the location of the examined strips, predicting an essential dif-
ference in local resistivity. In order to check this, a simplified approach was adopted,
where the thickness of the sample was assumed to be a constant at 2 mm, and the
constants from Eq. (5) were assumed to have the following values: K=1, J=0,
while n=1. In such a context, Eq. (5) is reduced to the following:

p(e) = “[v(e) = v " (7

1
P h(f)
where P,(¢e) is the strain-dependent hydrodynamic pressure inside of the consid-
ered strip, Further, in the equation, v,=0.1 [39] is critical filler volume fraction for
percolation threshold, v(¢) is the strain-dependent filler volume fraction for certain
strip, and the conductivity exponent 7=1.6 as established in [33]. The results are
graphically presented in Fig. 7 and represent the trend observed in experimental

Fig. 6 Hydrodynamic pressure in the selected regions of the sample under strain history
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Fig.7 Calculated local resistivity for selected regions

measurements. For all the analyzed strips, the resistivity increased at the beginning
of deformation, followed by a deep decrease in resistivity, reflected by the generated
PSPP effect.

The second explosion of resistivity was attested right after the start of strain
recovery in the sample, expressed through SPP on the effective piezoresistance
curve. Finally, a third increase in resistivity was observed during the residual
strain overcoming when the tensile machine tried to return the fixing clamps
to their initial positions. The last two resistivity jumps are superimposed on
the effective piezoresistance curve and exhibit just one large shoulder peak
phenomenon.

Interestingly, the PS region strips showed a much more significant increase
in resistivity, which contradicted the results obtained for the PSPP effect, which
is thought to have developed predominantly in the LC region. The explanation
could be that due to an immense increase in resistivity in the PS region, the
electric charges massively avoided this region and flowed mainly through the LC
region, following the rules imposed by the hydrodynamic processes.

Thus, changing the sample size may change the amplitude of the piezoresis-
tive signal and, even more unfortunately, may lead to the appearance of signal
inhomogeneities such as the PSPP and SPP. Of course, with their rational expla-
nation, these detectable signal inhomogeneities may be advantageously used in
some future applications.
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Conclusions

This study investigated the nonlinear phenomena of piezoresistive rectangular sam-
ples based on natural rubber filled with 60 phr of carbon black filler. The different
sizes of the samples generated various amplitudes of the nonlinear piezoresistive
signal due to the different ratios of PS and LC regions with specific strain-dependent
hydrodynamic behavior.

The conducting paths inside the deformed specimen cannot be considered
homogeneous within the whole matrix but have different instantaneous conductiv-
ity depending on their location, strain rate, strain amplitude, and sample size. The
local variation of conductivity depends on two main size-dependent processes:
filler dynamics in the rubber matrix and the change in intrinsic resistivity of the CB
aggregates according to the surrounding hydrodynamic pressure.

The study calculated the instantaneous local filler volume fraction and hydrody-
namic pressure based on DIC data. The calculated local strain-dependent resistivity
had a sudden increase at the beginning of the sample strain and at the beginning of
the recovery process, corresponding to the observed PSPP and SPP on the curve of
piezoresistance.

Finally, it may be concluded that nonlinear piezoresistive phenomena are always
present in rubber-based sensors. But these phenomena could be efficiently dimin-
ished by choosing a wright size of sample and filler concentration for certain range
of deformation speeds. This is an undebatable fact that emerged from the study.
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