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1 Introduction

Anisotropic Reversible Piezoresistivity in Magnetic-
Metallic/Polymer Structured Elastomer Composites:
Modelling and Experiments

José Luis Mietta,” Pablo I. Tamborenea®, and R. Martin Negri*®

Structured elastomeric composites (SECs) with electrically conductive fillers display anisotropi~
piezoresistivity. The fillers do not form string-of-particles structures but pseudo-chains formed
by grouping micro-sized clusters containing nanomagnetic particles surrounded by noble metz.:
(e.g. silver, Ag) . The pseudo-chains are formed when curing or preparing the composite in t' ..
presence of a uniform magnetic field, thus pseudo-chains are aligned in the direction of the fie:-.
The electrical conduction through pseudo-chains is analyzed and a constitutive model for th~
anisotropic reversible piezoresistivity in SECs is proposed. Several effects and characteristics.
such as electron tunnelling, conduction inside the pseudo-chains, and chain-contact resistivity
are included in the model. Experimental results of electrical resistance, R, as function of the nor
mal stress applied in the direction of the pseudo-chains, P, are very well fitted by the model in
the case of Fe;O4-[Ag] microparticles magnetically aligned while curing in polydimethylsiloxane,
PDMS. The cross sensitivity of different parameters (like the potential barrier and the effective
distance for electron tunnelling) is evaluated. The model predicts the presence of several gaps fo.
electron tunnelling inside the pseudo-chains. Estimates of those parameters for the mentioned ¢ -
perimental system under strains up to 20% are presented. Simulations of the expected response
for other systems are performed showing the influence of Young’s modulus and other parameters
on the predicted piezoresistivity.

ity (change of the electrical resistance, R, with an external me-

Structured Elastomer Composites (SECs) are formed by fillers
anisotropically dispersed in an elastomer matrix. If the fillers
are magnetically active, a simple procedure to obtain SEC ma-
terials is to cure the filler-elastomer composite in the presence
of a uniform magnetic field, Hc,rng. This process induces ag-
glomeration of the filler particles into chain-like structures, re-
ferred to as pseudo-chains, aligned in the direction of Heyying. 1-4
If, additionally, the filler particles are electrically conductive, the
SECs may be conductors. These systems present piezoresistiv-
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chanical stress, P) and/or magnetoresistivity (change of R with
an external magnetic field), finding applications in sensors, flex-
ible devices and electronic connectors. > Piezoresistivity of irc¢n
particles in elastomers with relatively low crosslinking degree anc.
PDMS-nickel particles loaded up to 30% v/v has been reported “n
low range of strains (up to 2.5%).8-10. In those systems, fillers
are organized as strings of spherical particles, without internal
structure. In the present study we consider completely different
structures: magnetic nanoparticles form clusters and several of
these clusters are surrounded by metallic silver (or any other no-
ble metal) forming microparticles, which, in turn, are grouped by
H,,i»; forming pseudo-chains. The theoretical modelling of the
piezoresistivity generated by these structures is tackled here for
the first time. The modelling of our systems formed by pseudo-
chains requires consideration of the length, diameter, and rela-
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tive orientation of the pseudo-chains. Also, factors like the elec-
trical resistance of the microparticles must be accounted for in
our model, while filler particles are currently considered as per-
fect conductors. ? Additionally, in string-of-particles systems some
specific parameters must be previously estimated 810, such as the
thickness of the polymer layer between particles and the number
of electron tunnel steps. It appears that string-of-particles sys-
tems can be more easily formed in matrices with relatively low de-
gree of cross-linking, displaying large piezoresistivity at relatively
low strains. On the other hand, systems where pseudo-chains are
formed (instead of string of particles) and strains larger than 5%
are considered, require a different theoretical approach.

As mentioned above, the fillers used in our previous works are
simultaneously magnetic and conductive. >7-11 First, magnetic
nanoparticles (NPs) in the superparamagnetic regime are synthe-
sized. The superparamagnetic regime is required in order to avoid
irreversibility in the magnetic response for magnetoresistivity ap-
plications and is obtained by synthesizing NPs with diameters be-
low a given critical size (e.g. Fe304 of 10 —20 nm are in the su-
perparamagnetic state at room temperature). These NPs form
agglomerates because of the magnetic interactions. Then, the ag-
glomerates are covered with silver (Ag), generating microparti-
cles (referred as uPs) which are simultaneously superparamag-
netic and electrically conductive. These uPs are dispersed in the
elastomer and then cured in the presence of He,ing. In this way,
several uPs form one pseudo-chain. The anisotropic structure in-
duces anisotropic elastic*!2, magnetic!3 and electrical-> prop-
erties. Because of many factors involved while curing, such as
local magnetic interactions between uPs in directions which are
not parallel to Hc,i,e , hindrance for particle drifting in the matrix
and head-to-tail interactions between chains while they are gen-
erated, pseudo-chains are not perfectly aligned in the direction
of Heyring but rather an angular distribution is obtained. Pseudo-
chains appear forming columns, one after the other, with a small
angle between them, since the angular standard deviation, oy,
is narrow when using relatively high intense fields and strong
magnetic compounds (oy < 4° for systems described in previous
works). 1114 Electron transport through these columns allows the
observation of anisotropic electrical conduction in SECs. One im-
portant aspect of modelling that process is the discrimination be-
tween consecutive pseudo-chains. Pseudo-chains appear as ob-
long structures, thicker at the centre and thinner at the ends.
Therefore, a given pseudo-chain is distinguished from the consec-
utive one by the two mentioned characteristics: the small angle
between the pseudo-chains and the observation of a thinning at
the end-beginning of each one. Pseudo-chains present also a cer-
tain length distribution, with average (¢), observed by SEM. The
average diameter of a pseudo-chain is indicated by (D).

Finally, we call the reader’s attention to the internal structure
of the pseudo-chains, which presents not only irregularities in the
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arrangement of the uPs, but also gaps due to polymer penetra-
tion. 1516 That is, pseudo-chains are not compact structures (the
internal structure is not represented in schemes like Figure 1, for
simplicity).

By setting the experimental conditions (filler concentration,
H_..ring , degree of cross-linking, etc.) it is possible to obtain elec-
trical conduction only in the direction of Hying (N0 measurable
conduction in the orthogonal direction). This situation is referred
to here (and in a previous work”) as Total Electrical Anisotropy
(TEA). TEA is a crucial property in devices like extended pressure
mapping sensors ->7 and Zebra®-like connectors for parallel flip-
chip connections. Actually, most of the SECs previously prepared
and characterized in our group present TEA. These systems dis-
play reversible piezoresistivity when applying a normal stress, P,
in the direction of Hying. That is, the electrical resistance of the
SEC in the direction of Hc,,xg, R, decreases by applying a normal
stress P in that direction. Reversible piezoresistivity is the other
key factor for developing devices and sensors, not always present
in similar systems. >>17~19 Thus, the main objective of this work is
to present a constitutive model which accounts for the observed
piezoresistivity of SECs under TEA conditions and to simulate the
predictions of the model for different materials and experimental
conditions.

2 Materials and Methods

The synthesis and characterization of several magnetic NPs (mag-
netite, nickel, cobalt ferrites) has been extensively reported in our
previous works. 1:2:5:6 They were used as fillers dispersed in elas-
tomer matrices like polydimethylsiloxane (PDMS) and styrene-
butadiene-rubber (SBR). The model developed in the present
work applies to all of these systems under TEA condition. One
of the SECs used in previous works (Fe304[Ag]-PDMS 4.2% v/v)
is taken here as a reference material to show connections be-
tween theoretical parameters and experimentally observed mag-
nitudes. In this work, PDMS refers to the unfilled elastomeric
matrix formed by a base:cross-linker of 10:1 weight ratio. The
mixture is homogenized, degassed and placed (while still fluid)
inside a cylindrical mould for curing. The mould is part of a de-
signed device which allows the thermal curing of the samples in
the presence of H,i,g, While rotating the sample at a constant
speed (using a motor and a circular strap) for homogenizing and
prevent settling of the filler. After curing and de-moulding, sam-
ples of cylindrical shape (typical diameter about 10 mm) are cut
using a specially designed device to obtain pieces of thickness L,
about 2 —3 mm. A scheme of the internal structure of the SECs is
shown in Figure 1.

The number of quasi-aligned columns, N, formed by several
pseudo-chains is estimated using SEM images in cross-sections of
the SECs, recorded with a field emission scanning electron micro-
scope (FESEM, Zeiss Supra 40 Gemini) at several magnifications

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Scheme of the internal structure of a SEC sample. Each
pseudo-chain is formed by several magnetic-metallic microparticles
(uPs).

(from 50 to 6000x) and voltages (EHT) of 3 to 5 kV. The elastic
behaviour is investigated with a Stable Microsystems TA-XT2i tex-
ture analyser, which compresses the samples at a constant speed
(100 us~!) up to a final strain (about 20 —40% in the case of
the filled PDMS samples). For piezoresistance measurements, the
SEC samples are placed between two gold electrodes and con-
nected to a potentiostat (TEQ 4, Argentina) symbolized by an
ammeter and variable voltage source in Figure 2. The normal
stress is applied by a worm screw (in orthogonal position with
respect to the sample surface) and measured with an electronic
balance (force sensor). The electric potential-current characteris-
tic curve is recorded (dc, typically between +3 V) for each applied
stress.

3 Electrical resistance for conductive
columns formed by quasi-aligned
pseudo-chains

Pseudo-chains are aligned in the direction of Hc,yine, with a small
angular dispersion. It is assumed that there are columnar struc-
tures, formed by several pseudo-chains, which run across the SEC.
It is assumed also that there are N of those columns, all of them
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Fig. 2 Scheme of the experimental set-up for measuring piezoresistivity.

with the same electrical resistance, R;. The number of columns,
N, depends on specific experimental factors and the dimension::
of the sample, and it usually falls in the range 10> — 103,571
Actually, it must be distinguished between Local Conductive Clus-
ters, LCC and Effective Conductive Clusters, ECC when determining
N.18 The ECCs extend from one electrode to the opposite con-
tributing to the electrical conductivity of the material, while thc
LCCs are located within the SEC material, touching one or nonc
of the electrodes, and do not contribute to the electrical conduc-
tivity (behaving as isolated conductor elements). In this work it
is assumed that Ngcc = N. It is also assumed that there is no
creation/destruction of ECCs during compression.

Each column makes electrical contact with the electrodes, wii.
a contact resistance Rg_cy (considered the same at the top anc'
bottom electrodes and equal for each column). Current lines per-
pendicular to the columns are neglected because of the high elec-
trical resistivity of the polymer matrix (about 10'* Qcm in th
case of PDMS).20 That is, TEA is assumed. Thus, the total elec-
trical resistance of the SEC, R, can be expressed in terms of an
equivalent circuit of N parallel resistances, given by

_2Rg-cu R
N N

R (%,

The main term to be modelled is %. Although the contrib-
tion of the term ZRET’C” can be taken into account explicitly in t-
model as a function of the applied stress, P, it will be shown that it
is negligible. In fact, the contact electrical resistance between tv-:
conductive surfaces, represented here by one terminal pseudc-
chain covered with metal (Ag in our case) and one gold (Au) ele -
trode is modelled using the Holm model: 2126 Ry ~s PretstPir
where « is the radius of the cluster formed by spots that make
effective contact between the two conducting surfaces (Holm ra-
dius), and pyerq; = Pag- This expression is valid when the number
of spots/surface irregularities making contacts between the SEC
and the electrode is large, as is usually the case. The relationship
between o and the stress P is provided by considering that2%27
ol = %, where 7 is the hardness of the softer contacting el-
ement (silver, the metal, in the present case). The contact force,

. . _ _ (D) \?
F, is estimated by F = P x (area of one column) =P x |7 (T) ,
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where (D) is the average diameter of one pseudo-chain. Thus, the
model of Holm provides the following dependence of Rg_cy with
P:

_ Pmetal + PAu ra

Re_cu (P) = "oy VP (2

Re_cy is a decreasing function of the stress, P. Consider-
ing that the applied stresses for relatively high cross-linked SECs
are commonly larger than 1 kPa (P > 1 kPa), and taking p4, =
2.4x1078Qm, psg = 1.6 x 1078 Qm, 7 = H#;, = 250 MPa (values
at 20°C)%7 and (D) ~ 10um, then Rg_cy < 1Q is predicted (for
instance, Rg_cy ~ 1Q is estimated at P = 100 kPa). As the num-
ber of aligned columns formed by pseudo-chains, N, is typically
in the order of 10?2 — 103, then the contribution of the electrode-
columns, RENC” , to the total resistance R is predicted to be in the
range (1072 — 1073) Q which is about one or two orders of mag-
nitude lower than the observed resistance R. Although Eq.(2) can
be used for estimating the contribution of Rg_cy as function of
P, it is clear that it is negligible. This can be confirmed by fitting
the experimental data, R (P), using the developed model.

Therefore, the next objective is to evaluate % in Eq.(1). Ry has
two contributions: the electron transport in regions of relatively
high electron mobility inside a pseudo-chain and the barriers as-
sociated to gaps between regions. If Rcy represents the resistance
in one zone of high electron mobility, n the number of such zones,
Ryumner the tunnelling resistance for crossing the barriers between
those zones, and assuming the zones are perfectly aligned, then:

R =nRcy + (n— 1) Ryyuper (P) 3

The number n represents the number of gaps (in one column)
between regions where the electron mobility is relatively high,
separated by polymeric material. Thus, in a first approximation, it
could be reasonable to consider these zones as one pseudo-chain,
although the possibility of having gaps inside pseudo-chains is not
discarded and actually accounted by the parameter n.
Concerning Rcy, the number of uPs of NPs-Ag is so high in
a pseudo-chain (and also in a column) doing beyond the scope
of the present study to develop a constitutive model for Rcy in
terms of electrical resistances network conductivity. For instance,
the number of uPs of NPs-Ag in one pseudo-chain, ¥, can be es-
timated assuming a pseudo-chain of cylindrical shape with diam-
eter (D) and length (¢) formed by packaging y microparticles of

diameter (Dyp) with a packaging efficiency f. These magnitudes
3

2
are related by: & ((712)>> 0 f= x%n: (Lﬁ) . x can be estimated

for the SEC used as reference in this work: (D) =10.4um, (¢) =1.3
mm and (Dyp) = 1.3 um. For a close-packing of tetragonal repet-
itive units it is f = 0.74. However, the internal structure of the
pseudo-chains is not close-packed. Taking f = 0.5 and f = 0.74
(a reasonable variation range) one obtains y = 0.5 x 105 ( f=0.5)
and ¥y =8 x 10° (f =0.74). In any case, it is clear that pseudo-
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Fig. 3 Scheme illustrating the parameters of the model.

chains are formed by a large number of particles, making it diffi-
cult to estimate Rcy.

For all the above mentioned reasons, the parameters n and
Rcy are considered independent of P and freely adjustable, to
be recovered by fitting the experimental data. The parameters
involved in Egs. (1)-(3) are shown in Figure 3.

3.1 Electron tunnelling resistance, R,/

Riunner in Eq. (3) is modelled in the present and next Sections.
Note that the only considered mechanism for barrier-crossing is
electron tunnelling since it is well-known that the electric conduc-
tion between two metal micrometric objects separated by a layer
of insulating material (the polymeric matrix) is governed by elec-
tron tunnelling. 28-32 R,,,...; represents the electron tunnelling re-
sistance between two adjacent conductive zones. It is considered
here that the involved areas correspond only to the surfaces of the
head and tail of two adjacent conductive regions. Its curvature is
considered as approximately spherical with diameter given by the
average diameter of the chains, (D).

The electron tunnelling between two flat conductive metallic
surfaces for moderate electrical potential difference between the
surfaces, Viuumer, can be expressed using the Simmons’ formal-
ism.33-3 The two flat metallic surfaces are separated by an insu-
lating layer of thickness x, where a rectangular potential barrier
of height ¢ is present and image-force effects are neglected. 36-39
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Fig. 4 Hemispherical surfaces of diameter (D) separated by a distance
x. This surfaces correspond to the tail and head of two adjacent
conductive regions.

Then, the electric current per unit area, J;,,,¢; is given, according
to Simmons in the ohmic regime, by

Jtunnet = B% exp (=) Viunnel 4

In Simmons’ formalism y and B are given by3¢

4
Y= 5 /2m@ (5a)

_ 3¢?

= S (56)

where e is the electron charge, m is the effective electron mass in
the filler material and # is the Planck constant.

However, it is necessary to generalize the result obtained by
Simmons in order to include the case of two hemispherical sur-
faces. As shown in Figure 4, the separation between the hemi-
spherical surfaces at the angle f is given by

X(B)=x+(D)(1—cosf) (6)

The electronic tunnel current between the two surfaces, e,
is obtained by integrating the current density in the direction of
X, Ix(X(B)) =J(X)X:

humet = |, /G Jx-dA @)

where G corresponds to the half-spherical surface and

_g 7 X
Jx = BW exp [_YX (B)}Vtunnelx (8)

The element dA can be expressed as a function of B by using

2
spherical coordinates as dA = (@) sin Bd¢dPt, thus obtaining:

\%
Riunnet = Ithel C))
tunnel
4
Riunnet = (10

<D>2 027r d‘i)f()% %exp [—yX (B)] sinB cosBdp
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or, in a more compact way:

\S)

(1D

Riunnel =

nByf;HD) X);xexp [—yX] dX

The parameter y and the constant B in Egs. (10) and (11) are con-
sidered to be given by Eq. (5a) and (5b). The integral in Eq. (11)
does not have analytical solution® and was numerically evalu-
ated using the Numerical Integration module of SageMath. The
integral expression in Eq. (11) depends on the distance x which,
in our model, is assumed to decrease with the applied stress, P.
Therefore, the objective of the next Section is to model x as =
function of P.

3.2 Modeling x(P) - Mechanical characterization of the poly-
meric matrix

Since the Young’s modulus of the filler is much higher than the
Young’s modulus of the elastomeric matrix, it is considered tha.
the application of P does not introduce structural distortion of the
conductive regions.

The parameter x(P) is the average distance that the electrons
must cross in one tunnel step. It could be reasonable in a firs~
approximation to consider them as gaps between pseudo-chains.
However, since pseudo-chains are complex structures where tl. .
groups of microparticles can be separated by polymer layers, ther
gaps can be present also inside pseudo-chains. It will be assumet
that the polymer matrix layer separating two conductive region
has the same elastic behaviour as a macroscopic sample of th:
matrix polymer. This situation applies to relatively highly cross-
linked systems, as those studied by our group and others. For
instance, Ivaneyko et al.#! in studies of magneto-sensitive elas
tomers, have recently described a situation where the high cross-
linking of composites prohibits a free movement of filler particlc.
inside the polymer matrix but rather move affinely with it. This i-
the so-called affine assumption, which is assumed in the present
work also since the considered SECs are relatively highly croe-
linked. Effects of larger deformations of the matrix in the vicinitv
of very rigid fillers, as those described by Domurath et al. 4% a-:
not considered. Summarizing, in our model pseudo-chains follov-
the compression motion of the matrix when a stress is applir.d
(actually, this implies that samples are incompressible). In other
words, pseudo-chains are assumed to move along with the ma-
trix. This assumption is mathematically expressed by

x(P) =x,A (P) 12)

with A (P) = @, where y(P) and y, are the thickness of a macro-
scopic unfilled matrix (e.g. pure PDMS) under a stress P and for
P =0, respectively. On the other hand, the parameter x, is the

gap separation for tunnelling in the SEC at P =0.
Therefore, the model presented here requires expressions

1-11 |5



for A as function of P which must be introduced into the
dependence of R with x using the affine assumption. The
experimental variation of A with P is obtained from uni-
axial compression tests, as the one shown in Figure 5. In
that figure, P represents the so-called engineering stress, P =
(applied force) / (area in absence of applied force). The P— A de-
pendence is commonly fitted using the Neo-Hook (N-H) or the
Mooney-Rivlin (M-R) models. 4344 These models provide expres-
sions for P as function of A that were used to fit the experimental
data of Figure 5. The obtained results for each model are de-
scribed here below.

Neo-Hook model

The engineering stress, P, according to the Neo-Hooke model

(and assuming the material does not change its volume; incom-

pressible material) is given by: #344

1
_ AN—-H
P =2C) (ﬁ—x> (13)
In the Neo-Hooke model the parameter C{V ~H is related to the

Young’s modulus of the matrix by C)'# = E/6.43%* The Neo-
Hooke model provides closed expressions for A (P) (which are
actually the solutions of a cubic polynomial):

p?
¢(7)
eg(ﬁ) =21% [\/1f4ﬁ3+172ﬁ2} . (15)

with P = P/E, a; = 1 (ivV3+1), =1 (-iv3+1), 1 and b; =
3 (=iv3+1), =1 (iv3+1), L for j=1, 2, 3 (i is the imaginary
unit).

(14

i (P) =asé (F) P,

with

It is shown in Figure 5 that in the present case the Neo-Hooke
model does not fit the experimental curve. Then, the Mooney-
Rivlin model is considered.

Mooney-Rivlin model:

The expression for the engineering stress provided by the
Mooney-Rivlin (M-R) model is: 4344

2 M—R
P= <2cf”+ Ci ) (%—x) (16)

Excellent fit of the experimental data was obtained in this case
(see Figure 5) with Cé”‘R = (711+4) kPa and Ci”‘R =(—692+£5)
kPa. The M-R closed expressions for A as function of P are so-
lutions of a quartic polynomial. Although analytical expressions
can be obtained in this case also?®, we decided to obtain nu-
merical solutions and to use them into the expression for R [Egs.
(1)-(3), (6), (11)] through the proposed dependence of x with A
[Eq.(12)].

Soft Matter

o Experimental data
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Mooney-Rivlin

08 09 1.0

Fig. 5 Normal stress, P as function of A (P) = ’)LP) for a PDMS sample
(base:cross-linker ratio = 10:1) non-loaded with filler particles. The red
solid line corresponds to the Neo-Hook model fit [Equation (13)] with
CY~H = (146 £ 1) kPa. The blue solid line corresponds to the Mooney -
Rivlin model fit [Equation (16)] with C}'® = (-692 £ 5) kPa and

CY R = (711 +£4) kPa.

Once A = A (P) for the polymer matrix (not for the SEC) is
introduced into the constitutive equations, the model can be used
to fit experimental data of R = R (P). In the present approach, this
requires to determine also two morphological parameters of the
SEC: the average number of columns in the considered sample,
N, and the average diameter of a column (assumed equal to the
diameter of a pseudo-chain, (D)). Hence, the model has three
parameters that are recovered by fitting, referred to as A, A, and
A3Z

(n—1)x,

A= By (17a)
A2 = ¥Xo (17b)
Ay = %RCH (17¢)

In Eq. (17a), the parameter B is a universal constant [see Eq.
(5b)]. The parameters n and x, can be obtained from A; and A,
in terms of y. Eq. (5a) allows estimating v if the tunnelling barrier
¢ and the effective electron mass, m, are known.

Equations (1)-(3), (6), (11), (12) and (16) represent the con-
stitutive relationships of the present model. Fits of the experimen-
tal piezoresistivity data, R = R(P), for the considered reference
SEC are presented in the next section.

Page 6 of 12
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4 Fits of Experimental Results for the Refer-
ence SEC

The different SEC samples prepared in our group exhibit two
relevant characteristics: anisotropic and reversible piezoresistiv-
ity.>~7-11 Regarding anisotropy, the experimental conditions can
be optimized to obtain Total Electric Anisotropy (TEA), that is,
conduction in one direction exclusively, as indicated in the Intro-
duction. !

The piezoresistive response is fully reversible (absence of
piezoresistive hysteresis after hundred cycles of compression-
decompression). The piezoresistive response of the material is
not modified by bending or twisting of the sample in the direc-
tion perpendicular to the pseudo-chains. >/ These results suggest
that there are no irreversible changes in the internal architecture
of the pseudo-chains. Thus, plastic deformation of the micropar-
ticles forming the chains is reasonably discarded.

There are two main factors that usually induce irreversibility
in the piezoresistive response: (i) when fillers can move decou-
pled from the polymer matrix under the applied stress. This is
not the case of the relatively high cross-linked composites consid-
ered here, as described in Section 3.2; (ii) if there were chem-
ical bonds between filler-polymer. In that case, the bonds may
be irreversibly broken during compression-decompression cycles,
thus inducing hysteresis effects. This seems not to be the present
case in our systems, as the observation of non-adhesion zones
suggests that chemical bonds between pseudo-chains and ma-
trix are not favoured (see Figure 6). These non-adhesion zones
are not a consequence of the process of cutting material slides,
as cryo-fragmentation of the material (where SEC samples were
pre-cooled with liquid nitrogen and then cut) show non-adhesion
filler-matrix zones also. Figure 6 shows SEM images that illus-
trate the most relevant morphological aspects of the SEC compos-
ites described here, including the presence of non-adhesion zones
(Figure 6-a), the interpenetration of polymeric material within a
pseudo-chain, and the grouping of microparticles in the pseudo-
chains (Figure 6-b and c).

The linear I-V characteristic curves (not shown, measured as
function of P) indicate that SECs exhibit ohmic behaviour over
the whole range of applied electrical potentials and stresses. The
inverse of the slopes of these curves are the values of R(P), the
electrical resistance measured at each applied stress (Figure 7).

The following procedure for obtaining and interpreting the mi-
croscopic variables is completely general. However, the values
reported correspond to the reference SEC sample (Fe;O4[Ag]-
PDMS 4% v/v of filler material, 10:1 base:cross-linker ratio,
H,,ring = 0.3 T, curing temperature: 80° C, exposition time: 4
hours, L, = 2.50 mm). For that reference sample it was obtained
A;=(2240.2)Q, Ay = yx, = (11.1+0.5) and A3 = (0.47+0.07) Q,
with a good degree of adjustment (%2 = 0.995).

Soft Matter

Fig. 6 SEM images of the Fe;04[Ag]-PDMS reference SEC. Panel (a)
shows non-adhesion zones between pseudo-chains and the matrix.
Panel (b) illustrates the interpenetration of the polymer within a
pseudo-chain. Panel (c) is a magnification of panel (b).
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Fig. 7 Fits of the experimental electrical resistance, R, using the present
model for the case of the reference SEC (see text). The solid red line
corresponds to the model fit. Input parameters (D) = 10.4 um and

N = 660+ 50 were used. The thickness of the sample is

L, = (2.5040.01) mm.

As mentioned before, n and x, can be calculated as a function
of ¥, which in turn is dependent on the tunnelling barrier, ¢, and
the effective electron mass, m. The barrier ¢ is obtained from
measurements of the work function for the metal-insulator cou-
ple. For silver nanowires in PDMS it was recently reported ¢ = 1
V.40 Using that value of ¢ and the free electron mass, m = m,
(conditions that are indicated by the upper symbol ), it is ob-
tained y' = 1.0x 10! m~!, " = (98+9) and x}, = (1.08 +0.05) nm
for the reference SEC. RZH = (3.2£0.3) Q is recovered using
N = (660 450). The values of n' and x, can be used to estimate
the effective length of the highly conductive regions, /, that is the
length of the regions between electron-tunnelling gaps, assum-
ing:

Ly=(n—1)x,+nl (18)

For the reference SEC sample is L, = (2.50 £0.01) mm, that ren-
ders [T = (26 £4) um which is about 50 times lower than the av-
erage length of pseudo-chain observed by SEM ((¢) = 1.35 mm).
This result is in agreement with the observation that pseudo-
chains have micro-gaps caused by the interpenetration of poly-
mer within and/or constrictions (narrowings) and irregularities
as observed in Figure 6 b-c. These results are consistent also
with the previous observation® that the increase of the Young’s
modulus of the SEC, E, is lower than the prediction of the most
commonly used models (such as the modified Halpin-Tsai model
and the Hui-Shia model) when (¢) is introduced in those mod-
els. Thus, the previously reported difference between observed
and calculated values of E suggests the same conclusion that ob-

Soft Matter

served here: the effective length of the pseudo-chains is predicted
to be lower than (¢).

The model allows estimating the contribution of each term in
Egs. (1)-(3) to the total electrical resistance, R. For example, for
P =100 kPa it is obtained (“%')Rumer ~ 1.17Q, (%) Re—cn ~
3x107*Q, and (£)Rcy ~ 0.5Q. At the highest stresses, R con-
verges to the contribution made by the intrinsic resistance of
chain structures, (%) Rcy - The recovered value of Rey is higher
than the associated to one continuous metallic silver chain, in
agreement with the picture of pseudo-chains formed by groups of
microparticles and contact resistances between them.

The results of fitting indicate that Rg_cy is negligible. This is
a conclusion, not a hypothesis. That is, Rg_cy is kept it in the
general expression used to model the experimental data, which
can be made without introducing any complication. After fitting
it is confirmed the prediction of Eq. (2): Rg_cy is very low and
negligible in comparison with the other contributions to R in the
considered range of stresses.

As already mentioned, the value of y is defined by the electron
effective mass, m, and the tunnelling barrier, ¢. These parame-
ters are heavily dependent on the chemical and structural nature
of the fillers and polymer matrix. Since y determines the recov-
ered values of n, x, and [, then simulations of these parameters
were performed as function of y (Figure 8). The variable m was
varied in the range (0.5 — 1.5)m, while ¢ between (0.5 —1.5) eV.
For these ranges, y varies between (0.5 —1.5) x 1010 m~!. It is
observed in Fig. 8 that / and n vary appreciably (about 2 orders
of magnitude). On the other hand, x, remains between 0.6 and
2.1 nm, approximately. This indicates that although a precise de-
termination of n and / requires accurate measurements of y, the
model predicts values of x, which are within the typical scale for
electronic tunnelling.®

5 Influence of the matrix elasticity, E, filler-
polymer tunnelling barrier, ¢, and average
tunnelling distance, x,, on R;,,,,,.; (P)

In this section the influence of key parameters that are essen-
tial for designing piezoresistive anisotropic stress sensors based
on SECs is explored via numerical calculation. To simplify the
analysis, the Neo-Hooke dependence between A and P is as-
sumed. It is assumed also that the surfaces between tunnels are
planes, then R,,,,.; (P) is given by the original Simmons expres-
sion: Ryynper < I;‘—},exp(yx). Therefore, a simplified expression of

Rﬁ':::["(; s as a function of P is presented based on the developed
model [Eqs. (19)], where Ryyunei(0) = Ruunnet (P =0). Although
that expression assumes a simple dependence of x with P, it does
contain the essential physics. If these approximations are consid-
ered together, neglecting the contribution of Rg_ ¢y and assuming

that n and N do not change by application of P, from Eq.(3) it is
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Fig. 8 Simulations of x,, n and [ as function of y using the values
Al =(22402)Q, Ay = yx, = (11.1£0.5) and A3 = (0.47£0.07) Q
(reference SEC sample). The arrow indicates y'.

obtained:

R—R(=)
R, —R()

Rtunnel

= dexp[yxo (A —1)] 19)
Riunnet (0)

where R, = R(P =0) and R () = R (P — o). For simplicity, in this
Section A is calculated as AN~H(P; E), given by the Neo-Hook
model [Equations (13)-(15)] with C’lv -H_p /6. Thus, the above
relationship shows that lelil(’o) depends only on the applied stress
relative to the Young’s modulus of the polymer matrix, P/E, and
on the initial separation between chains relative to y~!, x,7. Fig-
ure 9-a illustrates simulated curves of R]friulo) for different values
of E at fixed x,7, while the influence of x,7 at fixed E is shown in
Fig. 9-b.

Figure 9-a shows that when polymers with increasing values
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Fig. 9 Simulated curves for the effect of (a) Young modulus of the
unfilled polymeric matrix , E, for x,¥ = 10 and (b) x,y with E =700 kPa o'
Lumel . The curves were calculated using Eq. (19) with

tunnel (0)

A=AN"H(PE).

of E are considered, then larger stresses are required in order to
achieve a given average tunnelling gap, x(P), and hence the sam-~.
If#%, an expected behaviour retained by the affine assumption
It is worth noting that the Young’s modulus of the PDMS matriy
can be increased by increasing the amount of cross-linking agenr
in the matrix without changing appreciably the potential barrier,
¢, that is, without changing x,7.

Analogously, Fig. 9-b shows that fixing x, and E, higher stresses
are required to achieve the same percentage decrease in Ry,
for lower values of ¥, for example using a filler-matrix couplr
with lower values of ¢. Thus, Eq. (19) and Figure 9 remark tha.
the sensitivity and measurement range of stress sensor based oi.
SECs can be modified by changing the elasticity of the polyme,
matrix (changing the amount of cross-linking agent), the average
separation between chains (changing the curing conditions, su<i
as the magnitude and exposition time of He,,¢) and the potentia'
barrier (using different filler-matrix couples). Finally, it must be
noted that no inflection points are predicted by the model for ti.c
piezoresistive response of SECs. This is a significant difference in
comparison with the response observed in some isotropic filler-
elastomer composites prepared in our group*” where no pseudo-
chains are created.

Conclusions

The presented model describes very well the experimental
piezoresistivity observed in the anisotropic structured elastomer
composites (SEC). The analysis of the parameters suggests that
pseudo-chains have multiple gaps. The existence of gaps is in
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agreement with the concept of pseudo-chains instead of compact
chains. Optical photographs and SEM images confirm the forma-
tion of pseudo-chains that are not compact but present irregular
arrangements of individual filler’s particles, which generates rela-
tively large gaps between particles. The model predictions are in
concordance with the presence of those gaps inside the pseudo-
chains combined with electron tunnelling through the gaps. The
results also indicate that the intrinsic resistance between gaps can
be considered constant (independent of P) with good approxima-
tion. The model predicts a non-linear relationship between R and
P. The only input required is the stress-strain curve of the un-
filled polymer matrix (not of the SEC) and the number of columns
that go across the SEC sample (V). Then, three fitting parame-
ters are recovered, A|, A, and A3, when fitting the experimental
results, which are related to microscopic variables (¥, x,, n and
). The model predicts that for a given couple filler-polymer the
parameter y has no sensitivity (or very low) to the experimen-
tal conditions used for preparing the SECs but x, (the distance
for tunnelling at P = 0) is expected to be very dependent of ex-
perimental factors such as the concentration of fillers, magnitude
and exposition time of Heyig, degree of cross-linking, etc. The
model predicts also that if x, is relatively low (at fixed y) then a
large dynamic range of P is required in order to observe a large
relative change of R (Figure 9-b). Numerical calculations using
simplified expressions confirm that a required extended dynamic
range of stresses for systems with larger Young’s modulus, E, is
required, which is reasonable expected from basic considerations
of the elastic behaviour (Figure 9-a).
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A constitutive model for the total anisotropic reversible piezoresistivity in
PDMS/magnetite-silver structured elastomer composite is proposed.



