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Abstract

A flexible, anisotropic and portable stress sensor (logarithmic reversible response between

40-350 kPa) was fabricated, in which i) the sensing material, ii) the electrical contacts and iii) the
encapsulating material, were based on polydimethylsiloxane (PDMS) composites. The sensing
material is a slide of an anisotropic magnetorheological elastomer (MRE), formed by dispersing
silver-covered magnetite particles (Fe;0,@Ag) in PDMS and by curing in the presence of a

uniform magnetic field. Thus, the MRE is a structure of electrically conducting pseudo-chains
(needles) aligned in a specific direction, in which electrical conductivity increases when stress is
exclusively applied in the direction of the needles. Electrical conductivity appears only between
contact points that face each other at both sides of the MRE slide. An array of electrical contacts
was implemented based on PDMS-silver paint metallic composites. The array was encapsulated

with PDMS. Using Fe;04 superparamagnetic nanoparticles also opens up possibilities for a

magnetic field sensor, due to the magnetoresistance effects.

Online supplementary data available from stacks.iop.org/SMS/23/085026/mmedia

Keywords: structured magnetoelastomer composites, piezoresistivity, flexible stress sensor,

electrically conductive composite

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnetorheological (MR) materials are materials with
mechanical properties that can be modified by externally
applied magnetic fields. One type of MR material is made of
composites that are formed by dispersing magnetic filler
particles into an elastomer polymeric matrix and then
orientating the particles. These materials, referred to as
magnetorheological elastomers (MRE), are promising for
the application and development of polymer-based

3 On leave from Laboratorio de Bajas Temperaturas, Universidad de Buenos
Aires, Argentina.
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electronic devices [1]. A simple procedure used to obtain
MRE involves curing the filler-elastomer composite in the
presence of a uniform magnetic field (Hcyring), Which
induces agglomerations of the filler particles into chain-like
structures aligned in the direction of the Hcyring [2-6].
In spite of their potential applications, there are two
closely related aspects concerning MRE that have not
been systematically explored yet: 1) the dependence of
other physical properties (different than elasticity) with
external driving forces, and 2) the implementation of real
devices based on MRE, which is still in the preliminary
phase [7-12].

In previous works done by our group, anisotropic
MRE, using silver-covered Fe;O,4 microparticles as fillers in

© 2014 I0P Publishing Ltd  Printed in the UK
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Scheme 1. Scheme of the formation of a cross-linked network through hydrosilylation reaction in PDMS materials.

polydimethylsiloxane (PDMS) matrixes, were characterized
and used for the implementation of 2D elastic Zebra®-like
electrical connectors [13—-15]. Elasticity changes under an
applied magnetic field was observed in similar systems;
however, Ni nanotubes and nanoparticles were used [16]. In
the present work, the fabrication and characterization of a
flexible and portable stress sensor array, based on the MRE,
is shown. The array has excellent sensitivity and a rever-
sible electrical response to external mechanical forces. The
system is very robust against the action of various chemical
agents (such as organic solvents), and its response has a

very low variation, with temperatures in the range
25-155°C.
Furthermore, use of a hybrid superparamagnetic

inorganic filler in the magnetorheological material descri-
bed in the present work constitutes a significant
improvement compared to the fillers used in previously
reported materials [17-19] since, using a super-
paramagnetic filler, the sensor array system has the
essential feature of not being irreversibly magnetized at
room temperature. The superparamagnetic behavior at
room temperature provides a relatively fast magnetic
relaxation also (loss of magnetization after canceling the
applied external magnetic field occurs faster than the time
resolution of our setup, 3 s). These features, along with the

decrease in electrical resistance by application of a mag-
netic field (negative magnetoresistance), open up the
possibility of implementing the described sensor as a
magnetic field sensor.

Physicochemical characterization of the MRE material
(the active sensing material) that is involved in the sensor and
that constitutes the basis of its performance, has already been
described in previous works [13, 14, 20, 21]. Hence, the
present paper describes the implementation of a chemically
resistant, flexible, anisotropic and portable sensor. Relevant
technological difficulties were overcome, such as the manu-
facture of electrical contacts on the surface of a magne-
torheological polymer and the building-up of an array with
reproducible behavior.

The sensor is constituted by two central components: 1)
the active sensing material (referred to as MRE material) and
2) the electrical contacts (referred as PDMS-Ag paint con-
tacts). Therefore, three concepts are distinguished through the
article: 1) the MRE material, 2) the electrical contacts and 3)
the fully packaged terminated sensor. In addition, the
implementation of several contacts on the top and bottom
surface of the MRE material allowed us to obtain an array of
sensors, since the sensors are non-electrically connected
because of the structuration and anisotropic characteristics of
the MRE material.
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2. Materials and methods

2.1. Preparation of PDMS-Fe;0,@Ag MRE material

The preparation method used to obtain the textured composite
with magnetic Fe;O, silver-covered microparticles was
described in detail in our previous articles [13, 14].

This procedure is briefly described here. First, Fe;0y4
superparamagnetic nanoparticles (NPs) were synthesized by
the chemical co-precipitation method, in which a solution
mixture, (2:1) of FeCl;3-6H,0 and FeCl,-4H,0 in chlorhydric
acid, was added drop-by-drop to a solution of NaOH (60 °C,
pH=14) under nitrogen atmosphere and high-speed stirring.
The obtained nanocrystals were separated by repeated cen-
trifugation and washing cycles, then dried in a vacuum oven
at 40 °C for 24 h. The obtained dark brown NPs show a size
distribution (determined by TEM images) with a maximum at
13 nm in the log-normal distribution of the diameters, which
is in excellent agreement with the size of the crystallite
domains calculated using the Debye-Scherrer relation from x-
ray difractograms (XRD), (14 £2) nm [20].

In the second step, the Fe;O04 NPs were covered with
silver in order to obtain electrically conductive and super-
paramagnetic particles. For that, aqueous dispersions of Ag
(NH;3)3 and Fe;04 NPs in a 10:1 molar ratio were sonicated
for 30 min at room temperature. Then, the system was heated
in a water bath at 50 °C for 20 min with slow stirring. In the
next step, 0.4 M glucose monohydrate solution was added
drop-by-drop to the FesO4-Ag™ suspension. Stirring was
continued for one hour. This synthesis protocol promotes the
reduction of Ag (I) ions adsorbed onto Fe;O, particles. The
magnetite-silver particles were separated out from the solu-
tion by magnetization and then by centrifugation. After the
particles were separated, the decanted supernatant liquid was
fully transparent. The obtained system (referred to here as
Fe;0,@Ag) is actually formed by microparticles whose
internal structure consist of several Fe;O4 nanoparticles
clusters covered by metallic silver, which is grouped together.

For the Fe;0,@Ag microparticles (MPs), the maximum
diameter distribution is at 1.3 ym (determined by SEM and
TEM images). For comparison purposes, silver particles
(reddish orange) were produced in a separate batch using the
same experimental conditions for each set.

Finally, a PDMS base and a curing agent, referred to as
PDMS from now on (Sylgard 184, Dow Corning), were
mixed in proportions of 10:1 (w/w) at room temperature and
then loaded with the magnetic Fe;O, silver-covered
microparticles.

The chemistry that leads to the cross-linked polymer is
summarized in scheme 1. Both of the commercial kit’s
components contain siloxane oligomers terminated with vinyl
groups, 1. The curing agent also includes cross-linking
siloxane oligomers, 2, which each contain at least three sili-
con-hydride bonds. The base includes a platinum-based cat-
alyst that cures the elastomer by an organometallic cross-
linking reaction [21, 22]. When 1, 2 and the platinum-based
catalyst (base and curing agent) are mixed together, the cat-
alyst aids in the curing of the elastomer because it catalyzes

the addition of the Si—H bond (in 2) across the vinyl groups
(in 1), forming Si—~CH,—CH,-Si linkages (f-addition of a
silicon hydrogen to the vinyl bond); this process is referred to
as hydrosilation of the double bonds.

The multiple reaction sites on 2 allow for three-dimen-
sional cross-linking. One advantage of this type of addition
reaction is that no waste products are generated. In addition,
changing the curing agent-to-base ratio alters the properties of
the resulting cured elastomer; as the ratio of curing agent-to-
base increases, a more rigid elastomer results. Increasing the
temperature  accelerates the  cross-linking  reaction
[13, 24, 25].

The amounts of PDMS and fillers were weighed during
mixing on an analytical balance, then they were homogenized
and placed at room temperature in a vacuum oven for about
two hours, until the complete absence of any air bubble.
Specifically, composite material with 5% w/w of Fe;O0,@Ag
was prepared. The still fluid samples were incorporated into a
specially designed cylindrical mold (1 cm diameter x 1.5 cm
thickness) and placed between the magnetic poles of a Varian
Low Impedance Electromagnet (model V3703), which pro-
vides highly homogeneous, steady magnetic fields. The mold
was rotated at 30 rpm to preclude sedimentation and was
heated at (75+5) °C in the presence of a uniform magnetic
field (Heyring: 0.35T) for 3h to obtain the cured material.
Control samples, prepared without applying the magnetic
field, were also obtained. More details are provided in refer-
ences [13, 14, 16, 21, 26, 27]. Slices of the cured composites
were held in an ad-hoc sample-holder and cut using a sharp
scalpel; slices of 1.5 mm thickness (L) were obtained, which
were used for the morphological (SEM analysis) and elec-
trical characterization of the material as well, and for the
manufacture of the stress sensor. The setup used to cut the
slices provided slices of equal thickness (L=1.5 mm) and
similar areas (0.8 sz) in both directions (parallel and per-
pendicular to the needles). Nevertheless, equal slices from the
same sample, but with different thicknesses, were tested:
L=1.5mm (used for preparing the sensors reported in the
article) and L=4mm. The piezoresitive behavior of the
samples with L=4 mm thickness were very similar to that
shown in figure 4(b) for samples with L=1.5 mm thickness.
The resistance (in ohms) is, of course, different, but very
similar resistivities, (p, in ohms.cm) were obtained for both
samples when compressed at a given stress.

Figure 1(a) shows a schematic representation of the
PDMS-Fe;0,@Ag MRE fabrication process, while figure 2
shows, in detail, the internal structure of the designed mate-
rial; the MRE is basically constituted by a polymer PDMS
matrix with conductive pseudo-chains (needles), formed
during curing of the polymer. The direction of the needles
coincide with the direction of the magnetic field applied
during the curing process. The conductive needles consist of
agglomerations of Fe;0,@ Ag microparticles, and the internal
structure of each microparticle consists of several Fe;O,
nanoparticles clusters covered by metallic silver, which are
grouped together (see figure 2). The separation between the
clusters within a silver-covered microparticle was estimated
to be about 10-15 nm [13].
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Figure 1. (a) Scheme of the MRE preparation process and photographs of Fe;O,4 nanoparticles and Fe;0,@ Ag microparticles powders. SEM
images of the structured PDMS-Fe;0,@Ag MRE 5% w/w composite. (b) Lateral view showing the conductive needles. (c) Top view of one
needle. (d) Magnified top view image. In (c) and (d), the arrows indicate the no-adhesion zone between the needles and the polymeric matrix
(thickness ~ 900 nm). ‘Ag-MP’ indicates the Fe;0,@Ag microparticles filler, and ‘PDMS’ indicates the polymer matrix.
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Figure 2. Internal structure of the designed material. The MRE is basically constituted by a PDMS matrix with conductive pseudo-chains
(needles) that are formed when curing in the presence of a magnetic field, Heyring. The needles are formed and aligned parallel to Heyring, The
conductive needles consist of agglomerations of Fe;0,@Ag microparticles, and the internal structure of each microparticle consists of
several Fe;O4 nanoparticle (NPs) clusters covered by metallic silver, which is grouped together.

The morphology of the PDMS-Fe;0,@Ag composite
was studied using a Field Emission Scanning Electron
Microscope, FESEM (Zeiss Supra 40 Gemini). The compo-
sites were metalized for the purpose of obtaining the SEM

images. About 100 SEM images at several magnifications
(from 50x to 6000x) were used to estimate the average
dimensions of the needles. Voltages (EHT) of 5KV and
magnifications of 100x (3300 pixels/cm) and 300x (9800
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coin: (1) wires, (2) sensing active material (PDMS-Fe;0,@Ag MRE) and (3) PDMS-Ag silver contacts. (c) Schematic diagram of the
flexible stress array. Representations of longitudinal cuts of the sensor are shown in (a) and (c).

pixels/cm) were the typical conditions used for determining
the average chain length, while 3 KV and 4000x (40 pixels/
um) were used for obtaining the average chain diameter.

2.2. Implementation of the electrical contacts

In order to obtain metal contacts that are directly located on
the surface of a slice of PDMS-Fe;0,@Ag MRE, a composite
prepared by mixing conductive silver paint (SPI Conductive
Silver Paint, SPI Supplies) and PDMS (base: cross-linker
agent ratio =10:2 w/w) was used, which is referred to as
PDMS-Ag paint. The used conductive silver paint consists of
a highly concentrated suspension, about (43 +3) % w/w, of
metallic silver powder dispersed in an acrylic resin-based
organic that acts as a suspending and binder system. A small
amount of PDMS (2% w/w) was added to the silver paint
suspension (98% w/w of silver paint) to prepare the PDMS-
Ag paint. Excellent electrical conductivity (resistivity lower
than 3.20Qcm) and excellent adhesion to the PDMS-
Fe;0,@Ag MRE slice were obtained after curing in a
vacuum oven at 100 °C for 30 min The larger amount of the
cross-linker agent (compared to that used in preparing the
PDMS-Fe;0,@Ag MRE) allows for the obtainment of low
elasticity contacts, thereby preventing its conductivity from
varying significantly with the applied stress (ensuring that the
change in conductivity of the sensor with the applied stress is
only due, practically, to the effect of stress on the PDMS-
Fe304@Ag MRE)

The PDMS-Ag paint, thus prepared, was used to place
three pairs of contacts on the surface of the PDMS-
Fe;0,@Ag MRE. The surface of the elastomer was pre-
viously cleaned with ethanol. The contacts were made care-
fully by first making the contacts on one side and then making
them on the other. The fluid mixture PDMS-Ag paint was
deposited on one side of the MRE surface using a syringe.
Then, metallic wires were inserted into the PDMS-Ag Paint
mixture while still fluid, followed by curing in an oven at

100 °C for 30 min under air ambient atmosphere. This pro-
cedure was then repeated when making the contacts on the
other side of the MRE surface. The MRE PDMS-Fe;0,@Ag
composite, at the used filler concentration, is highly trans-
parent to visible light, which allows viewing of the positions
in order to control the matching between opposed contacts. It
also allows for the visual inspection of the contact’s area
during the process. All of the contacts of the PDMS-
Fe;0,@Ag MRE slice top surface matches vertically with the
contacts of the bottom surface, as illustrated in figure 3.

Additionally, PDMS-graphite and PDMS-multiwall car-
bon nanotube (MWCNT) composites were prepared with
various percentages of filler (20-80% w/w) in order to test and
compare their properties as an electrical contact. All these
contact composites were discarded because of their low
electrical conductivity and unwanted rheological and adher-
ence properties; this is consistent with results obtained in
other studies. [26, 28-30] For instance, the electrical resis-
tivity of the composites made with these fillings (graphite and
MWCNT) was very high compared to the material-sensitive
MRE. Increasing the amount of filler increases the electrical
conductivity, but it also increases its fragility (the contact
material is easily fractured) and greatly reduces the adhesion
of the contact composite to the MRE polymer material.

2.3. Packaging of the sensor’s array

Finally, the composite and the contacts (sensor array) were
covered with PDMS 10:2 w/w™" and again cured at 100° C for
20 min Electrical isolation of the whole measuring system
(including contacts) is obtained with this coverage, which
also provides resistance against chemical and physical agents.
Figure 3(a) show a scheme that summarizes the process of
manufacturing the MRE-based stress sensor. Figure 3(b)
shows a photograph of the sensor array next to an Argentinian
¢25 coin. Figure 3(c) shows a schematic diagram of the
flexible stress sensor array.
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2.4. Elastic properties, piezoresistivity, magnetoresistance and
sensor testing

A TEQ 4 (Argentina) potentiostat was used for the voltam-
metric and chronoamperometric measurements that were
performed in order to evaluate the response of the elastomer
composites to the applied voltage during on-off commutation
cycles and to determine the current-voltage (I-V) character-
istic curves of the different composites and of the sensor.

A specially designed device was used for measuring the
piezoresistivity of the three concepts: 1) the PDMS-
Fe;0,@Ag MRE, 2) the PMDS-Ag paint and 3) the sensor.
The mentioned device includes two plastic plates that com-
press the samples and allow the application of the required
force, along with a force sensor and a supporting metal
structure. The compressive force was monitored by the force
sensor. The voltammetric response was simultaneously
recorded using the TQ4 potenciostat at different stresses.

The device for measuring magnetoresistance of the sen-
sor consists of placing the setup described above between the
pole pieces of an electromagnet that generates a uniform
magnetic field. A Gaussmeter (Group3 DTM-133 Digital
Teslameter) was used to test the intensity of the magnetic
field. To measure the electrical resistivity in the MRE samples
for different values of H, the current flux through the sample
was measured under different intensities of H, while arbitrary
and constant stress were applied.

Specific details of the elastic measurements were pre-
viously described [13, 14, 16, 27]. Samples for elasticity
analysis were prepared by cutting the cured composites in the
transversal and longitudinal directions with respect to the
applied magnetic field during the curing process.

3. Results and discussion

The magnetic, electric, chemical and morphological proper-
ties of both Fe;04 NPs and Fe;0,@ Ag microparticle powders
were characterized in a previous work by applying several
techniques: VSM and SQUID (ZFC and FC curves) for
magnetic; cyclic voltammetry for the electrical; XRD, UV-
Vis, FTIR and EDS for the chemical; and XRD, and TEM and
SEM for the morphological properties [12]. From those stu-
dies, it was assessed that the Fe;O,@Ag synthesized powder
material had ohmic behavior, is in the superparamagnetic
state for T>179 K (blocking temperature at H=0), has a
silver content of 82% w/w, exhibits proper oxygen stoichio-
metry (3:4 Fe-O) inverse spinel structure of the iron oxide
core, and that all the Fe;0,4 particles are covered with silver.

Therefore, in the next sections, only results concerning
the properties of the MRE PDMS composites (including the
contacts composite and MRE-based stress sensor), but not of
the fillers, are presented and discussed.

3.1. PDMS composites

3.1.1. Morphology, magnetic and elastic properties of PDMS-
Fe;0,@Ag MRE. The formation of macroscopic needles of

inorganic material, observable by the naked eye, was obtained
using the protocol described in section 2.1. SEM images of
the obtained slices are shown in figures 1(b), (¢) and (d). The
formation of needles was observed when Fe;O,@Ag was
used as a filler, but only in the case of curing the PDMS in the
presence of an applied field. In the absence of a magnetic field
applied during curing an isotropic composite with Fe;O,@Ag
microparticles homogeneously distributed in the PDMS
matrix is obtained. The calculated average diameter,
apparent length and areal density of the needles are
104 ym, 1.35mm and 8.4 needles mm_z, respectively,
which were obtained from analyzing the SEM images.

The observation of non-adhesion zones between the
matrix and the filler (shown in figure 1) seems not to be
induced by the slice preparation (e.g., the manner of cutting
the slices) but as a consequence of the relatively low degree of
interaction between the polydimethylsiloxane chains and the
filler particles in the cured material. For instance, Van der
Waals interactions between PDMS and the metallic needles
(pseudo-chains) are very low and, since the filler particles
were not derivatized, there are no covalent unions either. The
hypothesis that the non-adhesion zones are originated by the
absence of strong PDMS-needle interaction is supported not
only because of the lack of correlations with manners of
cutting but also by the absence of any appreciable change in
the physical properties of the slices after the first compression
or extension. This effect, referred to as the Mullin effect
[31-34], was never observed in the presented composite
materials. The lack of observation of a significant elastic
hysteresis is interpretable as the absence of an appreciable
Mullins effect. This behavior was observed regardless of the
direction of compression (Il or L in respect to the needles)
probably because of the separation (non-adhesion) between
the polymer matrix and needles. In figures 1(c) and (d), the
arrow indicates the no-adhesion zone between the inorganic
filler and the polymeric matrix (thickness ~ 900 nm) in a SEM
top view of a chain.

Concerning the magnetic behavior of the MRE compo-
site, the system presents superparamagnetic behavior at room
temperature. The superparamagnetic behavior at room
temperature provides a relatively fast magnetic relaxation
(loss of magnetization after canceling the applied external
magnetic field), which, in the present composites, occurred
faster than the time resolution of our setup (3s). The
superparamagnetic behavior is lost for temperatures below
the blocking temperature, Tp. Values of Tp=175 K and
Tp=168 K at H=0.01 T were obtained from the ZFC-FC
magnetization vs temperature curves in the directions parallel
and perpendicular to the needles, respectively. Results are
similar to those described previously [13].

It is important to remark that the superparamagnetic
behaviour at 298 K is conserved in the Fe;0,@Ag micro-
particles (and thus, in the Fe;0,@Ag-PDMS composite)
when the Fe;O,4 nanoparticles are in the superparamagnetic
state. This indicates that the size of the Fe;O, nanoparticles
(13 nm) is small enough to prevent cooperative effects that
could (eventually) induce a ferrimagnetic order due to
interactions that occur even inside the Fe;0,@Ag
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resistivity maintained a value of 62 MQ cm, regardless of the stress.

agglomerate. In other words, the interactions between the
particles cannot effectively compete with the thermal disorder
in order to establish a magnetic order at 298 K (blocking
temperature is much lower, T2~ 170 K) when the average
size of the individual particles that constitute the agglomerate
is below some critical value.

3.1.2. Piezoresistivity of PDMS-Fe30,@Ag MRE material. In
order to evaluate the piezoresistivity of PDMS-Fe;0,@Ag
MRE, electrical conductivities (in Q! cm_l) were obtained
parallel (o)) and perpendicular (c,) to the direction of the
needles as a function of the applied stress (P, expressed in
kPa). In all cases, the stress was applied in the same direction
in which the electrical conductivity was measured. The
variation of o) with P is shown in figure 4(b). On the other
hand, 6, =1.6 10°°Q27' cm™ was obtained independently of
the applied stress (p, =1/6, =62 M £2 cm). These results show
that anisotropic conduction was obtained with significant
conductivity only in the direction of the needles (p,/p) ~10°.
Electrical conductivity in the parallel direction increases with
increasing stress in the range of 0-350 kPa. Experimental data
were well fitted as a function of P by a simple model
described in our previous work [13], which assumes that the
barrier for electrical conductance involved in electron-jumps
decreases with P. The solid line in figure 4(b) corresponds to
that model (see equation (3) in ref. [13]).

3.1.3. Piezoresistivity of PDMS-Ag paint contacts. For the
electric characterization of the PDMS-Ag paint composite
used for contacts that adhered to the surface of the (PDMS-
Fe;0,@Ag) MRE, the fluid mixture was placed in a
rectangular mold 1 cm?® area and 12mm high and then
cured under the established conditions (100 °C, 30 min),
yielding a solid pellet of said composite. The obtained pellets
were placed in the setup used to measure piezoresistivity
(described in section 2.4). Figure 4(a) shows p,/p vs P, where
po 1s the resistivity of the PDMS-Ag paint composite at
P=0kPa (p,=3.2 2 cm). The shape of the curve corresponds
to the well-known behavior of isotropic conducting particles-

polymer composites systems under strain induced by external
mechanical stress, in which the percolation probability
between neighboring particles must depart from a scale-
invariant behavior but saturate at moderated-high strains,
reaching the percolation path’s saturation with sigmoid
dependence. This dependence was already predicted in
previously developed models [26, 35, 36], which propose a
dynamic picture where contacts or bonds between
neighboring particles are created but also destructed when
stress is applied in the composite.

Importantly, the conductivity of this material reaches its
maximum value for P~200 kPa with only a 16% change in
resistivity, 4, defined as A,=100 x (p,—p(P = 00))/p(P = c0)
(much lower than what was observed for the PDMS-
Fe;0,@Ag MRE when used as a sensor material, for which
A,=635%). This is a sought property (see section 2.2), which
seems related to the low elasticity of the contacts in
comparison with the MRE. In order to test this hypothesis,
two different contacts varying the base/cross-linker ratio were
implemented. The ratios used were 10:2 and 10:1 (w/w ratio
base:cross-linker). The contacts obtained when using the
higher ratio (10:2) display lower elasticity (deformation by
compression requires more stress) and present a lower relative
change in electrical resistivity, Ap. It was obtained by Ap
(10:2)=16% while Ap (10:1)=48%. These results seem to
indicate that a relative small change in the conductivity of the
contacts (prepared using a (10:2) ratio) with the applied stress
is related to its low elasticity.

3.2. Sensor: response and quality parameters

The performance of the packaged sensor array (encapsulated
MRE material with contacts) is presented in this section.
Cyclic voltammograms at different stresses and at room
temperature are shown in figure 5(a) (scan rate 5 mV s™"). The
arrow shows the increase of the applied stress. These char-
acteristic I-V curves show that the sensor presents ohmic
behavior in the whole stress range (threshold or rectifier
effects were not observed in that range).
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Figure 5. (a) Cyclic voltammograms under different applied stresses at room temperature. Scan rate: 5 mV s~'. The arrow shows the increase
of P: P1=40kPa; P2=110 kPa; P3 =207 kPa; P4 =301 kPa; P5=563 kPa. (b) The sensors’ response expressed as resistance, R, versus P.
The solid line represents the model fit given by equation (2). Inset: log(R-R,) versus P for P>40 kPa. The solid line represents the model fit
by equation (1). The slope is (5.43+0.02) 107> kPa™'; the intercept is 1.53+0.01 and R*>=0.99947.

Figure 5(b) shows the sensor’s response under stress in
terms of electrical resistance, R, vs P for one particular sensor
of the array. The different array sensors have very similar
responses to applied stress. It is noteworthy that the response
curves of both sensor assemblies were unaffected after 3000
bending deformations, which shows the great strength of the
material to such mechanical deformation. It is worth noting
also that each sensor provides a response that is independent
of the other array sensors. This enables mapping of the stress
in a relatively extended area, although an array with a larger
number of sensors should be used for that purpose.

It should be noted that conductivity curves, as a function
of the applied stress, are not modified after 100 compressing-
decompressing cycles, which constitutes a significant
improvement over sensors based on MRE materials devel-
oped by other authors [37, 38]. Analogous to what happens
with the elastic properties of the material, this can be justified
in part by the absence of the Mullins effect [31, 32, 34].
In addition, conductivity curves as a function of the
applied stress remained unchanged for at least ten months.
This is a direct consequence of the chemical inertia of the
filler against oxidation in the air, which also constitutes a
significant improvement over the materials described so far
[19, 3943].

The dynamic range of all the sensors is between
0-350kPa. Saturation of the response is obtained above
350 kPa. The piezoresistive response for any array sensor can
be calibrated in the range of 0-350 kPa by a bi-exponential fit
according to equation (1):

R(P) = R_+A, exp (-?) + A, exp (_53)

1 2

for 0kPa <P < 350kPa (1

for 0 kPa<P<350kPawhere R,,=R(P=0o0) represents the
measured electrical resistance at P> 350 kPa. Excellent fits
were obtained from the experimental result using equation (1)
(see figure 5(b)). The solid line in figure 5(b) corresponds to
the fits using equation (1) for the response of one particular
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Figure 6. Current-time responses (sensorgrams) for one sensor of the
array under two applied stresses. The applied voltage, V, is fixed to
300 mV.

sensor of the array. The recovered fitting parameters for the
particular sensor are the following: R, =(17.1£0.2) £,
A=34x1) Q, £=081x3), A,=(61x2) £ and
&=(2.9+0.1) kPa with R>=0.9982.

A single exponential fit can be used for calibrations in the
range of 40-350 kPa:

R(P) = R_+Aexp (—g)

for 40kPa < P < 350kPa 2)

In the case of the sensor considered in figure 5(b), the
recovered parameters for the range 40-350kPa are:
Reo=(171£0.2) 2, A=(34+1) Q and £=(80+4)kPa with
R?=0.9960. The inset of figure 5(b) shows the logarithmic
response in the 40-350 kPa range. A linear calibration plot is
obtained when representing Log ((R- R,)/2) vs P and
recovering a slope S =(5.43+0.02 )10~ decade kPa~", which
provides the sensitivity of the system in the case of the
described sensor.
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Figure 7. Commutation cycles for one sensor of the array. No
electrical hysteresis was detected in the commutation cycles, and no
phase delays between the detected current and applied voltage was
observed within our time resolution scale (about 50 ms).

Figure 6 shows electrical current (I) versus time (t)
responses (at a fixed voltage) for one sensor of the array under
two different stresses. These I-t curves are the sensorgrams
associated with the specific sensor. Larger applied stresses
result in greater current. This finding is consistent with the
piezoresistivity behavior described in the previous section: to
increase the applied stress on the sensor produces a decrease
of the resistance.

The relaxation and response times are also evaluated.
The relaxation time (7.ax) 1S defined as the time it takes to
recover the base current after releasing the stress, while the
response time (rys,) is the time it takes to reach the
signal (current intensity) associated with a given stimulus
(stress). The relaxation times (7,,x(300kPa)=450ms and
Trelax(07 kPa) =220 ms) are smaller than the response times
(Tresp(300 kPa) =935 ms and 7y,,(67 kPa) = 1100 ms). In par-
ticular, the relaxation time of any sensor in the array is very
similar to the relaxation time of the PDMS-Fe;0,@Ag MRE
in the elastic relaxation curves [13, 14]. This result demon-
strates that the presence of the contacts and the cover of
PDMS do not significantly affect the relaxation of the stress’s
sensitive material.

Figure 7 shows commutation cycles for one sensor of the
array. No electrical hysteresis was detected in the commuta-
tion cycles, and no phase delays between the detected current
and applied voltage was observed within our time resolution
scale (about 50 ms).

To evaluate the change of sensor response with the
temperature, the electrical resistance for each of the array
sensors was measured as a function of temperature under an
arbitrary fixed stress. The I-V characteristic curves were
measured by placing the array in an oven at different tem-
peratures in the range of 25-155 °C and applying a stress of
54kPa. The results are shown in figure 8, and clearly
demonstrate that the temperature does not significantly
modify the response of the sensor, since the electrical resis-
tance increases by only 6.3% percent from 25 °C to 155 °C.
This change is much lower than those previously reported for
other metallic filler based-MRE materials [37, 44-46]. The
obtained value of the thermal resistive coefficient is @ =(1/R)

it
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Figure 8. Change in sensor response with temperatures in the range
of 25-155 °C at a fixed stress (P =54 kPa). The variation in the
whole range of temperatures is less than 6%.

X(0R/0T)=5.0x107*K™'. This value, although relatively
very low, is positive and therefore in agreement with a
decrease of percolation probability between needles with
thermal expansion. The small observed dependence to tem-
peratures up to 155 °C can be interpreted by observing that: a)
the system is still far from the glass transition temperature
(T,) of PDMS Sylgard 184 1:10 wiw™! (Ty=450°C) [47],
where changes with temperature are expected to be larger; b)
the value of the thermal expansion coefficient of the polymer
matrix is relatively small (compared to those of matrixes used
in [44-46], for instance). These factors predict little change in
the average distance between conductive needles with tem-
peratures in the considered range, and hence, predict little
modification in the piezoresistive response of the sensor, as
observed.

Finally, it is of great interest to evaluate whether the
sensor is degraded by chemical agents. Therefore, the sensor
array was immersed in various organic solvents (ethanol,
methanol, isopropanol, dichloromethane, chloroform, acet-
one, acetonitrile, benzene and toluene, Sigma Aldrich), along
with water and a NaCl aqueous saturated solution for 48 h.
Then, the array was washed and assessed for damages in the
material. Treatment of the sensor array in these media did not
cause wear; a visual inspection showed no damage to the
surface of the material, and the response curves of the
immersed sensors do not show any noticeable differences
from the curve shown in figure 5(b).

In addition to the magnetic properties described in
section 3.1.1, the synthesized hybrid polymer material has
negative magnetoresistance [13]. This property is inherited by
the developed sensor. Indeed, figure SM1 (see supplementary
material, available at stacks.iop.org/SMS/23/085026/mmedia
shows the variation of the electrical resistance of any array
sensor by application of a magnetic field at constant arbitrary
stress (P =100kPa). The electrical resistance decreases mono-
tonically with the applied magnetic field (negative magnetore-
sistance). These properties suggest that the sensor described in
this work can be potentially used as a magnetic field sensor also
(under a fixed stress).
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4. Conclusions

The technological challenges mentioned in the Introduction
were satisfactorily resolved by the use of polymeric compo-
sites: a) the active sensing material is a structured elastomer
composite (the MRE material); b) the contacts are made of a
PDMS-Ag paint composite; ¢) the final packaging is made of
cured PDMS. The silver-covered inorganic material-polymer
composite, PDMS-Fe;0,@Ag, is the sensing element, which
displays elastic, magnetic and electrical anisotropic and
reversible properties. Using this material, a flexible and por-
table stress sensor prototype was designed, manufactured and
characterized. The array device consists of three parts: i) a
slice of the sensing MRE material (PDMS-Fe;0,@Ag 5% w/
w), ii) the metallic-like contact based on PDMS and an Ag-
paint (acrylic resin with metallic silver powder mixture)
located directly on the surface of the MRE material, and iii)
the PDMS insulator layer.

The dynamic range of the sensors is 0-350 kPa. A bi-
exponential fit can be used to calibrate the response in that
whole range, although a single exponential relationship fits
well between 40-350 kPa. The responses of the sensors are
fully reversible with stress, which is one of the main goals of
the developed system. These conclusions are valid for any
array sensor.

The number of sensors per unit area of sensing element
(Fe;04,@Ag-PDMS) can be increased greatly. Furthermore,
the sensing MRE material allows for the changing of different
variables, such as the magnetic field during curing (Hcuring)
and the filler concentration in the range of 5-10% w/w. These
variables can be optimized for the particular desired appli-
cation, such as Zebra®-like 2D connectors (connectors for
parallel flip-chip connections with elastic behavior, which
display anisotropic piezoresistivity that can be used to mod-
ulate the conduction between contact points) or flexible stress
sensors. A key issue for these applications is the highly
reproducible electrical response of the prepared composites
after successive cycles of applied external stress.

Transversal conduction was not observed for any sensor
of the array system; thus, the composite essentially behaves as
an insulator in that direction. On the other hand, the long-
itudinal electrical conduction (parallel to the needles) presents
ohmic behavior though the whole range of stress. That is, the
sensor is anisotropic; it senses changes when stress is exerted
parallel to the direction of the needles created exclusively in
the MRE material. This is an interesting property for many
applications, such as those mentioned below.

No electrical hysteresis was detected in the commutation
cycles, and no phase delays between the detected current and
applied voltage were observed within our time resolution
scale (about 50 ms). All these properties give particular
importance to the developed sensor for the development of
extended stress mapping such as artificial skins.

The properties described here make the present system an
interesting alternative to a stress sensor array in aggressive
environments where traditional sensors with high metal con-
tent or semiconductor behavior cannot be used. The sensor
described in this paper could also be used in force
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measurement in hard-to-access places, such as in geological
exploration for the purpose of weighing rocky material in soil
borings. In the field of biometrics, it could be used for heart
rate measurements (beats per minute), since it has a fast
response time. It is lightweight, portable and non-invasive,
which makes it appropriate to measure a pulse in real time
during 24 h. In the latter case, it is necessary to optimize the
detection limit of the device. This can be performed by
modifying the synthetic variables, such as the amount of filler
used in the manufacture of the MRE, its magnetization, the
magnetic field intensity applied during curing, the polymer
matrix, etc.

The array is not altered or damaged by exposition to
common organic solvents (aliphatic, aromatic and chlori-
nated), water or salt solutions. Ambient air oxidation was not
observed. These properties make the present system an
interesting alternative to a stress sensor array in aggressive
environments where traditional sensors with high metal con-
tent or semiconductor behavior cannot be used.
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