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Abstract

A composite material based on multi branch spiky copper particles dispersed into silicone
matrix was prepared as functional material for piezoresistive tactile sensor. The material
showed giant variation of electrical resistance under the application of both compressive and
tensile forces with a sengitivity tunable with variation on the process parameter as filler
amount and sample thickness. A flexible matrix tactile sensor was realized with a simple and
fast combination of soft lithography and hot-embossing techniques using copper metalized
polyimide films as el ectrodes.

1 Introduction

Piezoresistive materials have been a research focube last decade as sensitive materials
for a wide range of applications, i.e. electromectel sensors, micro actuators, tactile
sensors for robotics, touchable sensitive screenpebviding cheaper, accurate and faster
alternatives for devices already present on the&kebdt-3]

During the last years, research efforts have bemmted toward hybrid composites, where
carbon black, graphite flakes, fibers and variowtaipowders, such as Zn, Ni, Cu, Ag and
Fe, have been used as active fillers [4-7].

Two kinds of piezoresistive composites should bstimjuished as a function of the
conduction mechanism among the dispersed phasdoiifher composite type, also known as
pressure conductive rubber, exhibits a variatiothefelectrical conduction in response to a
mechanical deformation, as a consequence of théacochange among the conductive
particles [8]. To describe the formation of condieipaths under external load, originated by
intimately contacted particles, different percaatimodels have been proposed [9, 10].
Generally, these models fail below the percolatibreshold where they predict that the
composite is an insulator [11]. The latter piezistege composite type (known as quantum
tunneling composite, QTC) show a conduction medmarthat can be well represented by
field assisted Fowler-Nordheim tunneling model. éddre filler particles are well separated
among each others, being fully coated by the itisiggpolymeric matrix [4, 12].

This work presents a wide investigation of the presistive response of an innovative metal-
polymer composite based on copper conductive fillgarticles dispersed in a
polydimethylsiloxane (PDMS) insulating elastomengatrix. The copper particles are
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intimately coated by the polymer that avoids anysital contact between them. The
presence of nanostructured, extremely sharp tigsnanlti branch structure on the copper
particle surface, promote an electrical field erdeament and consequently a reduction of the
potential barrier width of the Fowler-Nordheim t@hing conduction. This results in an
insulating electric behavior when no mechanicalodegtion is applied to the composite,
even above the expected percolation threshold [Mfjen subjected to compression, the
thickness of the insulating layer between the pladiis reduced and the resistivity decreases
of various orders of magnitude.

To the best of our knowledge for the first time &ng piezoresistive response in
nanostructured copper-silicone composite was medsand the prepared material was
applied as sensitive layer in tactile device.

2 Materials and testing methods

Copper powder and bi-component polydimethylsilox@éPBMS) were supplied by Pometon
Ltd. (Type LT10) and Dow Corning Corporation (SYLEBR 184) respectively.

Field Emission Scanning Electron Microscopy (FESEM$ervations of the copper powder
showed patrticles in the range of 108, presenting a highly irregular surface. The phas
present multi branch microstructures covered by &rarp spikes (up to few micrometers
long) as shown in Fig.la.

The composite samples were prepared by dispersing 150 to 250 parts per hundred resin
(phr) by weight of metal particles in PDMS copolym#& vigorous mix could disrupt the tips
on the particles surface, drastically reducing prezoresistive response of the composites
[11]. In order to avoid this, the blend was gemtlixed at room temperature. Then the PDMS
curing agent was added to the mixture in the rat0 by weight respect to the PDMS
copolymer. The resulting paste was outgassed fusut under vacuum at room temperature
to remove any trace of bubbles, poured in Poly(meatiethacrylate) PMMA molds realized
by milling techniques and then cured in oven a7t three hours.

Electromechanical characterizations on the sampleter compressive and tensile forces
were performed using a universal mechanical testiaghine (MTS Qtest 10), coupled with a
Keithley 2635A sourcemeter connected to a home-readwle holder.

The samples for the compression analysis werezeshiivith a square footprint of 10x10 m
and different thicknesses. They were placed betweerstiff copper plates fixed to the grips
of the test machine, working as electrodes. Fotehsile functional characterizations, pieces
of electrical conductive copper tape were clampetiveen each sample, in its undeformed
state, and the universal test grips. The samplesatsed for the tensile tests were 5 mm wide,
40 mm long and 1 mm thick.

3. Results and discussion

The mechanical mixing of the copper powder with ploéymer assures a uniform dispersion
of the particles in the polymeric matrix, as shownFig.1b. FESEM observations on the
copper-PDMS composite showed that the surface notogl of the particles does not
significantly change after the mixing. Furthermaetendency of aggregation was observed
and all the particles were completely covered leygblymer.

The conductive mechanism inside the composite tgbated to quantum tunnelling
phenomena and is enhanced by the morphology gidheles, presenting very sharp spikes
on the surface [4, 12]. The particular shape of ¢bpper powder helps the polymer to
intimately coat the filler, avoiding physical coatebetween close particles. Therefore the
composite presents an insulating electric behawidris undeformed state. While when the
composite is compressed, the insulating layer batwibe particles is reduced causing an
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increase of the probability of the electron tuningll Consequently the resistivity of the
sample decreases exponentially.
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Figure 1. Field Emission Scanning Electron Microscopy (FESHMages obtained a) on the copper powder and
b) on the copper-PDMS composite. The scale barespond to 10 um.

The piezoresistive response is strictly relatedht mobility of the copper particles in the
elastomer matrix. To increase the probability irteling of the electrons, the insulating layer
placed between two closed particles has to be mefdrand thinned by the external load.
Since the PDMS used in this work is a bi-compon#rd, Young’s modulus of the obtained
composite can be tuned varying the copolymer-cuaigent ratio [13]. Then the sensitivity of
the final material to the applied pressure woulddveer for composition with a lower content
of copolymer, since a more cross-linked polymermwhigher stiffness would be obtained
[14]. The effect is higher in the composite witloeer content of metal particles, because the
amount of PDMS among metal particles amount ine@gaBrevious works on other metal-
silicone composites [12] have shown that the 10dotymer-curing agent ratio, that has been
selected for the copper-PDMS, can guarantees amupt stiffness for the sensitivities
requested in tactile applications.

Furthermore the functional properties are strordgpendent on the thickness of the final
samples and on the quantity of metal filler, asortgdl in the graphs in Fig.2. In order to
employ this composite as sensing material seasor device, the influence of the thickness
was evaluated since the knowledge of the piezdiesi®ehavior related to the physical
dimension is fundamental. The composite materiab@nted a highly nonlinear relationship
between resistance and thickness (Fig.2a). Therdatmn of the samples is in fact strongly
dependent on the initial condition of shape, din@mand composition, while the composite
resistance in the undeformed state is the samanipithickness. The sensitivities of the 200
phr composite with different thickness, computeshfrthe slope of an exponential fit of the
curves varies from 53 WkPa and 270 @/kPa of 2 mm and 1mm respectively, up to 200
Q/kPa for the 0.5mm sample.

For what concerns the dependence of the piezorespom the metal content, the pressure
sensitivity of the composite increases with highiéer quantity. The particles become closer
to each others in the undeformed state (i.e. dseréze thickness of the potential barrier),
then the same resistance values can be obtainédlawer pressures respect to composite
with less filler quantities. As shown in Fig.2b, twut any applied pressure all the
composition have a resistance higher than 1@, Bbnfirming that the copper particles are
completely covered by an insulating layer of polyraed there are no conductive paths inside
the composite. While under compression the comg®sguffer different variations of
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resistance, depending on the copper content, théd de as high as nine orders of magnitude
in the 250 phr composition. The evaluated sensgwiof the different compositions were 8
mQ/kPa for the 150phr, 270@ikPa for the 200 phr and®/kPa for the 250 phr.
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Figure 2. Electrical resistance versus uniaxial pressure@pper-PDMS samples, prepared with 10:1 PDMS
copolymer-curing agent ratio, as a function ofrédkness (copper content of 200phr) and b) coppstent
(thickness of 1 mm).

Variation of electrical resistance of the matewals registered also under the application of a
tensile force. When elongated in one direction, $fwep of composite contracts in the
directions perpendicular to the applied pressur&dsping the volume constant. This would
result in a thickening of the interparticle lay@nsthe direction of the applied force and a
reduction of the gaps between the particles indter two directions. Since the copper
particles are randomly distributed along the matennd are not perfectly aligned on planes, a
deformation in the direction perpendicular to tllecé would mean a redistribution of the
particles in the composite that can create tumelpaths along the samples. Then the
resistance of the strip would decreases exponbntigth the applied tensile deformation by
following the tunnelling conduction mechanism. Eandes of this phenomenon are reported
in Fig.3 where a strip of composite prepared whbB phr composition was cyclical elongated
and then relaxed at different percentages stantiogotonically from 10% up to 40%. After
the first deformation, the following measuremergganted an enhancement of the electrical
resistance circa in correspondence of the end efpiievious applied deformation. This
behavior is attributed to the presence of the Mudlifect, a typical phenomenon observed in
filled rubbers [15]. Evidence of the Mulling effeetas measured also in stress-strain
characterization since the mechanical responsaeotomposite strip was dependent on the
maximum loading previously encountered.
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Figure 3. Electrical resistance versus elongation of copi2B strips, prepared with 10:1 PDMS copolymer-
curing agent ratio, as a function of the maximuanghtion.

In order to obtain the functional material in thernh of self-standing multilayered thin
samples and to promote the sensor spatial resolati@ the piezoresistive sensitivity, a
process flows based on soft lithography and hotemsing techniques was optimized [16]. A
sketch representing the process flow used for dbedation of tactile sensor is reported in
Fig. 4. The electrodes were realized from coppetalized polyimide films with a standard
lithography technique. The films were coated byitpas photoresist and then parallel lines
3mm thick and 3mm far from each others were pattbiloy UV lithography. The metal was
then selectively etched in an Iron (lll) chloridath and the photoresist removed with acetone.
The flexible tactile sensor was then realized byrjpmy the composite mixture in hollow
PMMA molds embedded between two polyimide filmscpld orthogonally to form an
electrode matrix. Subsequently the multilayer wessged and heated for 3 h at 70 °C until
the composite material was reticulated.

The prepared flexible tactile sensor was then deste all the nodes (crossing of the
electrodes), obtaining a piezoresponse comparabli¢h whe previous reported
characterizations. Cross-talking measurements wal® performed by applying a
compressive force on one element of the matrix measuring the resistance in the first
closing ones. No remarkable variations from theefioiined value resistance were registered.

Il Cu-PDMS composite
A PMMA mold
i | Flexible electrodes

Figure 4. Image of the copper-PDMS sensor and hot embossowegs flow: pouring of the mixture in the
PMMA mold, pressing and heating.

4.Conclusions
A comprehensive investigation of an innovative presistive composite based on PDMS
filled with spiky copper particles has been presdntFESEM images prove that the
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composite fabrication process preserves the shatplgerances on the surface of the metal
filler. The polymer intimately coating the copperficles guarantees, even for very high filler
loading, an insulating electrical behavior of tleenposite in undeformed state. The electrical
resistance of the composite is found to be extrgraehsitive to mechanical stimuli, both
compressive and tensile load. The piezoresponsédas studied changing several process
parameters in order to tune the composite sertgifior different applications. Modifying the
thickness and the composition of the composite $ssnthe sensitivity has been varied from
few mQ/kPa up to hundreds 61/kPa. After the functional characterizations, thetenal has
been used for the realization of flexible matrigtil@ sensor with a simple, fast and economic
hot embossing process. Cost efficient materiatapbeity of the process, large sensibility,
and harsh environment compatibility make this cosifeoa great alternative to the traditional
materials used in tactile sensing based on capacihagnetic and piezoelectric principles.
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