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1 Introduction

Over the past few decades, the semiconductor industry has experienced a
striking growth. In fact, since 1970s the number of transistors integrated on a chip
has doubled every 2 years circa (first Moore’s law). This has resulted in improved
performances, reduced power and lowered cost of chips, favoring the word-scale
diffusion of electronic devices in several fields. For example, healthcare has been
positively influenced by introducing new sensors and electronic tools for
diagnostic and monitoring. More computational power has led to the developing
of new advanced artificial intelligences that are exploited in factories to
automatize part of the manufacturing processes, often in combination with
robotic apparatus. Moreover, electronic devices striking diffusion has deeply
influenced our habits, completely changing the way we live, work and learn.

By 2025, advances in mobile computing and cloud connectivity combined
with the growth of sensor networks will have been setting the basis for a cyber-
physical world with ubiquitous computing capability [1]. Sensors will be
embedded into objects [2], clothes [3, 2] or widely distributed in the environment
[2]: the networked sensor systems will enable real-time data processing on
wireless computing devices, creating intelligent and adaptive cyber environments
(called internet of things) for emerging applications such as autonomous
transportation systems [4], smart diagnostic systems for health [5], food
packaging [6], predictive maintenance [7], energy harvesting [8] etc. It is
expected that by 2020 the number of interconnected electronic devices equipped
with sensing and actuation functionalities will grow up to trillions of connected
units, i.e. 1000 elements per person [9].

Usually, electronic devices, sensors and actuators are made by hard
materials and all the functionalities rely only on the electronic circuit architecture

and on the software embedded in the device chip. This approach has serious
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drawbacks since a rigid structure imposes severe limitations on the device
application domains. In some cases, it is possible to overcome these limitations
augmenting the complexity either of the device physical structure or of the
embedded software, resulting in an unwanted great increase in the final cost or
in degraded performances.

Thus, it is strategic to develop materials that facilitate disruptive or
transformative changes while being fully compatible with standard electronics
[10]. These smart materials do not act just as static structural components, but
they actively interact with the environment and respond to external stimuli
altering their physical properties (e.g. electrical, optical, mechanical etc.) in a
way that can be exploited to improve the functionalities of a device. One of the

main requirements for these
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materials, is stretchability, defined as the ability to withstand large
deformations during usage (millions of times) [11] without any loss of
functionality due to mechanical or electrical failure [12].

A typical example is the adjustment of the focal length of an eye, in
contraposition with the one of a camera [13]. A camera adjusts its focal length
by zooming (a rigid-body translation) while an eye does so by deforming the lens.
It implies that zooming is unsuitable for thin smartphones, that use instead
dedicated algorithms to obtain a similar but still cheaper results (software
corrections) or complicated actuator-lens complexes based on micro electro-
mechanical systems (complex device structure). Instead a deformable lens would
fit the need while keeping the design simple: an elastomeric lens can change its

curvature by deforming in response to an applied voltage [14].
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Figure 2: A) Schematic of an elastomeric lens with two compliant electrodes
patterned around it, encapsulating a transparent fluid, forming a biconvex lens.
When a voltage is applied the expansion of the electrode due to Maxwell

pressure compresses the lens in-plane, causing a decrease in the focal length.
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B) Picture of the device. C) Extreme deformation of the lens to show its

resilience. D) The lens showing a white knight of chess set [15]

Another example inspired from nature is the regulation of water flow
inside the microchannels in the plants. The flow is changed in response to
variation of salt concentration mediated by pectins [16], polysaccharides that are
present in jellies and jams. The pectins absorb water forming a hydrogel that
swells according to the concentration of salt. The swelling alters the size of
microchannels regulating in turn the rate of the flow. The swelling of gels can be
exploited to regulate the flow of liquid in microfluidic devices [17] used for
medical diagnosis.

Polymers are the best candidates to be used in smart material fabrication
because of their structural and functional properties that can be easily tuned.
Moreover, they are low-cost, versatile and can be processed into any shape
including thin films. Anyway, polymers do not provide all the needed
functionalities on their own (most of the polymers are not electrically conductive
and this means that they cannot directly be used in conjunction with classic
electronic elements), but they have to be used in conjunction with hard materials,
like metals, semi-conductors or standard electronic components too [13]. Novel
functionalities can be obtained by combining electrical and mechanical properties
from all classes of materials (e.g. gels, rubbers, metals, semi-conductors, etc.).

1.1  Soft Actuators

An actuator is a mechanical device for moving or controlling a system.
Typical actuators include motors, servomotors, pneumatic actuators, etc. Robots
embedding these actuators are perfect for repetitive work in a structured
environment, due to their fast and precise operation. But they fail to be effective
whenever they have to deal with uncertainty and highly dynamic tasks because

they are composed of rigid materials [18], like alloys, metals and magnets that
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hardly adapt to the surroundings. They are unsuitable for all that applications that
require the system to interact with an unstructured and complex environment, for
example locomotion in irregular and unknown terrain or grasping of unknown
objects. Moreover, the high-power consumption, limited size, restrictive shape
and the weight have led researcher to investigate alternative technologies. New
forms of soft actuators are being explored mimicking nature to enable a host of
novel applications that span from consumer and mobile appliances to biomedical

systems, sports, and healthcare [19, 20].

Soft actuators can be exploited in many areas like soft robotics [21, 22],
haptic devices for touch interaction with humans [23, 24], tunable optics [14, 25,
26] and camouflage systems [27, 28], microfluidics [29, 30] and energy
harvesting [31, 32]. Compared to their rigid counterparts, soft actuators have
several unique properties that make them able to perform task that would be
difficult or impossible to achieve with rigid motors and mechanicals joints. In
fact, a system based on rigid actuators works by moving rigid parts relative to
each other. On the contrary, a soft actuator can modulate its entire shape or can
change its stiffness locally, providing distributed actuation, enabling the system
to adapt to the environment and enhancing the performances. Materials having a
wide range of mechanical and chemical properties can be employed: from liquids

and gels to organic and inorganic solids.

Soft actuators can achieve actuation by employing a variety of methods.
They include actuation with the aid of pressurized fluids [21, 33] (liquid or air),
shape-memory alloys [34], chemical reactions [35], temperature [36], humidity
[37], and electric charges [20]. Among these, pneumatic soft actuators, are
particularly attractive because their ease of fabrication, safety operation and low
cost. They resemble smart air balloons with complicate system of inflatable
chambers that are swollen and deflated to make the system move [21]. These
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actuators need an air compressor and complex software to manage the
movements, this imply that they fit very well only in industrial environments,
although there exist some examples of inflatable robots that can work in real
environments. In order to extend the application domain of soft actuators, they
need to rely on electrical energy to move, because electricity is easy to store
and deliver. To make them a valid alternative to classical actuators, several

issues are yet to be solved.

1.2  Paper electronics

Flexible electronics enable the fabrication of electronic circuits that can
be bent without compromising the device functionalities. They typically
implement organic materials as flexible substrate. A standard one side flexible
printed circuit board (PCB) has a five-layers architecture: 1) a base layer of
polyimide, 2) a layer of adhesive, 3) a layer of copper, 4) a second layer of
adhesive and 5) a cover layer of polyimide [38]. Although this design is
inexpensive and convenient when large quantities of circuits are required, it leads
to circuits with limited flexibility, e.g. it is impossible to fabricate permanent 3D
folded shapes. It is also expensive when small-quantity production and
prototyping are required [38]. Because of these reasons, over the last years, novel
materials have been proposed to substitute polyimide. Among them, paper has
been targeted as a possible alternative to polyimide for low-cost flexible
electronics [39, 40].

Paper, can be broadly defined as thin, porous sheet. It is by far the
cheapest and most widely used flexible substrate in daily life, mainly used for
packaging and for displaying and storing information. It is foldable and can be
easily trimmed for tailoring it to specific needs [41], it has the ability to wick
fluids via capillary action and it can be used as a cell for filtering and separating

microscopic components. Furthermore, paper is also environmentally friendly,
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since it is recyclable and made of renewable raw materials. Paper was used for
the first time as a substrate for electronic components in the late 1960s [42, 43]:
thin-film transistors were deposited onto paper on a roll inside a vacuum
chamber. Nowadays, paper is used in several electronic disposable applications
including: low-cost portable diagnostic system [44] for medical and biological
use, self-assembling robots [45], teaching aids [40], toys [41]. However,
integrating new materials and electronic components with paper is not an easy
task due to the nature of the substrate, making electronic on paper far from being

truly used in advanced applications.

1.3 Aim of the work

This work aimed to address the issues related with the fabrication of novel
smart materials that can be used in advanced electronic devices or innovative
actuation systems. Current fabrication processes fail to attend all the
requirements demanded to produce robust smart materials that can be
successfully employed in real world applications: smart materials are either too
fragile or the reproducibility of the manufacturing processes is not assured
because of their complexity. Exploiting techniques named Supersonic Cluster
Beam Implantation (SCBI) and Supersonic Cluster Beam Deposition (SCBD), |
demonstrated that it is possible to produce new smart materials, designing both
their electrical and mechanical properties with sharp precision.

Different new smart materials have been produced to obtain sensors,
actuators and electronic devices, combining different hard materials with soft
ones. Their electrical and mechanical properties have been characterized.
Actuators based on silver/polydimethylsiloxane nanocomposite are presented.
Electronic components based on gold/paper nanocomposite have been fabricated

by SCBD. Two hybrid devices based on smart materials interacting with classic
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electronic components have been realized to demonstrate that SCBI is an
effective way to fabricate robust smart materials with precise physical properties.
The electronic circuits take full advantage from the properties of the smart
materials making possible the realization of devices with extended functionalities
that can be used in real world applications. The performance of these devices has
been tested under different stress conditions that classical electronic circuits are

not able to stand.

2 Metal-polymer nanocomposites

Stretchable electronic circuits [46], artificial skins [47], artificial neural
networks [48], artificial muscles [20], energy storage systems [49], energy
harvester systems [50], wearable electronics [3], diagnostic devices [5] are just a
few of many examples where materials with cutting-edge features that could be
customized regulating their physical properties are demanding. These materials
are not only used as an alternative substrate for standard electronic devices, but
they can provide new functionalities because they can respond to external stimuli
altering their physical properties. Thus, it means that they can be used as active
components in innovative devices. These smart materials are mostly hybrids of
hard and soft materials [13]. Materials with novel and emergent properties can
be produced combining different materials in a composite in such a way they can

benefit from a synergic coupling interaction among the constituents.

Combining two or more known substances into a composite has become
an effective way for developing entirely new materials with unique properties not
obtainable in existing materials. Although each component maintains its
chemical and structural identity, the composite shows superior characteristics to

those of its constituents [51]. A typical example is fiberglass-reinforced plastics
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developed during 1940s, where fiber materials are dispersed in plastic materials
to mechanically enhance the strength and elasticity of plastics. When the
dimension of at least one component is in the range of a few angstroms to tens of
nanometers, the material is called nanocomposite. Shrinking the size to the
nanometric scale leads to a great enhancement in the properties of the
nanocomposite. Moreover, novel and emergent properties that are not exhibited
by any of the constituents in the composite can be produced. This synergic
integration of different materials to form nanocomposites provides new
opportunities and strategies for fabricating smart materials with desired
properties for specific applications. Examples of these materials include
polymer-based, metal-based, oxide-based and organic-inorganic hybrid

nanocomposites.

The macroscopic properties of nanocomposites depend not only on the
properties of their constituents and their microstructures, but also the spatial
arrangements of these constituents play an important role in determining the
ultimate functionalities of the nanocomposites [51]. Figure 3 shows the most

commonly architectures typical implemented in actual nanocomposites.
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Figure 3: Schematic illustrations of the most commonly investigated
nanocomposite architectures: a) nanoparticles dispersed in a matrix; b) periodic
nanoparticles arrangement obtained by self-assembly; ¢) nanocomposite with
nanofibers dispersed in a matrix; d) nanofibers aligned in a matrix; €) single or

multi-layer nanocomposite thin films [46]

In this work, we are interested in developing and characterizing the
electrical and mechanical properties of innovative smart materials that can be
used as electronic components, sensors and actuators. They are typically made
by conductive metallic layer deposited on a soft insulator substrate
(nanocomposites films and layered nanocomposites Figure 3-e¢) or metal
nanoparticles dispersed in a polymeric matrix [52] (Figure 3-a). As already
stated, polymers are very attractive materials because their mechanical and
functional properties. In fact, in a nanocomposite system metal and polymer are
coupled together to form a new material at the nanoscale level. This leads to a

better adhesion between the polymer and the metal, reducing the mechanical
11



instabilities and avoiding debonding during mechanical stresses. Moreover, it is
possible to fabricate full stretchable conductive electrodes.

The mechanical and electrical properties of nanocomposites can be tuned
controlling the inclusion of metallic clusters within the polymeric matrices and
this makes possible to obtain smart materials that exhibit interesting mechanical
and electronic properties [53, 54, 55] exploited for a host of technological
applications [52, 56, 57] that span from transparent conductive films [58] to
stretchable electronics [59], from sensors [60] to switching devices [61] and soft

actuators [20].

These smart materials combine soft and elastic materials with hard and
brittle materials, raising mechanical contrasts with amazing consequences. For
example, a hard solid like a metal become unusually deformable when bonded to
an elastic polymer [62]. But mixing two or more materials with great differences
in mechanical properties into a new one is a challenging task. The elastic
modulus, or Young’s modulus, of the materials used spans a range of circa 12
orders of magnitude. Soft materials, like gels, for example have a Young’s
modulus of 200 Pa. Elastomers and rubbery materials Young’s Modulus range
from 1 to 100 MPa. Hard materials like gold, silicon and graphene hit values

greater than GPa.

liquid - soft and elastic tough -~ hard and brittle
muscle PDMS pentacene silicon diamond
gels [1000-3000] [1-2] 2w [5,6] [150] [1220]
liquid brain tissue rubber poly 15rmde g;)([)d g ’iggg”e
metals [200] [10-100] f5) 7o) | ELO%0]
‘ /‘ L J ?-' L L L L : L L ‘[ : ¥ £ |
0 1 1000 106 10° 1012

Young's modulus [Pa]

Figure 4: Smart materials can be made combining different kind of material with

many orders of magnitude differences in Young’s modulus: elastic, plastic, brittle
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materials etc. The numbers in brackets are in Pa for soft, MPa for tough, and
GPa for hard materials, respectively [51]

2.1  Nanocomposites fabrication

Several approaches such as wet chemical techniques (reduction of a metal
salt) or vapor phase deposition techniques (plasma polymerization in conjunction
with metal deposition [63], co-evaporation of a metal and an organic component
[64], and co-sputtering [65], ion implantation [66], supersonic cluster beam
implantation [67]) have been reported to produce polymer composites containing
metal nanoparticles. Vapor phase deposition techniques are well suited for those
applications that require good control of the metal filling factor and filling factor
profile (i.e. nanoparticles distribution inside the polymeric matrix). On the
contrary, wet chemical methods often offer much better control on particle size
and shape [68].

Nanocomposite fabrication processes are named either in situ or ex situ
according to the methods used to assemble nanoparticles [69]. In an in-situ
process, nanoparticle precursors are incorporated in liquid monomers or within
the polymeric matrix. Nanoparticles form through the reduction of precursors
with chemical, thermal of UV radiation exposure or self-organization. Otherwise
in an ex situ process, nanoparticles are first synthesized and then mixed to a
monomer that is polymerized or they are dispersed in a polymeric matrix. The
nanoparticles surface is often functionalized through thiol-metal covalent bonds
[70], or by coating with a suitable polymeric shell [71] to limit clusters
aggregation.

Since the physical properties of a metal-polymer nanocomposite strictly
depend by the ratio between the amounts of their constituents, it is relevant to

introduce a physical quantity called filler volume fraction ® before discussing
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physical properties. It is defined as the ratio between the total volume of the metal
clusters (filler) Veust in the polymer matrix and the total volume of the

nanocomposite Vnc:

Vclust
¢ =—" (2.1)
Vnc (

The filler volume fraction is a key parameter to refer to since it plays a
crucial role in nanocomposites fabrication: controlling its value means being able

to control nanocomposite physical properties.

In addition to the filler volume fraction, also metal-polymer adhesion and

patterning need to be considered in nanocomposites fabrication.

Adhesion of metal on a polymeric substrate is a critical parameter because
it strongly influences how metal behaves when the substrate undergoes
mechanical deformations. Consider for example a metallic thin film deposited on
a polymer substrate: a mismatch in thermal expansion of the polymer and the
metal can generate a stress sufficient to delaminate the metal layer from the
polymeric substrate. Adhesion depends by the method exploited to fabricate the
metal-polymer interface and, of course, by the materials involved. The adhesion
problem intensifies when we are dealing with flexible or stretchable substrates.
In this case the metal-polymer interface must sustain large strains preserving the
system functionalities. The maximum strain attainable for a metal depends by the
adhesion on the polymer substrate [72]. In case of no adhesion, the maximum
strain that a freestanding thin film can tolerate without breakage is smaller than
the rupture strains of the corresponding bulk metals, and it is approximately of
2% [73, 74]. In fact, in this case the metal film experiences a localized
deformation concurrently with the deformation of the whole system, called

necking, that weakens the film in a specific region. On further deformation of the
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whole system, all the deformations of the metal film concentrate on the neck
region causing a rupture [75, 76].

The adhesion to the substrate is a crucial aspect to assure the highest
maximum strain attainable for a system, however adhesion is not the only key
parameter. The possibility to fabricate conductive patterns with specific
geometries is a key point to integrate electronics on polymer. There exist many
lithography techniques capable to pattern circuits on silicon wafers, but their use
with polymeric substrate is not obvious because of the aggressive chemical
agents involved in the process. These chemical agents can damage and
contaminate the polymeric substrate, compromising its mechanical and
functional stability. A better approach is thus using stencil masks, which do not
require the use of chemicals, but on the contrary it can suffer from shadowing
effects that lower the achievable lateral resolution. Patterning is also a relevant
parameter because it is possible to improve further the stretchability of a
particular metal-polymer nanocomposite. Indeed, depending by the application,
a particular material could be subjected just to a single type of deformation (see
Figure 5) and knowing it a-priori could be exploited to optimize its stretchability
with geometric considerations on the shape of the metallic electrodes. This
implies that the best strategy to create a nanocomposite has to be chosen on a

case-by-case basis.
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Figure 5: A substrate can be subjected to several kinds of deformation: bending,
uniaxial stretching, biaxial stretching, radial stretching etc. Knowing a priori
which kind of deformation a device will be subject to, could help optimize its
stretchability [46].

Hereafter are described the most common techniques [68] used to

fabricate metal/polymer nanocomposites.

2.1.1 Vapor phase deposition

Vapor phase depositions techniques are a class of nanocomposites
synthesis methods [77, 78] that rely generally on the co- or tandem deposition of
metallic and organic components and subsequently formation of metallic
nanoparticles by self-organization. The self-organization process that occurs
during the fabrication of the nanocomposite is similar to the process that leads to

metal clusters formation on a polymer surface [79]. When energetic metal atoms
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impinge on the polymer surface they undergo several processes, e.g. random
walk on the surface, diffusion into the bulk or desorption [80]. Metal atoms are
led to aggregate into stable clusters whenever they interact with other metal
atoms or when they are captured by a surface detect, within their diffusion
distance. The clusters are then embedded upon growth of the nanocomposite film.
The volume filling factor, i.e. the metal/polymer ratio, depends either by the
condensation coefficient of metal atoms on a given polymer surface [81] and by

the metal/polymer deposition ratio [82].

These techniques are extensively used because of the possibility to tune
the nanocomposites physical properties controlling the volume filling factor over
the whole range from zero to unity. Lots of polymers/metal nanocomposites were
successfully produced in such a way. Nonetheless, there are several major
drawbacks related with them. In fact, it is reported a simultaneous increase of
filling factor and particles size that induces a dramatic morphology variation [68].
Moreover, many of these techniques cause physical or chemical modification of

the polymer, giving rise to poor mechanical properties [83].

2.1.1.1 Plasma polymerization

Plasma deposition is a versatile method for the preparation of metal-
polymer nanocomposites [84, 63, 85]. A typical procedure consists in plasma
polymerization of organic precursors and concurrent sputtering from a metal
target. A large variety of polymers and metals can be used. The metal filling
factor can be easily changed from a few percent to almost up to 100%, with a

homogeneous metal nanoparticles distribution inside the polymeric matrix.

2.1.1.2 Evaporation and sputtering deposition
Nanocomposites can be fabricated also with co- or tandem evaporation or

sputtering of both monomers and metals precursors. In the evaporation process,
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the nanocomposite is formed by means of evaporation of monomers and
subsequently polycondensation on the substrate [64], or by thermal cracking of
suitable polymers and partial repolymerization of the fragments on the substrate
[78]. For what concern sputtering deposition process, an RF magnetron sputters
the target polymer while metal atoms are sputtered with a dc sputter from a metal
or alloy target [86, 65].

In co-evaporation, the energy of the metal atoms impinging the polymer
surface is very low compared to co-sputtering. This implies that the structure of
the nanocomposite not only depends by the metal/polymer deposition rate ratio
but also on the sticking coefficient of the metal atoms on the polymer surface
[82].

These kinds of nanocomposites are considered to be a very attractive
option because the absence of solvents and catalysts in the processes used for
their fabrication. A major problem related with this technique is the deposition

rate, which in many cases is too low for large-scale applications.

2.1.1.3 lon implantation

lon implantation is one of the most and widely used methods to insert ions
or ionized particles within a material and it can be exploited to produce metal-
polymer nanocomposites. Its working principle is schematized as follow:

metallic ions are produced within a source through electronic ionization,

electrical discharge or radioactive ion. The ions are then extracted from the
source, accelerated by an electric field and mass selected through a magnetic
field. After that, the ion beam is accelerated again with a second electric field and
collimated by means of a magnetic quadrupole. The beam eventually intercepts
the substrate target. It is possible to pattern the substrate due to two pairs of scan

electrodes that orient the collimated beam to specific points of the target [83].
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A nanocomposite fabricated in this way is able to sustain large
deformation while remaining conductive. Nevertheless, its mechanical and
electrical properties cannot be tailored independently from each other [87]: to
obtain stretchable conductors, low ion doses must be used, so only conductors
with high resistivity can be produced. On the contrary, a good conductive
nanocomposite has poor mechanical performances. Moreover, the energy
involved in the implantation process, causes the carbonization of the polymeric

chains, leading to reduced elastic properties [83].

2.1.1.4 Supersonic cluster beam implantation

Supersonic cluster beam implantation (SCBI) [88] has recently gained a
lot of attention for metal-polymer nanocomposites production and it will be
discussed in detail in the next chapter. It consists in directing a highly collimated
beam of electrically neutral metallic nanoparticles towards a polymeric substrate
(in opposition with the use of atoms or ions like in the previous cases). The low
energy (0.5 eV/atom) owned by the clusters is sufficient to allow the
nanoparticles to enter the polymeric matrix, avoiding charging and carbonization
to the polymeric substrate. Nanocomposites made with SCBI have good electrical
and mechanical properties [89] that can be easily tuned controlling the amount of
cluster implanted [89]. The implantation process guarantees good mechanical
adhesion between the polymer and the metal nanoparticles. Because of the highly
collimated beam SCBI is compatible with patterning by means of stencil masks,
but at the same time the area hit by the clusters is as small as few centimeters.
Thus, SCBI is coupled with a set of moving samples holder to allow large area
implantation [67].

2.1.2 Wet chemical techniques
Wet chemical techniques include both in situ and ex situ procedures. In
situ approach is used in the majority of the cases [90, 91, 92]. Nanoparticles are
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formed within the polymer typically by the reduction of a metal salt or the
decomposition of a metal complex. On the contrary, in ex situ techniques, the
nanoparticles are synthetized separately with chemical methods which permit the
exact control of particles size and shape [93]. The nanoparticles are often
functionalized with organic tails to prevent aggregation and to improve solubility.
Eventually, they are dispersed in a monomer solution for subsequent
polymerization. Monodispersed nanoparticles can be used in optical application,
e.g., to obtain sharper particle plasmon resonances [68], or in magnetic data
storage [94]. One of the major drawbacks is due to the impossibility to obtain
nanocomposites with high values of filler factor. In fact, a large amount of
nanoparticles interferes with the polymerization process. Also, patterning is very
difficult because of the random nature of the dispersion process making

impossible to have the nanoparticles at fixed position in the liquid monomer.

2.2  Structural and functional properties

The possibility to control the filling factor of a nanocomposite means
being able to fabricate nanocomposites with well-defined mechanical and
electrical properties. Features like elastic modulus, tensile strength, hardness and

conductivity can be tuned [95, 96] in this way.

2.2.1 Mechanical properties

Several models to describe the mechanical properties of metal/polymer
nanocomposites have been proposed, but due to the high complexity of the
system and the large number of polymers and fillers used, a general model is far
from being developed. Nonetheless, several decades ago Guth and Gold
introduced a quadratic equation that well describe the reinforcing effect observed
in elastomers with spherical fillers, starting from the Smallwod-Einstein equation

and taking into account the interaction between the filler particles [97].
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The equation relates the elastic modulus (Young’s modulus) of the
nanocomposite with the elastic modulus of the pristine polymer and the filling

factor:
E=E,[1+25®+14.102] (2.2)

Where E is Young’s modulus of filled elastomer, En is matrix Young’s
modulus and @ is the filling factor. This equation can be applied just for a small
amount of spherical filler [98]. If the filler concentration is higher than 10%, the
modulus increases more rapidly than the equation would predict because of the
formation of a network by the spherical filler chains. This led Guth to introduce
a shape factor a (length/breadth) to take also in account the evolving structure of
the spherical filler [99].

The equation is then modified:
E =E,[1+0.67a® + 14.1(a®)?]

Figure 6 shows the effect of the shape factor for increasing values of the

filling factor.
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Figure 6: Effect of the aspect ratio o on the modulus ratio in Guth equation [98]

The modified Guth equation can be used to predict the modulus of

polymers with spherical fillers over a wide range of filling factor [98].

2.2.2 Electrical properties

The electrical transport mechanism for a metal-polymer nanocomposite
varies from insulating to metallic as a function of the filler volume fraction. It is
possible to distinguish three different conduction regimes according to the metal

filler concentration [100], as showed in Figure 7:

e Dielectric regime: for low values of the filler volume fraction, the
nanoparticles immersed in a dielectric medium are well isolated from

each other’s. Thus, the system is almost insulating. Electrical conduction,
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if present, is ascribed to tunneling effects or temperature activated
hopping.

e Transition regime: in this regime, the nanocomposite shows random
insulator-conductor mixture behaviors. The clusters begin to touch each
other’s forming the first conductive paths. The resistivity of the
nanocomposite drops over many orders of magnitude when a critic filler
volume fraction is reached [101, 102]. This transition is generally
modeled within the framework of percolation theory as a 3D network of
electrically connected filler particles distributed along the film matrix
[103, 104].

e Metallic regime: when the filler factor tends to unity, the nanoparticles
are well connected and the electrical transport shows Ohmic behaviors
typical of thin metallic films.

Figure 7: For low values of the filler volume fraction, the nanoparticles
immersed in a dielectric medium are well isolated from each other’s. The system
is insulating. Increasing the filler volume fraction, we reach a critical point
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where the resistivity of the nanocomposite drops over many orders of magnitude,
showing percolative behaviors. When the filler factor tends to unity, the
nanoparticles are well connected and the nanocomposite shows Ohmic behaviors
[105].

While metal-polymer nanocomposites with low values of filler volume
fraction (dielectric regime) are mostly used in optical applications,
nanocomposites with a filling factor above the critic value are interesting for their
electrical and mechanical properties. Stretchable conductive electrodes are made
patterning metal clusters on a polymer to produce a nanocomposite with a high
filling factor. In this way, the material electrical transport properties are typical
of thin metallic films. The goal is the realization of electrodes that can sustain
repeated large deformations without significant changes in electrical properties.
Often is also required a good trade-off between the conductivity and the elastic
properties of the nanocomposite: a large amount of nanoparticles reduces the
electrical resistance of the nanocomposite at the expense of obtaining a stiffer

material with poor mechanical properties.

More interesting functionalities are showed in nanocomposite with
electrical properties typical of the transition regime. Innovative memories for
computer data storage systems, neuromorphic components, sensors, could be

made controlling the filler volume fraction of a nanocomposite.

2.3  Metal-polymer nanocomposite films

The easiest approach to integrate active device components and highly
conductive stretchable paths on a soft substrate consists in placing hard materials,
components, devices and also circuits on it. There are several techniques that
have been developed (Figure 8) to do it. They broadly are dived into two
categories: direct integration techniques and lamination techniques [46]. For

direct integration with the substrate, component materials are deposited and
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patterned layer-by-layer on the soft material, in a similar way to the processes for
conventional wafer-based or thin film integrated circuits fabrication. Patterns are
formed either by deposition followed by selective removal (subtractively) or by
direct printing of patterns (additively). Examples of techniques that fall in this
category are: physical [106] and chemical [107] vapor deposition, electroplating
[108], electroless plating [109], inkjet printing [110]. On the other hand, in
lamination, components or complete circuits are adhered to the substrate with
adhesives or by transfer printing. The components are pre-fabricated elsewhere
on thin flexible wafers, or thin flexible plastic substrates, or rigid islands. Until
now, there is not a universal technique used to fabricate nanocomposites that
could be used with all materials and for all applications. The best approach is

often chosen according to the type of deformation expected.
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Figure 8: Techniques for fabricating devices on elastomeric substrates:
deposition followed by lithographic patterning, deposition through a patterned
shadow mask, transfer of devices by printing, and additive printing [46]

We can consider the easiest case represented by bending of a thin flat

substrate. In agreement with beam theory, the strain ¢ experienced by the surface
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of a substrate having thickness H and bent to a radius of curvature r, is e = H/(2r).
Thus, for H = 0.1 mm and r = 10mm, the strain is merely € = 0.5%. A typical
approach used in this case is to fabricate islands of hard materials on a substrate
made of the bendable polymer (Figure 9) and to connect the islands with

conductive paths made by thin metallic films [13].
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Figure 9: Architecture of an elastic electronic surface. Cells with electronics
functions are made on islands and are connected with flexible conductors on a
flexible substrate [46]

A second step toward a more complex system is considering a uniaxial
stretching deformation. In this case, the previous approach is not feasible and it
requires several improvements [13]. First of all, the island approach is
inappropriate because the hard material can sustain strain as small as few percent,
then it cracks and debonds [111]. However, the islands of stiff material can be
decoupled from the strain imposed on the substrate by a thin layer of a soft
material [112, 113]. This approach allows the system to be stretched up to 20%
[114]. Secondly, the conductive interconnections need to be improved as well.
Again, using geometrical considerations, it is possible to realize elastic
conductors with particular geometries that stand uniaxial deformations (Figure
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10): waves, meanders, helices of metal, bridges, spirals of silicon and liquid metal

enclosed within microfluidic circuit.

Shifting from a uniaxial deformation-proof system to a biaxial or radial
deformation-proof one is a non-trivial task. Most of the workarounds exploited
for uniaxial stretching cannot be exploited in this case. For example, meanders
and spirals can be stretched only in one direction. The others geometries can be
used (Figure 11), though stretchability is highly degraded. In order to address this
challenge, it is required a completely new approach that tailors the properties of
materials at the nanoscale level. This will be discussed in the next chapters.

The most complex and general system requires withstanding three-
dimensional deformations. This case is the least discussed because of its intrinsic
complexity, yet it is the most interesting and useful one. In fact, up to now we’ve
been discussed methods to deposit hard materials on soft ones on the same
surface. Indeed, actual electronic circuits, including the simplest circuits, have

complex multilayer architectures.

28



100 pm : 100 ptm

Figure 10: Techniques for making stretchable conductive path, from top-
left: waves, bridges, meander. Bottom: pictures of uni-axial stretchable
interconnects [46].

Figure 11: 2D stretchable conductive paths can be obtained arranging one-
dimensional solutions. However, it results in degraded stretchability [115]
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The electrical connection among the layers is guaranteed by conductive
vias. Being able to fabricate complex three-dimensional multilayer structures
mixing hard materials and soft materials that withstand mechanical deformations
without experience electrical failure, is demanding for the widespread diffusion
of new devices with extensive functionalities based on smart materials. While
conductive vias fabrication in classical hard substrates is a simple task, so far few
solutions for 3D stretchable system has been proposed, addressing the solution
only in case of bendable systems or augmenting architecture complexity, still

obtaining poor results [116].

In the next chapter, a novel technique to fabricate metal-polymer
nanocomposites, called supersonic cluster beam implantation (SCBI) will be
described. Exploiting SCBI, it is possible to fabricate 3D stretchable conductive
electrodes, overcoming all the limitations of layered nanocomposites that have
been described in this section. Furthermore, SCBI can tailor the electrical and
mechanical properties of nanocomposites to shape new materials with novel

physical properties that can be exploited in several fields of application.
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3 Experimental methods

This chapter aims to describe the main apparatus used for the fabrication
and characterization of metal-polymer nanocomposites during this thesis work.
First of all, the general working principles of the apparatus will be introduced.
Then | will describe the source used to synthetize the metal clusters and I will
discuss the improvements introduced during this PhD work to allow the
manipulation of several polymeric samples during the same implantation process.
Eventually, the characterization setup will be introduced. The majority part of
mechanical and electronic components where designed during this work with cad
software and fabricated in the laboratory. Stencil masks and sample holders were
fabricated with a PowerWasp 3D printers. Several software solutions were

developed to automatize and to parallelize the characterization process.

3.1  Supersonic Cluster Beam Implantation
3.1.1 Principle of operations

Supersonic cluster beam implantation (SCBI) is technique for metal-
polymer nanocomposites fabrication characterized by high implantation rate,
high collimated beam of neutral cluster and large-area implantation. The setup
used during this thesis work and illustrated in Figure 12 consists of a pulse
microplasma cluster source (PMCS), an aerodynamic focuser, an expansion

chamber, an implantation chamber and a system of moving sample holders.

The synthesis process can be described as follows: metallic nanoparticles
are produced in the PMCS chamber starting from atoms sputtered by an Argon
plasma formed by a high-voltage discharge that erodes the atoms from a metallic
rod target. The mixture of clusters and inert gas exit the PMCS through a nozzle
toward the expansion chamber as a supersonic beam of electrically neutral

clusters. Here the nanoparticles are focused and size-selected through the
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aerodynamic focuser and then they expand as a supersonic beam into the
expansion chamber kept at the high vacuum pressure of 1x107 Torr through a
turbo-molecular pump with a flow rate of 1900 L/s and backed by a roots pump.
Then, the beam intercepts the skimmer, a cone with a 2 mm hole in the summit
aimed to maintain a differential vacuum between the expansion chamber and the
implantation chamber, to preserve the supersonic characteristic of the beam and
to further size select the beam. The skimmer connects the expansion chamber
with the implantation chamber where the target substrates are stored. Here the
clusters beam intercepts the target substrate and the metal nanoparticles enter the
polymeric matrix with a soft implantation, without inducing any chemical or
physical alteration [89] [67] due to the low kinetic energy (0.5 eV atom™) owned
by the clusters. The samples are mounted on a moving sample holder that in
combination with stencil masks superimposed on the targets, allows large area
implantation and patterning. The implantation chamber is kept at a pressure of
1x10° Torr through a turbo-molecular pump having a flow rate of 520 L/s and
backed by the same roots pump used for the expansion chamber. A quartz
microbalance is used to measure in real time the implantation parameters, i.e.,

the thickness of the film deposited and the implantation rate.

Due to the nature of the process, the distribution of the nanoparticles
inside the polymer is complex, thus it is impossible to obtain information about
the total volume of nanoparticles implanted during the fabrication process. This
implies that it is not possible to use the volume filler fraction to describe the
nanocomposite properties. Nevertheless, it is essential to gather information
about the amount of nanoparticles that constitute the nanocomposite. For this
purpose, it is useful to introduce a new quantity named equivalent thickness,
defined as the thickness of the metal thin film produced by the same amount of

clusters and deposited on a rigid substrate placed close to the polymeric sample.
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Figure 12: Neutral silver nanoparticles are produced in the most left chamber

with a pulsed microplasma cluster source (PMCS). The nanoparticles are
accelerated toward the next chamber and focalized with an aerodynamic lens
system. A skimmer further selects the size of the nanoparticles. The focalized
nanoparticles beam enters the last chamber and hit the polymeric target. The

nanoparticles implant inside the polymeric matrix

3.1.2 Pulsed microplasma cluster source (PMCS)

A pulsed microplasma cluster source (PMCS) was used due to its stability
in clusters generation and its high throughput. Its working principle can be
summarized into three stages: the vaporization of the target material, the clusters-
gas mixing with subsequently thermalization of the vaporized material and the
extraction of the clusters from the source. One of the major drawbacks using this
approach is that the dynamic of the gas strictly depends on the shape of the target
material that changes over time due to vaporization process. This leads to
fluctuations in the intensity of the beam and in the size of the synthetized clusters
[117]. A 3D model of PCMS is sketched in Figure 13. The PMCS source core is
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composed by a hollow cylindrical ceramic body. Its entrance is matched with a
pulsed valve that injects a burst of Ar at high-pressure (40 bar) inside the source.
A copper nozzle is placed between the valve and the ceramic body. The other
side is connected to a low conductance nozzle that provides the gateway to the
expansion chamber. The target material is provided by a metallic rod placed

perpendicularly to the ceramic body axis.

Cooling coil

Cunozzle (anode)

~ Solenoid
pulsed valve

Figure 13: From left: front view and back view of the PMCS cluster source. The
section on the left shows the inside of the source ceramic body, where ablation
and the formation of metal clusters take place. The discharge is applied between
the metal rod used (cathode) and the copper plate (anode), having a nozzle
through which the gas enters the source. As shown on the right, the copper plate

is placed between the solenoid valve and the ceramic body of the source [105]

The clusters synthesis process can be summarized as follows (Figure 14):
initially, the cavity is kept in vacuum (~10* mbar). Then the valve is opened for
245ps letting the Ar gas flows in. Here, the high-pressure gas creates a high-
pressure and density region (smaller than one millimeter) close to the metal rod,
for thermodynamic reasons [118]. After a delay of 490 us since the valve closed,
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a voltage of ~750V is applied for 80 ps between the metal rod (cathode) and the
copper nozzle (anode). The high potential difference triggers a discharge that
leads to the gas ionization. The so produced ions accelerate under the high electric
field toward the cathode, forming in this way a plasma plume concentrated in the
small high density region, inducing the plasma to erode the rod. In order to allow
a uniform sputtering process all along the period while the source is used, the rod
is kept rotating by a stepper motor. The erosion of the rod leads to the formation
of an oversaturated gas of metal atoms, which condense inside the ceramic body
forming metal clusters suspended in the inert gas. Eventually the pressure
difference between the source and the expansion chamber drives the cluster-gas
mixture through the nozzle to the expansion chamber, and accelerates it to a

supersonic-speed up to 1000 m/s [118].
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Figure 14: Schematic working principle of the Pulsed Microplasma

Cluster Source. A) The solenoid valve opens for about 300 microseconds,
allowing the entry of Ar gas at 40 bars. B) A voltage of about 750V is applied at

the cathode, leading to the ionization of the gas and to the formation of a plasma
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plume able to sputters the metal atoms of the rod. C) The thermalized and ablated
metal atoms aggregate to form clusters. D) Due to the pressure difference with
the expansion chamber, a supersonic expansion of the cluster-gas mixture is

established, leading to the evacuation of the mixture from the source. [105]

3.1.3 The aerodynamic focuser

The beam of neutral metallic nanoparticles entering the implantation
chamber has a divergence less than 50 mrad [119] and a clusters size distribution
centered around 4 nm [67]. This highly focused beam is obtained through the
aerodynamic focuser (Figure 15) that consists of a series of hollow cylinders
having an aerodynamic lens at the end. A lens consists of a metal disc with a
central hole with a diameter smaller than the internal diameter of the hollow
cylinder. The unfocused beam is forced to pass through a series of these hollow
cylinders and lens. The sudden change in diameter occurring at the end of every
cylinder results in an abrupt change in the direction of flow lines. This leads to a
narrowing of the beam diameter and a size-select effect on the mass of the metal
clusters [120]. In our setup, | used 4 lenses stages: the firsts 3 lenses have a 2mm

hole while the latter has a 1mm hole.

3.1.4 Multi-Samples fabrication and manipulation

During this thesis work, it was developed an automatic system (Figure
16) to monitor and manipulate the samples inside the implantation chamber
during the implantation process. Moreover, this system allows the implantation
of metal clusters over multiple samples in the same implantation process,

speeding up the fabrication of the nanocomposites.

The system, pictured in the Figure 16 is constituted by a main hexagonal

samples holder provided with three stepper motors: two of them are dedicated to
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move the samples holder along the plane perpendicular to the direction of the
cluster beam and the latter is used to rotate it around its z-axis. In the center of
the main samples holder there is the quartz microbalance used to measure the
thickness of the deposited film. It is mounted over a stepper motor that rotates
the microbalance quartz until it is exposed to the beam or removed from it on
purpose. Every single side of the hexagonal samples holder could be provided
with a smaller sample holder equipped with servomotors that can rotate by 180

degrees with a high angular resolution.
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Figure 15: A) Expanded view of the aerodynamic focuser used in the SCBI
apparatus: the three aerodynamic lenses having a diameter of 2 mm and the last
with a diameter of 1 mm are visible. The cylinders that form the focuser are made
of steel and brass and mounted alternately, in order to avoid the seizing of the
threads. B) Schematic representation of the aerodynamic focuser and its working

principle. [105]
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A servomotor can rotate the sample by 180 degrees allowing a double
face implantation. Moreover, the possibility to continuously change the angle
from O degree to 180 degrees allows the implantation of metal clusters in 3D
structures as will be showed in the chapter sixth chapter. Up to six servomotors
could be mounted inside the implantation chambers. Both the servos and the
microbalance stepper motor are controlled by a microprocessor (PIC 16F628A)
based electronic circuit settled in an adjacent small chamber. The implantation
chamber and the electronic circuit chamber are divided by a metal disk provided
with electrical vias, to maintain a differential vacuum. The electronic circuit
chamber is kept ad a 102 Torr pressure through a scroll pump. Outside the
implantation chamber two webcams are attached to glass flanges used to monitor
in real time the implantation process. A Raspberry pi 2 model B computer is used
to drive the webcams, the servomotors and the stepper motors. A c++ program
was developed to digital add a virtual gunsight to the video showed by the
webcams in order to monitor the beam position. The Raspberry pi communicates
with the webcams through USB ports while use a Universal Asynchronous
Receiver-Transmitter (UART) module to drive the microprocessor that is inside
the electronic chamber, through a flange provided with electric vias. All the
system is powered with a 5V power supply. A PC is used to control the hexagonal
sample holder motors and to acquire the thickness and rate parameters from the
microbalance with software developed with LabVIEW. It has also been
developed a web server and deployed on the PC to remotely check the
implantation parameters through a mobile device. The implantation chamber is
provided also with several electrical vias exploited to measure the electrical
properties of the nanocomposites during the implantation process. This will be

discussed in the next chapter.
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Large area implantation is permitted using a raster scanning technique
consisting in moving the hexagonal sample holder with its stepper motors system
(Figure 16-C) during the implantation process. The virtual gunsight helps also to

define the raster scanning path.
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Figure 16: A) Controlling system scheme B) 3D model of the rotating sample
holder. Several samples can be loaded during the implantation process because
of the hexagonal shape of the sample holder. It is provided with two step motors
to move the samples along the Z and X axis and one step motor to rotate the

sample holder along the Z axis in order to select the sample target. Every side of
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the sample holder can be equipped with a servomotor that is exploited to rotate
the samples. It permits to target different sides of the same sample with the
nanoparticles beam, within the same implantation process. An electronic board
drives all the system and custom software developed during this work. C) The
step motors that move the sample holder are exploited to implant nanoparticles
on large area samples (raster scanning) or on specimens with complex
geometries. They are driven by custom software developed with LabView,

purposely for this thesis

3.2  Electrical characterization
3.2.1 Percolation

The setup developed to characterize the evolution of the nanocomposite
electrical properties during the implantation process is hereafter described
(Figure 17). The samples and electrodes geometries are adapted on a case by
case basis. A sample of the polymer substrate having length L, width W and
thicknesses T is prepared and framed to a sample holder in the implantation
chamber. Two conductive electrodes having length Le, width We and spaced by

a distance d are deposited onto the substrate with the assistance of a stencil mask.

The equivalent thickness of the electrodes is chosen to guarantee an
Ohmic conduction. Usually this is achieved using an equivalent thickness greater
than 100nm for rigid or flexible substrate and an equivalent thickness greater than
150nm for soft substrate. Here, a second stencil mask, provided with two
conductive electrodes made of copper conductive tape, is superimposed on the
two deposited electrodes. The stencil mask is designed to allow the clusters

implantation between the two electrodes, partially overlapping on them.
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The copper tape electrodes are hard wired to an external electronic circuit
through electrical feedthroughs. The electronic circuit supports up to eight
channels to characterize several samples at the same time. It is constituted by an
Arduino board that controls up to eight relays. Every single relay is connected to
an Agilent 34410A multimeter used to measure the samples electrical resistance
as a function of the time. LabVIEW software running on a PC was developed to
select a particular channel of the electronic circuit turning on the corresponding
relay and acquire the resistance signal during the implantation process from the

Agilent multimeter.

The Agilent multimeter and the electronic circuit are connected to the PC
through USB channels. A schematic of the whole system implemented is showed

in Figure 18.

A typical electrical characterization trial is showed in Figure 18 and it is
described as follows: few samples are arranged on a vertical column, having the
conductive electrodes to the side, and framed to a sample holder. One electrode
for every sample is short circuit to ground. The other is connected to a channel
in the electronic switch. The raster scanning path for the implantation is defined
along the vertical column and is chosen to be 4 cm wider (2 cm for side) than the
area occupied by the samples in order to obtain a homogenous implantation. The
evolution of electrical resistance for every sample is recorded during the

implantation process.
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Figure 17: Scheme of the steps required to prepare a nanocomposite
sample for percolation measurements: first two conductive electrodes are made
implanting a large amount of nanoparticles (usually Teq > 100). The electrodes
are separated by a small gap. These electrodes are used as a base to contact the
nanocomposite with a multimeter. Then the gap is filled with nanoparticles, while

a multimeter record the change in resistance of the gap.
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Figure 18: Schematic view of the setup used to characterize the electrical
properties evolution of several nanocomposites at the same time. The samples
are organized as showed and the implanted electrodes of every sample are
connected with an electronic switch placed outside the implantation chamber and
connected with a multimeter. Custom software developed on purpose during this
work, select one channel at a time, bridging the multimeter with one of the several
samples inside the implantation chamber. During the implantation process
(usually with raster scanning to cover all the samples surface), the electronic
switch switches between channels. Software developed on purpose with LabView

records all the data about the resistance values measured by the multimeter.

3.2.2 Polymeric thin film breakdown
Circular polymeric thin films having radius of 2.5 cm are prepared and
tested for dielectric breakdown. A flat metal plate is used as a ground electrode.
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The thin films are laid down on the ground electrode. A rounded metal electrode
acting as the active electrode is arranged above the thin film (Figure 19).

HV Top
electrode
Generato

elastomer

Stiff electrode

Figure 19: Breakdown test set up: the polymeric thin film is eased down on a flat
stiff electrode. A rounded electrode is superimposed on the top surface of the
substrate. A high voltage generator applies a voltage ramp with increasing

tension values up to the breakdown limit value [11].

A voltage ramp is applied and the voltage is increased until electrical
breakdown takes place. The electrical breakdown occurs when the voltage power
supply experienced a sudden decrease in the voltage supplied because of the high

amount of current instantaneously flew into the sample.

3.2.3 Electrical resistance
The resistance of conductive electrodes deposited onto polymeric
substrate is measured using an Agilent 34410A multimeter with two-points

methods.

3.3  Electro-mechanical characterization
The mechanical properties and electrical properties under stress
conditions of thin polymeric or metal-polymer nanocomposites samples are

characterized at the same time by performing uniaxial stress test with a slit
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connected to a force gauge model that measured the force applied during the
elongation performed with a set-up described elsewhere [121]. The samples are
clamped along the shortest ends with two clamps provided with conductive
copper tape wired to a model multimeter that record the electrical resistance.
Then, they are elongated along the longest dimension at a constant rate (50 s s°
1y while measuring the resultant elongation. At the same time, the nanocomposite

electrical resistance is recorded.

3.4  Structural and morphology characterization
3.4.1 Thin films thickness

Polymeric thin films thickness is measured using a non-contact optical
profilometer (Leica DCM 3D, Leica Microsystems, Germany) on polymer strips
on PDMS strips peeled off from Si substrate prior to the implantation and
recollected onto a clean Si wafer.

3.4.2 Equivalent thickness

The amount of nanoparticles deposited on a soft substrate is measured in
term of equivalent thickness (teq), defined as previously said as the thickness of a
metallic film simultaneously deposited onto a rigid substrate during the
implantation process. For this purpose, a partially masked Si wafer is placed close
to the polymeric sample. Then the mask is removed and the step between the
masked (bare Si) and unmasked (metallic film) area is measured using a P-6
stylus profilometer (KLA Tencor USA).

3.4.3 Surface morphology

SEM images of the surface and of the cross section of polymeric thin film
are obtained with a Helios NanoLab 600i Dual Beam SEM instrument (FEI,
USA). In order to obtain the cross-section images, a protective 1 um Pt layer is

deposited (FIB-assisted deposition) over the area before the milling process.
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3.5 Actuation

The performances of the actuators were characterized in pure shear
configuration with an isotonic test [11] on freestanding actuators clamped along
the shortest side and with applied uniaxial pre-strain (Figure 20). The
electromechanical transduction of the actuators was investigated by recording the
responses of the actuators to different step voltages with a digital optical
microscope. Videos and images of the samples during the experiments were
recorded with a uEye UI-2250-MM CCD camera (Imaging Development
Systems, Obersulm, Germany) equipped with a Zoom 6000 zoom lens (Navitar,
Rochester, NY). A graph paper placed next to the actuator is used as a reference
system. Elongation along the axial direction upon electrical activation was
measured by processing videos and images of the activated samples with respect
the graph paper. The tests were performed for different pre-stretching values,
applying some weights to the sample.
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Compliant electrodes

«— Force applied

Figure 20: Set-up for actuation characterization of polymeric thin film in pure
shear configuration: the actuator is framed between two rigid frames and
suspended. The sample is pre-stretched applying some weight to the actuator. A
graph paper placed next to the actuator is used as a reference system. A camera

records the elongation.
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4 Soft actuators

4.1 Introduction

Electro-active polymers (EAPs) are polymers that respond mechanically
to electrical stimulation. They show large strains when subjected to electric field
or current. These materials are very attractive because they can be exploited to
mimic the movements of living beings to make bioinspired mechanisms. In fact,
they can be configured into any shape and their properties can be tailored to suit
a broad range of requirements. Moreover, they can also be used as sensors or
power generators if a change in their shape induce a variation in their electrical
properties. EAPs are divided into two groups [122]: field-activated and ionic
EAPs. A field-activated EAP is typical composed by a thin polymeric film
sandwiched by two conductive electrodes. When a voltage is applied between the
two electrodes, the Coulomb interaction produced by the electric field created
tends to squeeze the polymer along the electric field direction (Maxwell stress)
that results in a stretching along the plane perpendicular to the electric field
(Figure 21). On the contrary, ionic EAPs are made by an electrolyte between two

electrodes. The actuation mechanism relies on ions drifting or diffusion.

This work has dealt with field-activate EAPs that use elastomeric
polymers as the active component (dielectric elastomer actuators, or DEAS). The
reasons behind this choice are that first of all DEAs are very responsive (<103 s)
because the actuation does not involve diffusion of charge. They can store a large
amount of mechanical energy and also they can be made to hold the induced
displacement without consuming electrical energy. The major drawback is that
they require a high activation field, typical 1200V/um or more, which may be close
to the electric breakdown level. This means that high voltage values (1kV~10kV)
are required to drive a DEA. It can be avoided using micrometric layers of

polymers in a stack configuration, to generate high field with low voltage.
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Figure 21: A typical DEA is composed by an elastomer sandwiched between two
compliant conductive electrodes. When a potential is applied between, the
electrodes, the Maxwell stress exert a compressive force along the electric field
direction, squeezing the polymer. In turn, this results in an expansion of the

polymer along the plane perpendicular to the electric field

The electrodes of a DEA are at the core of the actuator performance: they
must sustain repeated large deformations (millions of cycles) while remain
conductive [83]. At the same time, electrodes must not increase the polymer
stiffness to preserve its mechanical properties. Several approaches have been
used to fabricate compliant electrodes on polymer surface: carbon electrodes,
metallic thin-film electrodes, single-walled carbon nanotubes electrodes, ion
implanted electrodes [83]. But these techniques are not compatible with
miniaturization because the low maximum lateral resolution achievable, because
the poor adhesion to the substrate or because of the increase caused in elastomer

stiffness that is dramatic for micrometric thin polymer films [83].
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4.2  Soft actuators using SCBI

SCBI is an effective method to fabricate compliant conductive
electrodes on a polymer surface [88] [105]. The low energy owned by the
clusters allows a soft implantation in the polymeric matrix avoiding charging
and carbonization phenomena. This is crucial to preserve the substrate
mechanical properties [89]. In this chapter, the physical characterization of
actuators based on silver-poly(dimethyl-siloxane) (Ag/PDMS) with SCBI will

be presented.

4.2.1 Basic properties of PDMS

Poly(dimethyl-siloxane) (PDMS) is one of the most versatile
biocompatible silicon elastomers used as matrix for metal/polymers
nanocomposites. Its physical properties, its competitive cost and the possibility
to be processed with standard microfabrication and molding techniques, make
him a perfect candidate for several applications, including stretchable electronics,

microfluidic and biomedical devices, prostheses and so on.

PDMS has a repeated Si-O bonds structure linked to CHs functional
groups as showed in Figure 22. It is possible to obtain PDMS in fluid, gel or
elastomer state changing the degree of crosslinking, without altering the chemical
composition. The PDMS chains can arrange themselves in a crystalline and in an
amorphous form. The two types of structures usually co-exist within the same
polymeric sample and their ratio influences its stiffness. PDMS is stiffer when
the crystalline form prevails over the amorphous one. The phase’s ratio strongly
depends by the temperature: an increase in the temperature causes an increase of

the amorphous state.
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Figure 22: Two-dimensional structure of a short chain of PDMS

PDMS has a critical temperature value named the glass transition. The
glass transition (-130°C) indicates the transition point where the chains that are
unable to move (below the critical point), gain a great mobility and become able

to slide between each other (above the critical point).

PDMS is highly hydrophobic forming more than 100 degrees contact
angle with water drops or organic solvents [123]. Anyway, an oxygen plasma
treatment makes the PDMS hydrophilic for a short amount of time. PDMS also
resists to several chemical solvents [123] but the absorption of most of them
causes the PDMS to swell [124]. PDMS has good insulator behavior,
withstanding electric fields from 250 to 635 kV mm* depending on electrodes

shape and geometry [125].

From these perspectives, it is clear why PDMS can be exploited as the

structural constituent of DEASs.
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4.2.2 Low-voltage driven soft actuators via Ag implanted nanocomposite
stretchable electrodes
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1.1.1 Low-voltage driven soft actuators via Ag implanted nanocomposite stretchable electrodes
Authors: Andrea Bellacicca (1), Silvia Taccola (2), Paolo Milani (1), Lucia Beccai (2),
Francesco Greco (2),

(1) Universita Degli Studi D1 Milano, Department of Physics, Milano, Italy

(2) Istituto Italiano Di Tecnologia, Center For Micro-BioRobotics, Pontedera, Italy

Introduction

In the last years, dielectric elastomer actuators (DEAs) have attracted increasing interest as soft
and lightweight electromechanical transducers for the fabrication of smart actuators, strain sensors, soft
robots, haptic mterfaces, and energy harvesting systems [REF1-6]. DEAs are based on thin electrically
insulating elastomeric films sandwiched between two compliant electrodes. When a voltage 1s applied
to the electrodes, the electrostatic pressure acting on the film squeezes the elastomer in thickness and,
as the elastomer 1s incompressible, it consequently deforms in-plane or out-of plane depending on the
design. In order to enable the widespread use of DEAs and their integration in devices, a number of key
technological challenges have vet to be solved: operation at low voltage. miniaturization, large-scale
manufacturability, stable operation, reliability and fabrication of optimized compliant electrodes.

As regards electrodes, 1deally they would be highly conductive, perfectly compliant and would
adhere well to the soft elastomer; at the same time, electrodes should not affect significantly the
elastomer stiffness and they should be able to sustain repeated deformations (millions of cycles) while
retaining their mtegrity and electrical properties. An exhauvstive review on electrode materials for DE
transducers was recently proposed by Rosset and Shea [REF7]. Traditional carbon-based electrodes
such as carbon grease or carbon powder, although their low stiffness and ability to remain conductive
at large strains, show many limitations in terms of miniaturization, patternability, and compatibility
with clean-room processes [REF7_8]. Thin film metal electrodes deposited by sputtering or evaporation

are not intrinsically stretchable beyond a few percent strain, show poor adhesion onto elastomers,
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deterioration (1.e. cracking), and delamination after few deformation cycles [REF7]. Recently, many
research groups have worked towards developing new types of compliant electrodes for DEAs, in order
to overcome the aforementioned himitations. To this aim, two different implantation methods have been
presented in the literature: Filtered Cathodic Vacuum Arc (FCVA) metal 1on implantation [REF9.10]
and Supersonic Cluster Beam Implantation (SCBI) [REF11-14]. Implantation methods lead to the
formation of metal-polymer nanocomposite with metal nanoclusters embedded into the elastomeric
matrix, forming a conductive layer below the substrate surface. As implantation dose increases, the
individual metallic clusters contact each other (thus providing a percolative conducting path);
nevertheless, the absence of a strong bond between clusters allows their relative displacement upon the
application of stretching to the elastomeric matrix, thus forming an electrode with a high degree of
compliance. Moreover, because they are partially buried mside the elastomer matrix, the adhesion of
these electrodes 1s excellent. In particular, SCBI approach consists in directing a highly collimated
beam of neutral metal clusters accelerated in a supersonic expansion towards a polymeric substrate,
with the advantages of avoiding any charging or carbonization of the polymeric substrate and being
fully compatible with stencil mask micropatterning and liftoff technology [REF11]. Recently,
stretchable patterned Au-PDMS nanocomposites able to withstand very large deformation while
preserving finite and reproducible electrical resistance were fabricated by SCBI of neutral Au
nanoparticles in PDMS through stencil masks [REF14]. At the same time, SCBI paves the way to
engineer a priori the elastic properties of the polymernic substrate by finely tuning the amount of
implanted NPs. In fact, 1t has been expenimentally demonstrated that the mechanical properties of the
metal/polymer nanocomposite can be maimntained close to that of the bare polymer for significant metal
volume concentration [REF14]]. Furthermore, the elastic properties of the nanocomposites only depend
by the amount, the concentration and the aspect-ratio of the metallic NPs fillers and not on the physical

and chemical modification of the polymeric matrix.
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The other essential component of a DEA 1s the elastomer. Silicone elastomers are one of the
most suitable and promising materials for DEAs due to their superior properties such as high
efficiency, reliability, reproducible actuation and fast response times upon activation [REF15]
Moreover, silicones show little ageing effects, chemical and humidity inertness, and can be operated at
a wide temperature range (from -100 to 260°C). On the other hand, silicone elastomers have a
relatively low dielectrnic permittivity when compared with acrylic elastomers. Nevertheless, they have
the advantage of a lower viscoelasticity than acrylics, indicating that they can be operated at higher
frequencies with lower losses and less heat generation. In this regard, the approaches in order to
maximize the attamned actuation strain of a DEA are by reducing the thickness of the elastomernic
membrane, reducing the elastomer mechanical stiffness, and/or increasing the elastomer permittivity.

In this work, we present dielectric elastomer actuators based on thin films of
polydimethylsiloxane (PDMS) by the use of silver compliant electrodes fabricated by Supersonic

Cluster Beam Implantation.
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Experimental Section
Fabrication of PDMS/Ag actuators

PDMS thin films: silicon wafers (400 pum thick, p-type, boron doped, <100=>, Si-Mat Silicon
Materials) were silanized by placing them in a desiccator for 30 min along with a vial that contamned a
few drops of silamzing agent (chlorotrimethylsilane, Sigma—Aldrich). PDMS thin films were prepared
by muixing the pre-polymer solution and curing agent (Sylgard 184, Dow Corning Corp.) in a 10:1 ratio
(wiw), and then degassing the mixture in a vacuum desiccator for 20 minutes to remove air bubbles.
The mixture was then spin coated onto the silanized silicon wafers for 30 s at a speed of 5000 rpm and
cured at T = 80 °C for 60 min in an oven. PDMS thin films were then cut with a razor blade,
submerged in ethanol and peeled off from the S1 substrate.

Electrodes Fabrication: conductive electrodes were realized onto the freestanding PDMS thin
films exploiting the Supersonic Cluster Beam Implantation (SCBI) apparatus equipped with a Pulsed
Microplasma Cluster Source (PMCS). PMCS consists in a ceramic body with a cavity in which a silver
rod target 1s vaporized by a localized electrical discharge supported by a pulsed injection of an nert gas
(Ar) at high-pressure (40 bar). The sputtered silver atoms aggregate in the source cavity forming metal
nanoparticles. The mixture of nanoparticles and inert gas expands through a nozzle toward the next
chamber (expansion chamber) forming a supersonic beam of neutral clusters. The clusters are focused
through a system of aerodynamic lens resulting in highly collimated beam with divergence lower than
1% and with a kanetic energy of approximately 0.5 eV-atom-1. The beam 1s further size selected passing
through a skimmer that connects the expansion chamber with a second chamber (deposition chamber)
where the polymeric film is held by a sample holder. Finally, the beam intercepts the polymeric targets.
A set of stepper motors moves the samples to allow a homogenous deposition of metallic clusters all

over the surface using a raster scanning process. In order to implant silver nanoparticles on both sides
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of the PDMS samples in a single implantation process we developed and realized a motorized samples
holder with 3D printing technology able to rotate the polymeric target. The conductive paths were
patterned onto the target by means of two stencil masks combined with substrate raster scanning. In a
single implantation process, we were able to produce up to 4 rectangular shaped PDMS/Ag actuators

with dimensions of 14 = 50 nmum and a centered implanted area of 10 x 34 mm on both sides.

Morphology of PDMS and Actuators

PDMS thin films thickness was measured by using a non-contact optical profilometer (Leica
DCM 3D, Leica Microsystems, Germany) on PDMS strips peeled off from S1 substrate prior to the
implantation and recollected onto a clean 51 wafer. The amount of nanoparticles implanted was
measured in term of equivalent thickness (teg), defined as the thickness of a Ag film simultanecusly
deposited onto a rigid substrate (partially masked Si wafer) during the implantation process. Then the
mask was removed and the step between the masked (bare Si) and unmasked (Ag film) area was
measured using a P-6 stylus profilometer (KLA Tencor, USA).

SEM images of the surface and of the cross section (32° tilted view) were obtained with a
Helios NanoLab 6001 Dual Beam FIB/SEM instrument (FEI, USA). In order to obtain the cross-section
images, a protective 1 pum Pt layer was deposited (FIB-assisted deposition) over the area before the

milling process.

Force Microscope (AFM) imaging were performed using a Veeco Innova Scanning Probe
Microscope (Veeco Instruments Inc., Santa Barbara, CA) operating in tapping mode, with a RTESPA

Al coated silicon probe (Veeco Instruments Inc.).

PDMS and actuators mechanical and electro-mechanical characterization
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The mechanical and electro-mechanical properties of 3 PDMS thin films samples and 3
PDMS/Ag actuators samples were charactenized by performing uniaxial tensile test. Stress/strain
measurements and electrical resistance vanation of PDMS/Ag actuators during the stretching were
performed with up to a 20% applied strain vsing a custom dedicated set-up described elsewhere.
[REF16] Both the PDMS thin films and actuators were clamped at the shortest ends and elongated
perpendicularly at a constant rate (50 um s) while measuring the resultant elongation. Each
mechanical test was repeated ten times in order to take into account the stretch-induced softening called

Mullins effect [REF17].

PDMS dielectric strength

PDMS circular samples, with a diameter of 2.5 cm, were placed down on a flat metal plate, used
as the ground electrode. The active electrode i1s a rounded metal electrode, polished and free from
wregularities. The active electrode rests on top of the sample, ensunng contact but limiting the
compression in order to avoid alteration of film thickness. The PDMS dielectric strength was
characterized by applyving to a PDMS thin film a voltage ramp, increasing the tension value until
electrical breakdown occurs, as detected by a sudden raise of current, which vsually causes the voltage

to drop down

Electromechanical transduction

The performances of the actuators were characterized in pure shear configuration with an
isotonic test on freestanding actuators clamped along the shortest side and with applied umiaxial pre-
strain. Actuators were tested with different applied umiaxial load (1.36, 2.39, 3.65, and 4.91 g) and the
corresponding pre-strain were measured by images analysis. The electromechanical transduction of the

actuators was investigated by recording the responses of the actuators to different step voltages with a
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digital optical microscope (applied voltages: 411, 511, 614, 715, and 765 V). The voltage is applied for
fifteen seconds, in order to allow the sample to reach its maximum strain. Videos and images of the
samples during the experiments were recorded with a uEye UI-2250-MM CCD camera (Imaging
Development Systems, Obersulm, Germany) equipped with a Zoom 6000 zoom lens (Nawvitar,
Rochester, NY). A graph paper placed next to the actuator was used as reference system. Elongation
along the axial direction upon electrical activation was measured by processing videos and images of

the activated samples.

Lifetime of DET

The lifetime of the actuator was assessed repeating the isotonic test in pure shear configuration
applying a uniaxial load of 4 91g and a voltage of 765V for ten thousand cycles and measuring the
maximum actuation strain every thousand cycles. Measurements were performed using the same setup

described in the electromechanical transduction measurements section.

59




Draft to be subrtted to: Advanced Materials

Results and discussion
Morphology of PDMS and Actuators

Omne of the main scopes of this study was to prepare and test thin film DEAs venifying the
hypothesis that SCBI can provide sufficiently compliant electrodes to work onto very thin silicone
films. While decreasing the thickness of DEA 1s envisioned as one of the main strategies for permitting
their actuation at low applied voltage, from a practical point of view the use of very thin elastomernic
films 1n fact limit this approach, because of the relevant difficulties in film preparation, manipulation,
processing and in building up of more complex and robust DEAs. These practical challenges can be
faced by using appropriate and ad hoc release and mamipulation techniques. PDMS thin films are very
fragile and easily tend to fold on it because of electrostatic forces. To avoid these 1ssues, PDMS thin
films were released from silamized Si substrate after immersion in ethanol. Due to the silanization of
the silicon wafers, the PDMS structures could be easily peeled off from the substrate and the resulting
free-standing films could be gently mamipulated in ethanol with metal tweezers and transferred and
dried onto a clean silicon wafer for thickness measurements or onto the stencil masks for implantation.

The prepared PDMS thin films had a thickness of 17+ 0.8 pm.

Supersonic Cluster Beam Implantation (SCBI), described in details in the Experimental Section,
1s 1llustrated in Figure 1. A B.C. For each actuator, the implantation process required around half an
hour. The equivalent thickness of implanted Ag electrodes, defined as the thickness of an Ag film
simultaneously deposited onto a rigid substrate (partially masked 51 wafer) during the implantation

process, was measured as 103 = 7 nm.
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Figure 1:4) Schematic view of the SCBI apparatus B) 3D model of the rotating sample holder.
Several samples can be loaded during the implantation process because of the hexagonal shape of the
sample holder. It is provided with two step motors to move the samples along the Z and X axis and one

step motor to rotate the sample holder along the Z axis in order to select the sample target. Every side

of the sample holder can be equipped with a ser that is exploited to rotate the samples and
implant both sides of the sample within the same process. C) A picture of an actuator loaded on the
rotating sample holder. D) An actuator with implanted silver electrodes.
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Figure 2: A-B) SEM images of the SCBI-implanted electrodes swiface before and after the
actuations. The surface of the actuator after actuation shows a higher number of cracks. C-D) The Ag
clusters of the electrode swrface are bigger in D picture (after actuation) than in the C picture (before
actuation). This could be caused by the reorganization that nanoparticles undergo during actuation
[REF11). E-F) Ag/PDMS cross section: the electrode shows a two-lavered structure with different
morphologies: the top layer is made by large clusters and it has an estimated height of 55 nm. The

bottom layer is composed by smaller nanoparticles implanted in the PDMS matrix and it has an

estimated height of 64 wm. The height values in parenthesis are obtained ing the layer height

directly from the picture and applying to them the correction due to the tilted view.
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The surface of the SCBI-implanted electrodes was investigated with SEM and AFM to venfy
the successful implantation and assess their integrity and topography. Figure 2 shows the scanning
electron microscopy (SEM) images of Ag/PDMS electrode surface before (Figure 2. A-C-E) and after
(Figure 2 B-D-F) actuation. First of all, it is possible to notice that the electrode surface after actuation
(Figure 2 B) shows a higher number of cracks than the electrode surface before actuation (Figure 2 A),
but in both cases, the surface 1s still electrically conductive. Figure 2.C shows that the surface of the Ag
electrode before actuation 1s composed by Ag clusters smaller than the clusters of the electrode surface
after actuations (Figure 2.D). This 1s due to the reorgamization that Ag clusters undergo during the

actuation [REF11].

Inspection of the implanted portion of the electrodes i1s not possible with surface microscopy
techniques (SEM and AFM) as the implanted portion 1z covered with a granular film made up of
individual Ag clusters and practically forming a “skin”™ Nevertheless, the implanted portion clearly
emerges in SEM images of an Ag/Pdms electrode cross section (Figure 2.E-F). It 1s possible to
distinguish a bottom and a top (“skin™) layer with different morphologies within the electrode. The
bottom layer 1s principally composed by small nanoparticles implanted in the PDMS matrix and has an
estimated height of 64 nm. The top layer 15 made by bigger nanoparticle clusters deposited onto the

polymeric matrix with denser arrangement and has an estimated height of 55 nm.

Mechanical Properties

Reducing the thickness of the membranes 1s an effective strategy to decrease the voltage needed
to actuate DEAs. Though the thinner the membrane, the higher the stiffening effect because the impact
of the electrodes becomes more dominant [REF7]. These requirements set strict limitations to the
available electrode fabrication processes when working on thin polymer films Thus, SCBI was

envisioned as a feasible electrode fabrication process, as it is a finely tunable process, known to not
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dramatically alter the mechanical properties of implanted surfaces [REF 14] To venfy this hypothesis
we characterized the mechanical properties of double-sided electrodes, Ag/PDMS/Ag, obtained with

SCBI by evaluating their stress-strain behavior.

The nomunal stress VS nominal strain plot for bare PDMS and double-sided Ag/PDMS

electrodes are compared (Figure 3 A). Nomunal strain 1s defined as
Sm= (L —Lo)/La.
where Sm is the nominal strain, L is the length of the film and Ly is the initial length of the film.
The nominal stress 1s defined as
Tm =Fm/Aa,

where Tm is the nominal stress, Fm 1s the force applied and Ao 1s the initial cross-section of the

The Young's modulus is identified as the slope of the linear portion (purely elastic behavior) in

a stress vs strain curve.
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Figure 3: A} Stress-strain plot comparison between a pristine PDMS specimen and an

Ag/PDMS actuators. The actuator has a Young's modulus only 23% larger than the bare PDMS

Young's modulus. B) Resistance variation as a function of strain for an Ag'/PDMS actuator. The initial

resistance value is recovered when the stress is removed.
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Figure 4: A) Large values of strain cause a temporary open circuit, that is fully recovered when

the stress is removed. B) The electrodes electrical properties are constant within different stretching

cycles

Notably, the Ag/PDMS/Ag samples retained a linear elastic behavior over the full range of
strain; moreover, they had a Young’s modulus of 1.41+0.09 MPa, that is, only 25% larger than the bare

PDMS Young's modulus (1.13£0.11 MPa), thus proving that the electrodes don’t significantly increase

66




Draft to be subrtted to: Advanced Materials

the stiffness of the elastomer. This remarkable result 1s mostly due to the implantation process (low
energy involved ~0.5 eV/iatom) that avoids carbonization or others chemical modification of the

substrate surface, as observed in other deposition/implantation techniques.

PDMS thin films electrical properties

Maximum strain attainable by an actuator 15 limited by the electrical breakdown strength of the
polymer. When the voltage limit 1s reached, a conductive path 1s created causing a sudden increase in
the current that flows within the polymer. This electrical discharge causes permanent damages to the
actuator, breaking it. Thus, i1s crucial to characterize the ultimate limit voltage that the thin elastomeric
film can sustain without it suffers from physical damages The breakdown voltage value strongly
depends by the polymer inhomogeneities caused by differences both in film thickness or density along
the thin films, or by the presence of defects, for example micrometric air bubbles. These factors make
the actual breakdown voltage value heterogeneous within the same film We report an inferior value for

the electrical breakdown attested around 1.7 kV.

Electrodes

Stretchable conductive electrodes able to sustain large deformations without loss in conductivity
or mechanical mtegrity are essential for DEAs. Moreover, the possibility to link the electrical
properties of the electrodes to the deformation applied in a reproducible fashion can enable those
applications that require to sense the mechanical status of DEAs, e g. by a resistive measurement along
electrode. Common processes involved i electrodes fabrication exploit conductive greases or metal
deposition technique but neither are truly effective for DEAs made of micrometric elastomer films

[REF7].
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SCBlamplanted AgPDMS electrodes were tested to assess how their electrical resistance
changed as a function of the PDMS strain (Figure 3 B). The initial resistance of tested samples (same
equivalent thickness) was found to be 622 = 162 Q. All the samples showed an analogous resistance
variation during the strain cycle imposed (0 — 20 - 0%4), recovering their mitial value when the strain 15
released. This 1s true also for bigger strain (up to 70%) that induce a temporary open circuit above a
threshold strain value (4.C). This can be explained because of the nanocomposite nature of the
Ag/PDMS thin film. In fact, the electrical conduction i1s due to the percolation paths across the metal
nanoparticles. During the elongation, the mean distance between the nanoparticles increase leading to a
resistance increase and eventually resulting in an open circuit. Nevertheless, when stramn 1s released the
percolating paths are restored and the electric conductivity 1s fully recovered [REF11]. In 4B it 15
showed how the electrodes electrical properties are constant within different stretching cycles assuring
the actuator will behave uniformly during actuation.

Actuation Tests

One of the typical demonstration experiments for the dielectric elastomer actuators is the
isotonic test in a pure-shear configuration. Samples for pure shear testing were prepared by foang nigid
clamps to the edges of the free-standing AgPDMS/Ag DEA prepared in form of stripes and fixed at
one side. Planar electrical contacts were realized at the fixed edge through copper tape on the rigid
clamps. During the isotonic test the DEA 1s vertically suspended and a load 1s suspended from the free
end of the actuator; the voltage 15 increased causing the actuator to stretch. The sample geometry and
our notation are presented in Fig. 5a. The geometry of electrodes on actuators surface was chosen in
order to avoid electrical discharge between the two sides through air. For this reason, a free area of not-

implanted PDMS was left at the edges of actuators
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Figure 5: A) Schematic of the actuation test set wp for an isotonic test in a pure-shear
configuration. wy is the electrode width; hy is the electrode height. B-C) Pictures of the set-up used. D)

The actuation behavior of the tested actuators is uniform for different pre-stretching values

As reported in the experimental section, actuators were tested with different applied uniaxial

load, and the resulting electrical strains at different step voltages were recorded using a digital camera.

The electrical strain Se, measured by processing the images collected upon electrical driving,

was defined as:

Se = (xe —x0) / X0
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with x., xo the length under electrical activation and at rest (no electrical activation) along x axis

(vertical direction, Fig. 4.a b.c), respectively.

The principal stretch ratios ox, oy, o4 are calculated from:

Ox=Xe /X0 oy =ve/vo ma=de/do,

with ye.0 and de,o the corresponding lengths along v (horizontal direction) and z (thickness of the

actuator), respectively.

The assumption that the elastomer i1s incompressible [126] and isotropic gives nise to the

constraint that

ozoyad=1

If we assume that the width of the actuator 1s fixed because the stretching in the width (v axis) 1s

negligible with respect to the stretching along the length (x axis), therefore

oy =1
w==1/ 0
Xa/x0=do/ de
de=dox0/ %a.

In this way it is possible to take into account the intrinsic decrease in thickness (“squeezing”)

associated with elongation along the plane of the actuator.

This allows for a calculation of the true electric field Ex:

Et=Vide=Vx/doxo,
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These equations enable simple analyses, under the assumption that the stress, strain and applied

electric fields are uniform throughout the specimen (REF18).

As described in the Experimental Section, actuators were tested with different applied umaxial
load (1.36, 2.39, 3.65, and 491 g). The corresponding pre-strain, measured by images analysis, was

respectively 3.33 £ 0.6 %, 7.03+1.21%, 12.1+1.25% and 18.0 £ 1.67%.

Figure 5.d reports the measured electrical strain Se versus the true electrical field E. As
expected, all the actuators showed a quadratic elongation as a function of the electric field (and hence

of the applied voltage).

Lifetime of DEA

From the point of view of industrial application, assessing DEAs lifetime 1s crucial to define
how the repeated mechanical deformations influence and degrade DEAs performances. In fact,
retterated electrically induced stretching and relaxing cycles can lead to electrodes loss in conductivity,
due to delamination or breaks. Moreover, DEAs are usuvally operated near the electrical breakdown
limmit, thus a long-term stability characterization is required. It has already been proved that SCBI
technique 1s an effective fabrication process to realize compliant gold electrodes on PDMS with long
life-time [REF11, REF12, REF14]. As showed in 6, the actuator tested showed an 1nitial degradation in
maximum strain attamnable reaching its lowest value around cycle 6000 (around 28% of the initial
value). After that, the maximum strain achievable remains stable to that value. The initial degradation
can be explained as follow: the electrical mduced strain drives a reorganization in the metallic clusters
network structure [REF11], that, in turn, cause a change in the electrical properties of the Ag/PDMS
nanocomposite. The new network structure tends to be less sensitive to mechanical deformation at

every cycle, reaching a better stability after few thousand cycles.
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Figure 0: The actuator performance as a function af the actuation cyele. The initial degradation
and subseguently stabilization can be explained cownsidering the initial reorganization of the network
constituted by metallic clusters within the polvimer matrix. After few thousand cvcles network structure

tends to be less sensitive to mechanical deformation

Conclusions

We have developed a protocol to manipulate micrometric PDMS thin (17pm) films,
characterizing their mechanical and electrical properties. We fabricated micrometric Ag/PDMS DEAs
exploiting SCBI and we characterized their mechanical and electrical properties. The low energy
owned by the clusters permits a soft implantation inside the polymeric matrix without damaging it. In
fact, comparing the results from pristine PDMS mechanical charactenization with DEAs results we
have observed a small increment (30%) in the Young's modulus. The electrical characterization of
DEAs electrodes under mechanical stress, showed that electrodes could easily sustain large stretching
deformations maintaning good electrical properties also for repeated stress strain cycles. During the
actuations tests, we have observed an electrically induced strain up to 2.5%. This value stabilized to
1.7% after ten thousand actuation cycles, demonstrating the reliability of the electrodes. Therefore,
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SCBI 1z an effective technique that can be exploited to fabricate long-life compliant electrodes for
micrometric thin DEAs, preserving the polymer mechanical properties.
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4.3  Conclusions

SCBI has been used to fabricate compliant electrode on 17 pm thick
PDMS based soft actuators. The mechanical characterization of these actuators
shows that there is a little increase in stiffness due to the metal electrodes, with
respect to the pristine polymer. The electrodes are able to sustain large
deformations preserving good conductivity, restoring also the initial resistivity
when the deformation is removed. The micrometric actuator thickness assures
that lower voltage values (< 1kV) are needed to observe actuation. The actuation
was characterized for several pre-strains. An actuator has been subjected to ten
thousand voltage-driven stretch-relax cycles to demonstrate that the electrodes
can sustain repeated large deformations remaining conductive. All the samples
fabricated have similar mechanical, electrical and actuation characteristics. The
good physical properties showed by the actuators demonstrates that SCBI is a
promising technique for the fabrication of DEAs with well-defined physical
characteristics, overcoming all the issues related with the fabrication of compliant

electrodes that are typical observed when other techniques are used.
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5 Paper Electronics

51 Introduction

Standard electronic components can be divided in two types: passive and
active. Passive components include conductive wires, resistor, capacitors,
inductors and antennas. Transistors, diodes, memories and batteries are active
components. Several fast and low-cost printing techniques have been developed
to fabricate both passive and active electronic components on paper [40]:
flexographic printing, gravure printing, offset printing and screen printing. All
these techniques rely on conductive liquid inks deposited on the paper substrate.
These inks contain nanoparticles made by conductive or semi-conductive
materials. The ink is adsorbed by the paper resulting in a homogeneous printed
film. Nevertheless, adsorption is considered a big disadvantage [40], because the
paper fibers are hygroscopic and swell during the printing process. This,
combined with capillarity, greatly reduces the maximum resolution achievable.
Furthermore, the inks contain many different components, such as solvents,
pigments, binder and additives. The choice of the solvents and the ink
concentration is limited by the electronic component that is being printed.
Binders and additives worsen the electrical performances.

Here | present electronic components printed on paper with solvent-free
conductive ink (dry ink) made by gold nanoparticles produced with supersonic
cluster beam deposition (SBCD) apparatus. Conductive paths, resistors and
capacitors have been printed on paper. Resistors and capacitors have been printed
in order to realize low-pass and high-pass RC filters. lonic liquid has been
incorporated between two planar conductive electrodes made of gold and carbon
to obtain super capacitors that have been exploited to fabricate a wireless
rechargeable device to store high quantity of power. These super capacitors have

been used to power a temperature sensor.
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5.2 Supersonic cluster beam deposition to print electronic
components on paper

5.2.1 High-throughput shadow mask printing of passive electrical

components on paper by supersonic cluster beam deposition

APPLIED PHYSICS LETTERS 108, 163501 (2016) @9"“\‘”‘

High-throughput shadow mask printing of passive electrical components
on paper by supersonic cluster beam deposition
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We report the rapid prototyping of passive electrical components (resistors and capacitors) on plain
paper by an additive and parallel technology consisting of supersonic cluster beam deposition
(SCBD) coupled with shadow mask printing. Cluster-assembled films have a growth mechanism sub-
stantially different from that of atom-assembled ones providing the possibility of a fine tuning of their
electrical conduction properties around the percolative conduction threshold. Exploiting the precise
control on cluster beam intensity and shape typical of SCBD, we produced, in a one-step process,
batches of resistors with resistance values spanning a range of two orders of magnitude. Parallel plate
capacitors with paper as the dielectric medium were also produced with capacitance in the range of
tens of picofarads. Compared to standard deposition technologies. SCBD allows for a very efficient
use of raw materials and the rapid production of components with different shape and dimensions
while controlling independently the electrical characteristics. Discrete electrical components pro-
duced by SCBD are very robust against deformation and bending. and they can be easily assembled
to build circuits with desired characteristics. The availability of large batches of these components
enables the rapid and cheap prototyping and integration of electrical components on paper as building
blocks of more complex systems. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4947281 |

The fabrication of electronic circuits and microfluidic
devices on paper is considered a very promising solution for
the realization of low-cost disposable analytical devices and
biodegradable green electronics.' Recently, the interest for
the use of paper as a substrate for foldable electronic compo-
nents such as antennas and actuators has substantially
increased in view of the realization of the so-called origami
electronics,*” self-foldable kirigami soft robots,” and power
portable emergency locator transmitters based on origami
microbial fuel cells.®

These applications rely on the so-called “chip-on-flex
technologies” where electronic components have typical
dimension of tens or hundreds of microns so miniaturization
is not a critical issue." In this case, substrates must be flexible
and foldable, and manufacturing methods should be cheap,
easily scalable, compatible with rapid prototyping in order to
produce batches of components to be integrated in functional
.\ys(em&"z

The use of paper as a substrate is thus very effective for
the fabrication of flexible and foldable electronic circuits. Tts
low cost and availability is ideal for rapid prototyping, it can
be easily shaped and trimmed with scissors or cutters, and it
can be used for complex self-standing 3D structures, fluidics,
and electrochemical ﬂpplicah’oni.“’

Printing on paper relies on a technological tradition dat-
ing back from almost two thousand years and originating
from China; it became a mass-producing technology in
Europe from the fifteenth century.7 The direct printing of
electronic components with various degrees of complexity
on paper has taken inspiration from this tradition, and it is

based on techniques such as flexography, offset, and screen
prinling.’ ‘The fabrication of elements such as transistors,”
solar cells,” and diodes; and devices such as displays, Radio-
Frequency IDentification (RFID) tags, and sensors is highly
demanding in terms of the characteristics of the substrate.
I‘or a large number of applications plastic-covered paper is
used and traditional solid-state circnital elements are glied
on paper substrates.” The printing of passive circuital ele-
ments on plain paper, such as resistors and capacitors, is less
demanding: however. chip-on-flex and soft robotics technol-
ogies require the production of large batches of components
to be subsequently assembled in 2D or 3D configurations,
with different electrical and geometrical characteristics."*'®

Among different approaches. ink-jet printing is consid-
ered a technique of choice for the printing of simple elec-
tronic circuits on paper with the use of conductive inks and
for the fabricarion of passive and active elements.'" The use
of ink-jet printing is limited by the availability of conducting
inks with suitable properties (surface tension, viscosity) able
to match the roughness, porosity, and wettability of the paper
substrates; moreover, the post-printing ink drying process is
difficult to control, and it can lead to unwanted variations of
the electrical properties of the components.”

An alternative to the use of liquid inks has been devel-
oped in the last decade consisting in the direct writing with
gas-phase coating techniques where an atomic vapor or
nanoparticles dispersed in a carrier gas are deposited directly
or through a shadow mask.'? Direct writing from the gas
phase is a low-cost and high-throughput technology suitable
also for 3D substrates;'? its widespread application is, how-
ever, hampered by the lack of acceptable adhesiveness on
the substrate and electrical conductivity of the deposited

“Author to whom cor lence should be addressed. Electronic mail:
pmilani@mi.infn it species.'*
0003-6951/2016/108(16)/163501/5/$30.00 108, 163501-1 Published by AIP Publishing.
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In general, traditional printing techniques have only a
partial control on the amount of deposited conductive mate-
rial; hence, as in the case of resistors, the value for the resist-
ance is determined only by the length and the lateral
dimension of the printed trace.

In the case of capacitors, the literature reports about inter-
digitated capacitors printed on plastic foils or photographic
paper in a narrow range of low-capacitance values.” The use
of paper as dielectric layer between two printed metallic
layers is an alternative solution as the rolling of metallized pa-
per foils into cylinders is widespread for the fabrication of
standard capacitors; however, no reports about this fabrication
strategy are available.

We have demonstrated that the use of intense and
highly collimated neutral nanoparticle beams produced in a
supersonic expansion is an enabling tool for the large-scale
integration of nanoparticles and nanostructured films on
microfabricated platforms and smart nanocomposites.'>'7
In particular, we have shown that this approach called su-
personic cluster beam deposition (SCBD) can be efficiently
used for the fabrication of electrically conductive patterned
structures and devices on a wide variety of substrates,
including polymers.'®'?

Here we present the rapid and reproducible parallel
fabrication of sets of resistors and capacitors on paper by
using SCBD and a shadow mask. Our approach relies on the
fact that the electrical properties of cluster-assembled films
grown from the gas phase evolve in a significantly different
way compared to atom-assembled films.?’ In particular, in
the percolative regime, electrical conduction can be precisely
controlled by SCBD,?' thus allowing the tuning of the resist-
ance while keeping constant the dimensions of the resistors
and optimizing the use of raw material.

Figure 1(a) shows a schematic representation of the SCBD
deposition apparatus equipped with a Pulsed Microplasma
Cluster Source (PMCS).” A PMCS consists in a ceramic body
with a cavity where a metallic target (Au in the present case)
is sputtered by a localized electrical discharge ignited during
the pulsed injection of Ar gas at high pressure (40 bar). The

FIG. 1. (a) Schematic representation (not to scale) of a

ic cluster beam d

Appl. Phys. Lett. 108, 163501 (2016)

sputtered metal atoms from the target thermalize with the car-
rier gas and aggregate in the cavity forming metal clusters. The
carrier gas-cluster mixture expands out of the PMCS through a
nozzle into a low pressure (10~®mbar) expansion chamber
(Fig. 1(a)). The supersonic expansion originating from the high
pressure difference between the PMCS and the expansion
chamber results in highly collimated supersonic beam: a diver-
gence lower than 17 is obtained by using aerodynamic focusing
nozzles.”

The central part of the cluster beam enters a second vac-
uum chamber (deposition chamber, at a pressure of about
10~ mbar), and it impinges on the shadow mask-substrate
paper system supported by a motorized substrate holder.
During deposition, the holder displaces the mask and the
substrate in the vertical direction orthogonal to the cluster
beam axis (Fig. 1(b)). Since the cluster density distribution
in the beam is bell-shaped (as characterized in detail in
Ref. 23), this results in a homogeneous metallization in the
direction parallel to the raster with a gradient in the dose of
nanoparticle in the direction perpendicular to the raster. This
allows the one-step fabrication of components with different
resistances in a controlled range of values. As a substrate, we
used commercial plain white paper for ink-jet and laser
printer (Xerox Digital, 75 g/mz, roughness: 170 ml/min) and
the shadow mask was cut from another sheet of paper. The
deposition area was of 50cm’.

Figure 1(c) shows a photograph of a set of resistors
printed on paper: the lateral dimensions of the resistors and
their resistance are independent since the amount of clusters
deposited to form each individual component can be con-
trolled independently in an interval determined by the beam
shape and the number of rastering cycles.

Figure 2(a) reports a scanning electron microscope
(SEM) micrograph of the border region between metallized
and pristine paper: the fibrous structure of the paper is evi-
dent. Figure 2(b) shows the border of a resistor deposited by
SCBD with a step lateral resolution below 1 gum.

The typical deposition process for the production of
twenty-seven resistors as shown in Fig. 1(c) takes roughly

|8
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(b) Shadow mask for resistor printing, the dark spherical
area is the cluster beam deposition spot. The substrate and the mask are displaced along the vertical direction during deposition. (¢) Photograph of a set of resis-
tors printed in a one-step process with gold nanoparticles on plain paper.
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FIG. 2. (a) § micrograph of the border between plain paper (dark region)
and the metallized one {white region). (b) Optical microscope micrograph
of a border of a SCBD printed resistor. The step lateral resolution is below
1 gm. (¢) Optical microscope micrograph of a border of evaporated resistor.
The step lateral resolution is about 120 um.

30min, as a proof of principle we printed two sets of resis-
tors ranging from 100Q to 28kQ and 270Q to 160kQ,
respectively. The resistance measurement was performed
using a digital ohmmeter pressing two flat probes on the re-
sistor short edges.

For the sake of comparison, we produced, using the
same shadow mask, a set of resistors using gold evaporated
by joule heating in a standard metallization apparatus. Gold
was evaporated for about 10 min from a molybdenum cruci-
ble placed at a distance of roughly 30 ¢cm from the substrate
within a chamber at a pressure of about 5 x 107° mbar.

The effusion rate from the crucible is angle dependent.**
and this, in principle, can be used to produce resistors with a
different amount of material and hence different resistances.
With this method, we obtained a set of resistors similar to
that produced by SCBD. while in a considerably narrower
resistance interval from 23 to 470€. The use of a standard
evaporator results also in lower lateral resolution: Fig. 2(c)
shows the border of a resistor placed near the shadow mask
margin (where the mask-substrate separation is lower), the
measured lateral resolution is about 120 um, and for a resistor
in the middle of the shadow mask the resolution is over

Appl. Phys. Lett. 108, 163501 (2016)

300 gm. Another disadvantage is that in the evaporative deposi-
tion method, a large quantity of gold is wasted in the chamber.

The growth mechani and the subseq evolution
of the electrical properties of cluster-assembled films are dif-
ferent from those of atom-assembled films.”*2' This indi-
cates that the capability of SCBD of producing in one step
resistors with different dimensions in a wide range of resist-
ance values, is due to the capability of working in a well
determined region of the electrical percolation curve of the
cluster-assembled films.*"**

In order to quantify the amount of clusters deposited on
the substrate, we use a quantity called equivalent thickness
(t.q) defined as the thickness of a film produced by an equiva-
lent amount of nanoparticles deposited onto a rigid flat sub-
strate.” ‘The equivalent thickness is obtained in real time,
during the deposition process, by the use of a quartz crystal
microbalance placed near the sample, allowing us to stop the
deposition at the achievement of the required thickness and
hence resistance. We checked t., by measuring with an atomic
force microscope the thickness of the cluster-assembled film
grown on a silicon substrate mounted aside the paper substrate
during deposition.

In order to compare the electrical properties of different
components of the batches, the electrical sheet resistance (R,)
can be calculated for each resistor knowing its resistance and
dimensions (R — R - width/length); this quantity is independ-
ent of the resistor geometry and only varies with the amount
of deposited clusters. Fig. 3(a) reports the electrical sheet
resistances obtained for the two sets of resistors produced by
SCBD, as a function of equivalent thickness of the cluster-
assembled films. According to the percolation theory,” we
found that the trend is a power law R, x (teq —tc) . Curve
fitting was performed by weighted least square linear regres-
sion of In(teg — tc) on InRy, where t. was manually changed

(A)

H

y=42x10 x 118
R* =0.949

sheet resistance (Rs) [(2]
8 238

equivalent thickness (teq—te) [nm]

E”" y = 4.6883 + 0.50792 x
=0l B> =0984
B
. (8)
3
3 100
g
150 200 25 300 350 450
plate area [mm

FIG. 3. (a) Electrical sheet resistance of cluster-assembled resistors on paper
as a function of equivalent thickness. Curve fitting was performed by
weighted least square linear regression of In{teq — tc) on InRy. (b) Electrical
capacitance of paper capacitors as a function of plate arca.
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to maximize the coefficient of determination R (the uncer-
tainty on t. was estimate considering the interval in which the
R does not change appreciably). The critical thickness (t.) of
the cluster-assembled film above which we observe electrical
conductance is t. — 18 = 1 nm, and the critical exponent of the
percolation curve is t — 1.185 £ 0.043 in good agreement with
the theory (1 <t < 1.3).

Using this percolation curve, we are thus able to print a
set of resistors around the exact value of any required resist-
ance, keeping constant the dimensions of the single element.
It should be noted that we are working in a percolative re-
gime so the amount of raw material used to fabricate the
resistors does not scale with the resistance values. This is
very important since it shows that working in this regime
with SCBD allows to minimize the amount of raw material
while covering a wide range of resistance values for any re-
sistor shape it may be useful for further applications.

With SCBD and a rectangular stencil mask, we also pro-
duced different capacitors printing the gold layer on both sides
of the paper, thus obtaining a parallel plate capacitor with pa-
per as the dielectric medium. We printed several capacitors
varying the amount of deposited gold and the geometrical
dimensions of the plates. As expected, the capacitance was in-
dependent of the quantity of deposited gold, and it was linear
on the area of the conductive plate. From the trend line in the
capacitance versus area plot, we obtain that the printed capaci-
tance is of SOpFem™ (Fig. 3(b)). Knowing the thickness of
the paper used (94 * 1 um). we get a relative dielectric con-
stant of 5.53 = 0.16, close to the dielectric constant value of
paper found in literature.”®

Resistors and capacitors printed on paper by SCBD are
very robust, and they are not affected by film delamination
of cracking even under substantial bending and deforma-
tions. As a proof of principle of the easiness of combination
of different paper components, we trimmed by scissors vari-
ous resistors and capacitors, and we used them to assemble
simple circuits such as RC frequency filters. We used clips
to connect the different components.

In order to characterize the frequency response of a typi-
cal RC filter, we used a waveform generator to send a pure
harmonic wave on the filter input and a digital oscilloscope
to measure the amplitude of the input and output waveform.
In Fig. 4, we report the Bode plots for a low pass and high
pass typical RC filters obtained by using a resistor of 16.5kQ
and a capacitor of 231 pF. Experimental data show that the
RC circuit is stable and reliable over a wide range of
frequencies.

In summary. we demonstrated the parallel fabrication of
batches of passive electrical components (resistors and capaci-
tors) on plain paper by supersonic cluster beam deposition.
SCBD is an additive technique allowing the deposition of
neutral metal nanoparticles with a high degree of collimation
and low kinetic energy. Compared with traditional direct
writing techniques, SCBD can be efficiently coupled with a
shadow mask for the deposition of components with con-
trolled structure, dimensions, and electrical properties on ther-
molabile substrates, while maintaining a high throughput
production and a low raw metal consumption. Thanks to the
fine control on the amount of deposited clusters, the resistance
of the components produced by SCBD can be tuned working

Appl. Phys. Lett. 108, 163501 (2016)
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FIG. 4. Bode plots for RC fillers using paper resistors and capacitors
(R=16.5+0.2kR, C=231 * 8 pF).
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in a suitable region of the percolation curve so that the dimen-
sion and the geometry of the resistor can be varied at will.
This constitutes @ substantial advantage compared to other
deposition techniques such as thermal evaporation, ink jet
printing and aerosol direct printing in terms of flexibility,
rapidity of fabrication, optimization of the use of raw materi-
als, and decoupling of components shape from electrical
performances.

Simple circuits on paper can be easily assembled using
the elements produced by SCBD: this opens the way to the
rapid and cheap prototyping and integration of electrical
components on paper as building blocks of more sophisti-
cated systems for paper-based mechatronics.
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Abstract. Paper is a cheap, lightweight and renewable material with increasing applicative interest as a
substrate for disposable and flexible electronics. The integration of planar energy storage devices on
paper is a necessary and challenging step for the development of smart and autonomous flexible
electronic platforms. Here we report the one-step, room temperature. fabrication of planar
microsupercapacitors where nanostructured current collectors and carbon electrodes are deposited by
Supersonic Cluster Beam Deposition (SCBD) on plain paper sheets and 1-Ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl) imide ([Emim][NTf2]) is used as ionic liquid electrolyte. As prepared
microsupercapacitors showed a high capacitance density of about 7 F cm™ and good capacity retention
upon prolonged cycling. The encapsulation of SCBD-made microsupercapacitors by means of a
polydimethylsiloxane (PDMS) layer and their usability in driving a low power temperature sensor are

demonstrated.
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1. Introduction

The rapid obsolescence of electronic devices and the consequent growth of electronic waste is a major
consequence of a linear economy approach where waste production is the endpoint of any manufacturing
process [1]. A circular economy. based on the efficient recycling of goods. produced by natural and

renewable resources, is emerging as a sustainable alternative [2].

Paper is the cheapest, most efficient and renewable material with widespread use in information
registration and storage and packaging; cellulose, its main component, is the Farth’s most abundant
biopolymer [3]. Along with its abundance and low cost, paper is a lightweight and flexible/foldable
material Paper is rapidly being recognized as a key element for the development of novel electronic
components and devices as a substrate and/or as an active component [4, 5]. Paper electronics is a field
encompassing the fabrication of recyclable, disposable, portable and cheap devices like sensors, displays,
RFID tags, bioassays and point-of-care diagnostics [3, 6]. Lab-on-paper, paper based sensing devices and
printed circuit boards integrating different electronic components have been recently demonstrated [3-8].
The development and the practical use of paper-based electronic platforms require the integration of

energy storage and energy harvesting capabilities [7].

Microsupercapacitors are energy storage devices with several very attractive features, such as long service
life, fast charge/discharge rates and safety reliability, that well meet the requirements of self- and low-
power components [9, 10]. Their integration in paper-based complex systems including energy harvesters
and functional devices is an enabling strategy toward the development of autonomous flexible systems
[10]. Supercapacitors store electric charges in the electric double layer formed at the interface between a
polarizable electrode and an ion-conducting electrolyte. Their performances are fypically enhanced
through the enlargement of the interface area via nanostructuring of electrodes [11]. Nanostructured

carbons with high surface-to-volume ratio are among the most employed electrode materials since they
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can provide high electrical conductivity, chemical inertness, large gravimetric capacitance and low cost

[12, 13].

To date the fabrication of carbon microsupercapacitors on paper by direct printing techniques ensuring
substrate compatibility and control of electrode design and structure remains a major challenge. Carbon-
based materials with high electrochemical capacitance can be deposited by several techniques, such as
drop-casting, magnetron sputtering, electrostatic spray and electrophoresis [14-17]. These methods are
promising for the integration of porous carbons onto the standard substrates commonly employed by the
semiconductor industry (e.g. silicon) but typically involve aggressive thermal or chemical fabrication

steps that are not suitable when unconventional and fragile substrates as paper are employed.

Recently attempts of printing carbon electrodes on paper to produce microsupercapacitors have been
made by drawing with graphite pencils and by depositing inks containing carbon nanoparticles via
solution-based processes [18, 21]. These approaches allow the fabrication of devices with excellent
storage performances. However the use of solvents causes problems of cleanliness and adhesion to the
substrate. Moreover, the lack of micrometric and submicrometric control over carbon layer properties
such thickness, shape and lateral resolution is a severe limitation toward the micro- and nano-integration

of supercapacitors on paper.

Supersonic Cluster Beam Deposition (SCBD) is an additive technology based on the production of
intense and highly collimated nanoparticle beams that enables the large-scale and high throughput
integration of nanostructured functional materials on a wide variety of substrates, including
microfabricated platforms, smart nanocomposites and fragile materials [22-27]. The assembling of carbon
nanoparticles via SCBD is a suitable approach for the production of porous carbon thin films with
structural and morphological properties that are beneficial for electrochemical applications [28. 29]. The

use of SCBD for the integration of carbon electrodes into conventional flexible substrates (e.g. Mylar) for
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the fabrication miniaturized devices, such as supercapacitors and electrolyte gated transistors, has been

recently reported [30, 31].

Here we demonstrate that paper-based microsupercapacitors can be efficiently fabricated, in a single-step
process and without employing any pre- or post-deposition treatment of the substrates, by the deposition
on plain paper sheets of neutral carbon clusters aerodynamically accelerated in vacuum by a supersonic

expansion.

2. Experimental

2.1 Fabrication of microsupercapacitors

NsC electrodes of thickness of 200 nm and area of 0.24 cm?, separated by a 0.5 mm gap, were deposited
in high-vacuum (10 Torr) by SCBD over a commercial plain white paper for ink-jet and laser printer
(Xerox Digital, 75 g m™, roughness: 170 ml min™) previously coated by a cluster-assembled Au film
(with 100 nm thickness) deposited by the same technique and serving as current collector. The electrode
design and geometry was controlled vsing shadow masks cut from another sheet of paper. The carbon and
gold clusters deposited on the top of the paper substrate were produced in a Pulsed Microplasma Cluster
Source (PMCS) by the ablation of a graphite and gold target, respectively. As previously reported, the
mixture of clusters and inert gas present in the PMCS leaves the internal cavity of the source by
expanding through a nozzle, thus forming a seeded supersonic beam of aerodynamically accelerated
nanoparticles that are finally collected on the substrate located on the beam trajectory (figure 1(a)) [22.
23]. Nanoparticles impinging on the substrate form a cluster-assembled film. As the cluster kinetic energy
iz low enough to avoid fragmentation upon landing, a nanostructured film of relatively soft-landing
particles retaining the structural properties of the gas-phase aggregates is grown. As prepared NsC
electrodes were, then, soaked with the 1-Ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([Emim][INT{2]) ionic liquid with no need of any post-deposition treatments. In the case of encapsulated

device a thin layer of polydimethylsiloxane (PDMS) was applied on top of the electrolyte soaked
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electrode by blade coating and curing in oven at 80°C for 60 minutes. Each nsC electrode in the series

connection of three or two microsupercapacitors has an area of 0.24 cm? and a thickness of 200 nm.
2.2 Electrochemical characterization

The electrochemical impedance spectroscopy (EIS), cyclic voltammetries (CV) and galvanostatic
charge/discharges (GLV) were performed using Gamry Ref600 potentiostat/galvanostat. Impedance
spectra were acquired in the frequency range from 107 to 10° Hz, under open circuit potential condition at
AC perturbation amplitude of SmV rms. Cyclic voltammetry curves were acquired at 0.1, 0.5, 1 V s scan
rate in the potential range 0+1.8 V and 0=5.4 V for the single microscupercapacitor and the series
connection of three microsupercapacitors, respectively. Galvanostatic charge/discharge analysis was
performed at 20, 40, 80, 200, 400 and 800 pA cm™. The energy (E) and power (P) densities reported in

the Ragone plot were calculated from the galvanostatic discharge using the following equations:
E=1(vdt/36
P=E/lty ~tg)

where [ is the current density (in A cm™) and t0V and t1.8V are the times at the end (0 V) and beginning
(1.8 V) of the discharge. The volumetric densities of capacitance, energy and power were calculated by
considering a volume of 9.6 * 10 cm’® which only take into account the area and the thickness of the two

nsC electrodes. The areal densities refer to the area of one electrode (0.24 cm®).
3. Results and discussion

The coupling between the SCBD technique and shadow mask printing was used to produce, in clean high
vacuum conditions and at room temperature, carbon based electrodes on plain paper sheets without
employing any pre- or post-deposition treatment of the substrates. Supersonic beams of gold and carbon

neutral clusters. produced by a Pulsed Microplasma Cluster Source (PMCS), were emploved to print

N
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Figure 1. SCBD fabrication of microsupercapacitors on paper: (a) Schematic representation of a SCBD
apparatus coupled to a PMCS source for the production of supersonic beams of neutral nanoparticles. (b)
and (c) sketch of the SCBD fabrication through stencil masks of the Au current collector and nsC active
material, respectively. (d) and (e) photographs of microsupercapacitors deposited on paper with different
electrode design, (f) and (g) sketch of the coating of the electrodes with the ionic liquid electrolyte and the

PDMS encapsulation layer, respectively, (h) photograph of an encapsulated microsupercapacitor.

electrodes with a two layer structure consisting of gold and carbon cluster-assembled thin films serving as
current collector (figure 1(b)) and active material (figure 1(c)). respectively. The intrinsic porous nature of
cluster-assembled nanostructured carbon (nsC) originates electrodes with a large surface area (ca. 700 m?
g) easily accessible to the electrolytes and beneficial towards electrochemical applications [30, 31, 33].
The uvse of stencil masks together with the SCBD process allows to precise positioning nanoparticles in

desired locations on paper and enables the preparation of electrodes with different designs by simply
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varying the shadow patterns. Figure 1(d) and 1(e) report the photographs of SCBD-made
microsupercapacitors with coplanar normal and interdigitated electrodes. respectively. These electrode
designs were easily realized exploiting the different shadow effects of handmade stencil masks fabricated
by cutting a piece of paper. As prepared electrodes were then covered with a thin layer of a hydrophobic
imidazolium-based room temperature ionic liquid by drop coating technique in order to allow the ionic

contact between the two electrodes (figure 1(f)).

Figure 2 reports the electrochemical characterization of the SCBD-made microsupercapacitor consisting
of two coplanar electrodes with a normal design. such as that reported in figure 1(d). The
microsupercapacitor features a single electrode area of 0.24 cm” and a nsC layer thickness of 200 nm.
This electrode design was preferred as, ceteris paribus (e.g. gap width and nsC area), it minimizes the
device footprint area. As reported in figure 2(a) the complex impedance of the discharged device
highlights a low frequency capacitive behavior owed to the electric double layer formation at the
carbon/electrolyte interface. The value of the complex impedance at 10 mHz indicates a capacitance of
about 0.2 mF cm™ (figure 2(b)) while from the real axis intercept at 100 kHz an equivalent series
resistance (ESR) of about 150 Q cm? is estimated. The capacitive behavior of the device is observed also
vnder cyclic voltammetric (CV) polarization conditions between 0 and 1.8 V as demonstrated by the
almost box shaped CV curves acquired at sweep rates of 0.1, 0.5 and 1 V s (figure 2(c)). A capacitance
of about 0.2 mF cm™ is calculated by normalizing by the scan rates the mean of the anodic currents in the
0.4+1.2 V range. This value is in agreement with the capacitance value estimated by electrochemical
impedance spectroscopy. The microsupercapacitor was also galvanostatically charged/discharged at
various currents (from 20 pA cm? up to 800 pA cm®) with 0+1.8 V cut off voltage. The cell voltage
profiles of the device upon charge and discharge cycling at 80, 200 and 400 uA cm™ are shown in figure
2(d). At these current densities the discharge time ranged between 6 and 1 s with a high coulombic
efficiency of 90+95 %. On the basis of the slope of the discharge voltage profiles the microsupercapacitor

capacitance is calculated to be 7+6 F cm™. The ohmic drop at the beginning of the discharge points out
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Figure 2 Electrochemical characterization of the microsupercapacitor printed on paper by SCBD. (a)
Nyquist plot of the complex impedance, (b) capacitance vs. frequency plot. (c) cyclic voltammetric curves
at0.1,0.5 and 1 V 57" scan rate, (d) galvanostatic charge and discharge profiles at 80, 200 and 400 pA cm
2, (e) Ragone plot, the labels indicate the GLV current densities in pA cm?, inset reports thickness
normalized performances of a Mxene-on-paper microsupercapacitor [21], (f) capacitance retention as

function of cycle number upon galvanostatic cycling at 200 pA cm2.

that the ESR is between 500 Q cm? (at 80 pA cm™) and 375 Q cm? (at 400 pA cm™) thus leading to a
time constant of about 0.1 5. Considering the capacitance and the ESR measured at the lowest current, the
energy (E = % C V?) and power (P = V?/ 4 ESR) densities are 3 mWh cm™ and 40 W cm™, respectively.
The galvanostatic survey at different current densities was used to build the Ragone plot shown in figure

2(e) where the volumetric energy and power densities are reported. As prepared microsupercapacitor
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shows a specific energy density in the range between 1 and 2.5 mWh cm™ and specific power density of

0.2+10 Wem™.

Although the comparison with other devices may be not appropriate due to differences in the fabrication
techniques, test conditions, material characteristics, electrolytes and electrode thicknesses, the volumetric
properties of the SCBD-made supercapacitor overcome that of recently reported high-performance
coplanar microsupercapacitors on paper (inset of figure 2(e)) [21]. Moreover, if compared to other forms
of carbon that have been tested for the fabrication of microsupercapacitors (e.g. carbon nanotubes, carbide
derived carbons. onion like carbons and graphenes) [16, 34-36], nsC has the key advantages of being
deposited at room temperature with precise control over its thickness (from few tens of nanometers up to
micrometers), of being inherently porous and well-adhered to substrates thus avoiding complicated
multistep processing, including sintering, chemical activation and binder mixing [28. 29]. As reported in
figure 2(f), the capacitance retention ratio of the microsupercapacitor, tested by galvanostatic charging
and discharging at 200 pA cm?, was measured to be ca. 85 % after 1.5 x 10° cycles indicating a good

cycling stability.

The encapsulation of the device is crucial towards many practical applications and, even if in our case the
ionic liquid was well confined in the nsC film [33]. helps in preventing electrolyte losses and
contamination [4]. In this work a thin layer of polydimethylsiloxane (PDMS) was applied on the
electrolyte-soaked electrodes, as schematically showed in figure 1(g), by blade coating and subsequent
curing in an oven. The PDMS coating allowed the electrical insulation and leakage protection of the
structure. A photograph of a PDMS-coated device is reported in figure 1(h). The encapsulated device
retains the capacitive behavior, as indicated by its complex impedance (figure 3(a)), and, despite a
significant increase in the ESE. that is reasonably due to a reduced ion mobility, presents an areal
capacitance similar to that of the bare device (figure 3(b)). The wrapping of the encapsulated device

around a tube of 2 cm in diameter was used to test the possibility of operating the microsupercapacitor
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Figure 3 (2) Nyquist and (b) capacitance vs. frequency plots of the PDMS-encapsulated

microsupercapacitor in the flat and bent state.

under bending conditions. As reported in figure 3(a) and 3(b) no significant differences in the

electrochemical performances are present between the flat and bent state.

The reported energy storage capabilities make the SCBD-produced microsupercapacitors interesting
toward the development of paper-based self-powered systems. Indeed the measured performances are
useful in a variety of applications where low power electronic devices must be operated, as for instance
radio-frequency identification tags (RFID) [37], or the charge generated by paper-based power sources,
such as fluidic batteries [38]. nanogenerators [39] and biobatteries [40] must be stored. Moreover, in
view of real applications, the versatility of SCBD in integrating and precisely positioning nanoparticles

onto paper allows the production of a variety of microsupercapacitors and circuits with tunable shape and

10
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Figure 4 (2) Photograph of a series connection of three microsupercapacitors printed on paper by SCED,

(b) cyclic voltammetries at different scan rates of the three microsupercapacitors connected in series.

dimensions according to specific requirements in terms of device footprint, thickness, capacitance and
operating voltage. As example, in order to increase the maximum output voltage of the cluster-assembled
energy storage structures, a series connection of several microsupercapacitor can be easily fabricate ina
single-step by SCBD employing a properly designed shadow mask. This approach was used to print a
circuit consisting in the series combination of three microsupercapacitors featuring electrodes with similar
nsC thickness and area (figure 4(a)) thus increasing the operation voltage of the SCBD-made device from

1.8to 5.4V, as shown by the CV curves of figure 4(b).

Finally. to demonstrate the practical application the SCBD-printed devices and test their integration with
standard technological components we realized a system (figure 5(a)) enabling both the inductive
charging of two encapsulated microsupercapacitors connected in series (figure 5(b)) and their use to drive
a commercial analog temperature sensor (Linear Active Thermistor™ Intergrated Circuit, Microchip)

requiring an operating current of few pA and an operating voltage of 2.3+5.5 V. We built a wireless

11
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Figure 5 System integration of SCBD-printed microsupercapacitors. (a) Photograph of the circuit board
used to test the charging and the discharging of (b) the series connection of two microsupercapacitors
printed on paper by SCBD microsupercapacitors, (c) home-built antenna to harvest energy from a NFC-
enabled mobile phone, (d) voltage vs. time of the microsupercapacitor series connection during inductive

charging, (e) voltage output of the temperature sensor powered by the microsupercapacitors.

energy harvester based on an inductive coupler. shown in figure 5(c). to transfer energy from a NFC-
enabled mobile phone to the microsupercapacitors. Despite the low efficiency due to the lack of
optimization in the charging circuits, this system allowed to charge wirelessly the microsupercapacitors
up to a voltage of ca. 2.5 V in less than 2 minutes (figure 5(d)). The stored charge was then successfully
used to activate the sensor for sufficient time (ca. 1 s) to measure the temperature of the room. As shown
in Figure Se the sensor output voltage was measured to be 804 mV corresponding to a temperature of

about 30 °C.

12
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4. Conclusions

We presented a fast, single-step and high precision method for the integration of microsupercapacitors,
based on cluster-assembled carbon electrodes, into standard paper sheets. Ready to use porous electrodes
were deposited employing non-contact shadow masks by taking advantage of the high directionality and
collimation typical of supersonic beams. As prepared electrodes were soaked in ionic liquid to fabricate
capacitive paper-based devices that were also demonstrated to be easily sealed by means of a PDMS
layer. The use of these devices for driving a temperature sensor was demonstrated. The manufacturing
process reported in this work and based on Supersonic Cluster Beam Deposition (SCBD) enables the
room temperature fabrication of thin, planar and flexible devices with energy storage performances that
are consistent with the typical low-power requirements of paper electronics thus paving the way for the

development of smart and autonomous paper based electronic platforms.
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5.3 Conclusions

I have demonstrated how to exploit SCBD to print electronic components
to deposit gold clusters on paper substrate. It is possible to print conductive paths,
resistors (with resistance values that span in a range of several order of
magnitude) and capacitors controlling both the amount of nanoparticles deposited
on a certain area and its geometry. | have also demonstrated that it is possible to
combine these elements to realize low pass and high pass RC filters whose

behavior is in agreement with the theoretical model.

In order to increase the capacitance of the printed capacitors, | designed
and realized with SCBD a planar capacitor with gold/carbon electrodes on paper
substrate. The high capacitance value is obtained using an ionic liquid as
electrolyte. | have used this super capacitor to power a small temperature sensor,
showing also the possibility to wireless recharge it using the near-field

communication system of a common smartphone.
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6 Hybrid devices

6.1  Introduction

Combining hard materials, soft materials and electronic components it’s
crucial to develop innovative devices with cutting-edge functionalities, yet it is a
challenging task. Several critical issues, already discussed, have to be overcome.
This chapter aim to show the possibility to fabricate working devices by means
of SCBI. Hard materials, soft materials and electronic components have been
successfully incorporated in a single device with unique features, exploiting all
the peculiarities of the materials involved in the fabrication. In the next section |
will present an innovative multilayer stretchable keyboard that drives a LED
matrix printed on paper substrate. The keyboard is provided with stretchable
conductive vias that create an electrical link among the layers. Paper/gold
connectors are exploited to link the stretchable materials with the electronic
circuit that is in charge to drive the system. The paper softness avoids the issues
related with the different mechanical properties of the materials involved. The
electronic system also turns on or off the LEDS of a LED matrix printed on a
paper substrate. The matrix is made out of nine LEDs powered by nine gold
resistors printed with SCBD.

Then | will describe a novel pressure sensor that exploit optical and
electrical signals to discriminate different type of deformations. It is made by a
led and a light sensor embedded in a PDMS block. On the surface, several
conductive electrodes are made by means of SCBI. The electrical properties and
the shape of the conductive electrodes are tailored in such a way that a tiny

bending of the device induces a significant alteration of its conductivity.
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Abstract

The development of stretchable and flexible electronics based on soft polymeric substrates
and components requires the development of novel approaches in the design, fabrication,
integration, and packaging of passive and active electronic components. Here we demonstrate the
fabrication, based on the use of supersonic cluster beam implantation and deposition, of a system
consisting of a stretchable keyboard made by PDMS connected with a touch sensor and a matrix of
LEDs printed on paper through paper-based interconnections. The stretchable kevboard has
conductive vias to electrically link the front and bottom layers. Gold conductive films printed on
paper are used to connect the keyboard with the electronic circuit that 1s in charge to drive the LED

matrix.
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Introduction

The development of stretchable and flexible electronics based on soft polymeric substrates
and components 1s pivotal for applications in wearable devices and sensors, personalized healthcare,
soft robotics, and smart prosthetics [1, 2, 3]. The use of polymeric substrates requires a radical
change in the design, fabrication, integration, and packaging of passive and active electronic
components [3, 4, 5], this has to cope with the necessity of rely on well-established and
economically sustainable production technologies developed in the last four decades for nigid
substrates.

Complex stretchable electronic systems have been fabricated by embedding ultra-thin
semiconductor-based integrated circuits in elastomeric matrices such as PDMS [6]. This approach
required the development of an electrical interconnectivity based on meander-like conductive paths
resilient to compressive and tensile strain associated with stretching, bending and twisting [7].
Although very powerful and effective, this solution i1s highly complex and expensive since it
requires the same facilities of silicon micro and nanofabrication.

An alternative to circuit embedding is the Direct Chip Attachment (DCA) where a microchip
or die are directly mounted on and electrically connected through a circuit printed on a flexible
substrate (Chip on Flex, COF) [8, 9]. DCA typically deals with relatively large conductive features:
low cost, speed of fabrication, and the ability to integrate multiple, discrete components into a
functional system are the key parameters [3]. At present flexible substrate materials for COF are
based on multilayer manufacturing and the attached discrete components are connected by wire
bonding [9].

A recently proposed approach to produce stretchable electrical circuits 15 based on the use of
polymer-metal nanocomposites produced by implanting neutral metallic clusters i PDMS by
supersonic cluster beam implantation (SCBI) [10, 11]. Metal-polymer nanocomposites are very
convenient as substrates for stretchable circuits, however their mechanical properties (Young
modulus) are unfavorable for the interconnection with other devices where the use of wires and
rigid substrates is required.

Two major challenges are still associated with the fabrication of stretchable devices: 1) the
limitation to integration density of the components when only a single layer of interconnects is
used; 11) the connection of stretchable parts with different hard components or substrates: the
matching between soft and rigid components in electrical or mechanical connections remains a
major technical 1ssue to be solved.

A polymeric substrate very promising for the fabrication of flexible electronic circuits is
paper [3, 12]: 1t 15 low cost and fully recyclable, it can be easily shaped and trimmed with scissors

2
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of cutters and it can be used for complex self-standing 3D structures, fluidics and electrochemical
applications [13, 14]. Recently we have reported the fabrication of passive electrical components
(resistors and capacitors) on plain paper by an additive and parallel technology consisting of
supersonic cluster beam deposition (SCBD) coupled with shadow mask printing [15]. Compared to
standard deposition technologies, SCBD allows for the rapid production of components with
different shape and dimensions while controlling independently the electrical characteristics.
Discrete electrical components produced by SCBD are very robust against deformation and bending
and they can be easily assembled to build circuits with desired characteristics [15]. This suggests
the use of paper for the fabrication of flexible electrical connection and substrates with suitable
mechanical properties to be used in conjunction with soft stretchable components as well as with
rigid substrates.

Here we demonstrate the fabrication, based on the use of SCBL'SCBD, of a system
consisting of a stretchable kevboard made by PDMS connected with a touch sensor and a LED
matrix printed on paper through paper-based interconnections. The stretchable kevboard has
conductive vias to electrically link the front and bottom layers. Gold conductive films printed on
paper are used to connect the keyboard with the electronic circuit that 1s in charge to drive the LED
matrix.

System Fabrication and Characterization

Principle of operation and lay-out

A schematic diagram of the system consisting of a stretchable keyboard, a touch sensor, an
Arduino board and a LED matrix 1s reported in Fig. 1. The stretchable keyboard is connected to a
12-key capacitive touch sensor MPR121 [16] through a flexible wiring made by printed electrically
conductive gold paths on a paper substrate. An Arduino electronic board drives the capacitive
sensors and runs the paper-based LED matrix according to the signals received from the touch
sensor. The LED matrix 15 composed by nine LEDs powered by resistors printed on paper by SCBD
and it 15 connected to the Arduino board by standard led-strip connectors.

The capacitance variation produced by touching a pad on the kevboard 1s transmitted to the
rear side of the keyboard through conducting vias and then to the capacitive sensor connected by the
metallized paper conductors. The sensor generates a set of univocal numbers 1dentifying which pad
has been touched and it sends them to the Arduino board through an Inter-Integrated Circuit (I12C)
communication channel This triggers the Arduino board to turn on or off the correspondent LED

fixed on the flexible paper substrate.

106




Submitted to: Smart Materials and Structures

Flexible gold

PDMS Stretchable Keyboard conIectar an paper
substrate

oz

PDMS Stretchabla Ksvboard Schamatic

Caly Caly| Printed resistor Led
Ng £m
R . o' W@y WO WOy

Rewz

g W@y WO WO

*.
_r"l. ._rls_. —sks
.—1‘1—.

sz J
Rowy & . LEDs matrix on paper substrate

Figure 1: Schematic representation of a PDMS stretchable keyboard connected to a touch
sensor with flaxible conductive electrodes realized on a paper substrate. The touch sensor sends
data to an Arduine controeller that, in turn, twrn on or off the LEDs on a matrix printed on a paper
substrate.

The stretchable keyboard 1z based on a matrix architecture (Fig. 1) printed on both sides of
the PDMS substrate. The bottom layer controls the columns of the matrix and it establishes the
electrical connection between the keyboard and the paper connectors, the top layer integrates nine
touchpads and electrical paths acting as bus dedicated to control the rows of the matrix. The two
layers of the keyboard are electrically connected by twelve conductive vias. Every touchpad is
realized splitting the pad in two separate parts: one connected to the column-control bus and the
other connected to the row-control bus. The keyboard and the electrodes printed on paper are
superimposed and bolted to a polylactic acid (PLA) plate to assure the electrical connection.

Printing of conductive paths and vias

Conductive paths (on PDMS and paper) and vias were fabricated by a Supersonic Cluster
Beam Implantation/Deposition (SCBI/'SCBD) apparatus equipped with a Pulsed Microplasma
Cluster Source (PMCS) (Fig. 2). A detailed description of the SCBI/'SCBD technology and of the
deposition apparatus 1s reported in [10, 17]. Briefly neutral gold clusters are produced by a PMCS
and accelerated for deposition or implantation in a supersonic expansion. A PMCS schematically

consists of a ceramic body with a cavity where a target gold rod, acting as a cathode, 1s sputtered by
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a localized electrical discharge ignited during the pulsed injection of Ar gas at high-pressure (40
bar). The sputtered metal atoms from the target thermalize with the carrier gas and aggregate in the
source cavity forming metal clusters; the carrier gas-cluster mixture expands out of the PMCS
through a nozzle into a low-pressure (10—4 mbar) expansion chamber. thus producing a highly
collimated supersonic beam with a divergence lower than 1°. The central part of the beam enters a
second vacuum chamber (deposition chamber, at a pressure of about 10-5 mbar) through a skimmer
and it impinges on the stencil mask-target substrate system. The cluster beam flux is monitored in
real time by a quartz microbalance placed close to the substrate. A motorized samples holder allows
large area deposition moving the substrate target in the perpendicular plane of the nanoparticles
beam [10]. An additional servomotor rotates the substrate target along is vertical axis spanning 180

degrees with a resolution of ~9 degree.
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Figure 2: Schematic representation (o to scale) of the SCBI/SCBD deposition apparatus. The inset
shows the substrate holder used to fabricate on PDMS a double-sided electronic circuit electrically

linked through metalized vias in a single-step process.

In the case of the PDMS substrate, due to its soft nature, we worked in the regime of
Supersonic Cluster Beam Implantation (SCBI) [10, 11]. SCBI is based on the use of a highly

5
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collimated supersonic beam carrying metallic clusters with a kinetic energy of about 0.5 eV -atom-1.
Even if the kinetic energy is significantly lower than in ion implantation, neutral clusters are able to
penetrate up to tens of nanometers into the polymeric target forming a conducting nanocomposite
and avoiding electrical charging and carbonization [11]. The amount of nanoparticles deposited
onto the substrate target 15 measured in term of equivalent thickness defined as the thickness of a
film made by an equivalent amount of nanoparticles deposited onto a rigid substrate [10]. We put a
partially masked Si wafer close to the substrate during the metallization process. Then the mask was
removed and the step between the bare Si and the metallic film was measured vsing a P-6 stylus

profilometer (KLA Tencor, USA).

Keyboard fabrication

The keyboard (100x50x0.5 cm) has been printed on a PDMS substrate by implantation of
gold clusters. PDMS was fabricated by mixing the monomer and the curing agent (Dow Corning,
Sylgard 184) in a 10:1 ratio and stirred with a spatula for 20 minutes. Subsequently the mixture was
put in a desiccator and degassed for one hour. The compound was then poured into the mold
provided with twelve dowels pins to shape high smoothed holes to be used as conductive vias (Fig.
3A).
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Figure 3: A) Kevboard design: twelve holes are used as conductive vias to connect the electrodes

on the top side of the kevboard with the electrodes on the bottom side. B) Top side stencil mask with
the nine touchpads used as buttons. C) Bottom side stencil mask with the six electrodes used to send
the capacitive signal to the external electronic circuit. D) Picture of the kevboard bottom side after

metallization. E) Picture of the kevboard top side, after metallization, with the conductive pads

The PDMS substrate was sandwiched between two stencil masks reproducing the electrical
paths to be printed and mounted on the rotating sample holder system (Fig. 2) in order to print the
conductive electrodes on both sides of the target and the conductive vias during the same
implantation process. The conductive paths were printed using SCBI with silver nanoparticles
combined with a raster scanning technique to ensure a homogeneous metallization [18]. First the
top and bottom sides of the keyboard were deposited (Figs. 3B and 3C). The substrate was then
rotated of roughly 30 degrees and 120 degrees respectively to metalize the twelve holes and to
obtain the conductive vias that link the top and bottom sides of the keyboard. The angles were
chosen to assure that the nanoparticles beam covers all the internal surface of the vias (see Fig. 4).
The nine conductive pads and the bus controlling the columns were printed on the top side of the

keyboard (Figs. 3C and 3E) while on the bottom side we printed the bus to control the rows and the
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links between the touchpads and the electrodes used to transfer electrical signals to the external
control circuit (Figs. 3B and 3D).

A

Figure 4: Top side view and section of the PDMS vias metallized by SCBL

LED matrix fabrication

The LED matrix was realized using SCBD to deposit gold nanoparticles on a paper substrate
topped with a PLA stencil mask to shape the electrical paths [15]. The electrical resistance of the
conductive paths was tailored by measuring in situ the amount of nanoparticles deposited onto the

paper. High power LEDs were glued on the paper and connected to the paths through a conductive

silver paste to establish a good electrical link (Figs. 5A and 5B).

Figure 5: A) Picture of the LEDs matrix showing the electrical circuit fabricated by SCBD of gold
clusters on paper and the glued LEDS. B) LEDs are turned on by touching the PDMS kevboard.

Gold/Paper conductive connectors

The connection between the electrodes of the bottom side of the PDMS keyboard and an
external drive electronic circuit were made depositing gold with physical vapor deposition on a
paper substrate topped with a PLA stencil mask to frame the electrical paths (Fig. 6).

111




Submitted to: Smart Materials and Structures

Figure 6: Conductive paths on paper connecting the PDMS kevboards with standard connectors
and wires.

Electro-mechanical characterization

The electrical resistance of the vias were measured using an Agilent 34410A under stretching cycles
up to 2.3% and 3% of linear deformation. In order to assess the durability of the electrical
connection under repeated stress cycles, a portion of the keyboard of 10x20 mm including a vias
were cut. The resistance was recorded after one hundred cycles of stretchirelax a 5% along the
longest side.

Results and Discussion
The assembled device 1s shown in Fig. 7: touching the touchpads causes the correspondent
LED to turning on or off. This test 1s replicated while bending, twisting and stretching the keyboard
with no observation of delays or malfunctioning. The electrical connection between the kevboard
and the electrodes printed on paper is robust enough to pipe the capacitive signal from the keyboard
to the touch sensor, withstanding the mechanical deformation applied to the keyboard.

112




Submitted to: Smart Materials and Structures

Figure 7: Picture of the assembled device working under the finger pressure. The electric signal is
red from the keyboard to the electronic circuit through a gold/paper flexible electrodes. The
Arduino board in response to the touch turn on or off a LED in the LEDs matrix made of the

flexible gold/paper circuit. The picture shows a test performed with the kevboard stretched of 5%.

We used a matrix architecture for the keyboard in order to significantly simplify the electronic
circuit needed to control it. In fact, a direct connections scheme (one pin per one pad) would require
a one-to-one link between the touchpads and the capacitive sensor inputs. Cleary, this 1s not feasible
mainly because of two reasons: 1) this scheme would require a touch sensor with the same number
of input as the number of touchpads and the higher the amount of pins, the higher the complexity of
the internal logic and thus the higher the price of the electronic circuit: ii) this electrical
arrangement would have required a high number of conductive paths, leading to a considerable
increasing in the final complexity of the whole electronic circuit.

On the contrary, a matrix architecture significantly reduces the design complexity allowing to
control up to N2 touchpads with just 2N sensor pins at the simple cost of using a two-layers
electronic circuit. One layer has a bus dedicated to control the rows of the matrix. the second
handles the columns of the matrix. This implies that it is possible to deal with up 36 independent
touchpads with a 12-key touch sensors.

The matrix architecture is implemented in a device using a double sided electronic circuit with
conductive through-hole vias links. While this 1s of course trivial for standard electronic circuits
made on hard substrates, on the other hand the realization of conductive vias in elastomeric

substrates is still challenging with common metallization techniques [4, 19].
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By using SCEI 1t 1s possible the fabrication of conductive vias in PDMS thick layers, the direct
metallization of the inner wall of the vias 1z obtained by exploiting the high collimation of the
cluster to be implanted in the beam typical of supersonic expansions [17]. By tilting the substrate
against the cluster beam it 1s possible to uniformly implant the clusters. The formation of a
polymer-metal nanocomposite assures the resilience of the conducting film against stretching and
bending [11].

As showed in Fig. 8 the electrodes and vias are still conductive during the stretching phase
undergoing a small increase in the resistance values and restoring the imitial value when the

keyboard 1is reset to rest position.
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Figure 8 A-B) stretching and bending of the PDMS kevboard. C) Evolution of the resistance for two
of the conductive path-vias-conductive path of the kevboard during a stretch/relax cvele. The initial

value of the resistance is recovered when the kevboard is back to the rest position.

In order to realize the LED matrix on paper, we exploited the capability of directly printing
on paper resistors by SCBD [13]. Standard electronic circuits are made by discrete components like
resistors, capacitors, transistors, etc, or integrated components like microprocessors, electrically
soldered on rigid printed circuit boards (PCB). The components are connected through conductive
paths (CPs) usually made of copper. This architecture implies a net separation between components
and electrical paths. For example, a typical circuit to power a LED 1s assembled using the following

scheme: CP-resistor-CP-LED-CP.

Exploiting SCBD resistors and capacitors with well-defined electrical characteristic can be
deposited on paper simply by controlling the amount of deposited nanoparticles [15]. This allows to

11
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fabricate conductive paths with controlled resistance value (resistive conductive path or RCP) to
limit the amount of current that flows in the LEDs and demonstrating an alternative circuit scheme
such as: RCP-LED-RCP. This provides a substantial simplification in the design and realization of

electronic circuits on paper.

In the case of the LEDs matrix, the resistance of the gold elements printed of paper spanned
from 100 ohm to 250 ohm obtained with a cluster-assembled gold film with an equivalent thickness
of 180nm (Fig. 7). These resistance values guarantee that the current sunk from the Arduino board

doesn’t exceed the maximum value, attested around 200 mA.

Conclusions

In summary, we reported the fabrication of a hybrid device based on the mntegration of
electronic components and electrical circuits on different stretchable and flexible polymeric
materials such PDMS and paper. By using supersonic cluster beam implantation and deposition it 15
possible to fabricate conductive paths and vias on polymeric stretchable substrates able to sustain
deformations without altering their electrical properties. The use of electrically conductive paths
printed on paper allowed the connection of PDMS devices with classical “hard™ electronic units and
the fabrication of complex devices matrices. This work demonstrates that SCBI/'SCBD 1s an
enabling technology for the fabrication of a novel class of complex devices based on non-

conventional substrates.
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Abstract

Soft robots should move in an unstructured environment and explore 1t, and, to do so they
should be able to measure and distinguish proprioceptive and exteroceptive stimuli. This can
be done by embedding mechanosensing systems in the body of the robot. Here, we present a
polydimethylsiloxane block sensorized with an electro-optical system and a resistive strain
gauge made with the Supersonic Cluster Beam Implantation (SCBI) technique. We show how
to integrate these sensing elements duning the whole fabrication process of the soft body and
we demonstrate that their presence does not change the mechanical properties of the bulk
material. Exploiting the position of both sensing systems and a proper combination of the
output signals, we present a strategy to measure simultaneously external pressure and
positive/negative bending of the body. In particular, the optical system can reveal any
mechanical stimulation (external from the soft block or due to its own deformation), while the
resistive strain gauge 1s insensitive to the external pressure, but sensitive to the bending of the
body. This solution, here applied to a simple block of soft matenial, could be easily extended
to the whole body of a soft robot. This approach provides detection and discrimination of the
two stimuli (pressure and bending), with low computational effort and without sigmficant

mechanical constraint.
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Introduction

In recent vears, soft robotics[1-7] 1s introducing new concepts in desigming artificial systems,
which today are mainly based on rigid materials and joints with finite degrees of freedom that
can be modeled and controlled based on widely studied mathematical tools. Most of the
classical robots are designed to work 1n a well-defined environment and to perform precise
tasks. On the other hand, soft robots are made of non-rigid materials, can have a very high
number of degrees of freedom and are expected to move and operate in an unstructured
environment.[8-9] All these aspects introduce several challenges in the modeling, design and
control of such kind of artifacts. Materials used for building soft robots are mainly stretchable
elastomers, such as platinum catalyzed silicones (1.e. polydimethylsiloxane -PDMS- or
EcoflexR series). While elastic for small deformations, these materials exhibit a highly nonlinear
behavior for large strains[10]. At the same time, their mechanical characteristics are

useful to attempt mimicking natural skin and underlying tissues. They are a good choice for

the fabrication of bioinspired robots with mechanosensing capability so that they can
reconstruct their shape and deformation (proprioception) and perceive external objects by

touch (exteroception)[11]. To our knowledge only Shepherd’s group has uniquely embedded
proprio- and exteroception in a soft robot[12] by way of a highly stretchable skin Owing to

the skin’s capacitive and electroluminescent functions, 1t was demonstrated that the robot can
etther sense its skin stretching due to its own movement, or that it can detect a pressure

coming from the outside.

In the last decade, artificial mechanosensing solutions, including tactile sensing and

mechanical sensing more at large (e.g. like strain sensing), have shown a strong boost[13-17] .
This has mainly been pushed by the exploitation of novel materials (e.g. graphene, metallic
nanowires, functional organic compounds) and to the rapid development of fabrication
techniques at the micro/nanoscale. In particular, highly deformable matenials (both conductive
and non-conductive) were used to mimic the basic characteristics of skin like flexibility or
elasticity. For instance, strain or bending sensors, based on silver nanowires[18-19], graphene[20-
22] or carbon nanotubes[23-24], have been embedded in ultrathin polymeric films. Also, sensors
based on gold nanowires[23], organic transistors[26-28]. and conductive textiles have been
proposed[29-31]. In addition to single sensors, electronic skins (e-skin) have shown remarkable
advancements, especially in the field of ultra-thin and ultra-conformable systems[12, 32-38].
However, in soft robots and wearable systems [39-44] it becomes crucial using such deformable
devices to encode a variety of mechanical inputs. In doing so, several aspects that are not

considered (2.g. owing to testing single specific functionalities of the devices or to
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implementing them per se&) become important. One key issue is the capability of detecting and
distinguishing different types of mechanical cues etther external or originated by the
movement of the artifacts (e.g. pressure, stramn, or bending), which we name mechanical
multi-modality. One possible strategy should be the integration of separate transducers, each
sensing one mechanical stimulus. Nevertheless, in general soft tactile sensing devices respond
in a very similar way under different solicitations. This 1s mainly due to their basic building
blocks made of soft materials that exhibit a very similar response (e.g. mostly electrical, like
change in resistance, capacitance or current) to deformations induced in the device by any
tvpe of outer mechanical stimuli (e.g. indentation, traction, etc.). Most of the multimodal
mechanical sensors found in the literature suffer from such limitation [45-47]. Another possible
strategy 1s the integration of many similar sensors (1.e. transducing the same mechanical
solicitation) and adopting an ad hoc elaboration data algorithm to discriminate between
different stimulations.

Following this approach, in a previous work, we addressed the discrimination of two different
types of mechanical stimuli in a soft body[48]. We used two similar sensing elements (based on
e-textiles and elastomers embedded in the soft module) to recognize the convex from the
concave side and detect the bending angle (or maximum deflection), and to distinguish
between bending (1.e. local strain) and external force solicitation. However, when this solution
1s distributed along the body of the whole robot, it can be limited by the high number of
connections, which would affect the mechanical behavior of the system, and by the electronic
and computational complexities. For example in Cianchetti et al.[49] resistive stretch sensors
are exploited to reconstruct the spatial configuration of a continuum soft arm. In this case, the
local curvature of the arm 1s retrieved with differential strain measurements, and the
reconstruction method allows obtaining the spatial configuration from local deformations. Yet,
the wiring needed for measuring each resistance variation 1s a bottleneck for real applications.
Another example 1s given by Chossat er /. [30], with a soft tactile skin using an embedded
1onic liquid matrix. Here, a tomographic imaging process is needed for reconstructing the
stimulation map, and for larger matrices real-time elaboration i1s computationally very
demanding.

Indeed, another and very promising strategy is to combine material structuring at the
micro/nanoscale with nano-composites, such as graphene, nanowires or carbon nanotubes
(CNT). For instance, following this approach a multilayer device, made of a porous rubber
and an air gap between two polydimethylsiloxane (PDMS)/CNT conductive thin films, was
developed to distinguish between pressure and lateral strain[51]. Similarly, a device based on
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nylon and polyurethane fibers, functionalized with silver nanowires and coated with piezoresistive
rubber[52] has the capability to discriminate pressure, strain and flexion.

Nevertheless, even with remarkable sensing capabilities like the abovementioned example,

the current devices are optimized as single components, without considering the direct

integration in a soft body. Also, they are characterized on rigid supports of the experimental
set-ups. This represents another key 1ssue that must be tackled for sensorizing soft robots, (1.e.
where the substrate 1s the robot body made of soft elastomers, such as PDMS or EcoflexR),

and wearable systems (1.e. where the substrate 15 the human body).

Proposed solution

In this article, we present a new mechanosensing solution that has three key aspects. The first
1s that it can retrieve both exteroceptive (pressure) and proprioceptive (strain due to bending)
information; the second 1s that the two exploited transduction principles (1.e. electro-optical
and resistive) are obtained through, and thanks to, a soft body; finally, the third is that the
sensing technologies used do not alter the original mechanical characteristics of the starting
soft material (1.e. PDMS) that will easily constitute the bulk of a future actuated structure. In
future works, this proposed solution can be scaled up to sensorize an entire soft robot.

More in detail, our device 1s made of a PDMS block, with a photodiode and a phototransistor
embedded during the fabrication process. The photodiode and the phototransistor are used as
transmitter and receiver, respectively, obtaining an electro-optical sensor. The use of PDMS
as soft waveguide, in combination with optical elements, for sensing mechanical stimulations
has been already reported. For instance, Ramuz et. al.[33]presented a transparent pressure
sensitive artificial skin based on a layer of PDMS embedding organic LEDs and photodetectors,
while we have previously shown how the soft waveguide principle can be used to

develop an extended electronic skin for distributed and multiple pressure mapping[54]. Also,
very recently a fiber-reinforced soft prosthetic hand was reported, in which PDMS-based
optical waveguides are exploited to detect either curvature, elongation, or external force[35].
All these results are encouraging and are starting to show the potential of using a soft
transparent material having the two-fold function of mechanical substrate and waveguide
material. We also use it in the present work for pressure sensing function. Then, one of the
body surfaces has patterned conductive electrodes forming a resistive strain gauge, which are
produced by Supersonic Cluster Beam Implantation (SCBI) that 1s an innovative technigue for
making conductive parts in soft elastomers[56]. The key point is to keep the implanted plane

far away from the external surface, since the upper PDMS layer acts as a mechanical shield
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for stimuli coming from the external environment, such as pressure or contact with an object.
Otherwise, the resistive strain gauge would be sensitive to external pressure (in addition to
strain) if the upper surface 1s patterned, avoiding the discrimination of multiple stimuli by
combining optical and resistive signals.

In this way, the body and the sensing elements are completely merged during the whole
fabrication process. We demonstrate that all embedded sensing elements do not affect the
mechanical behavior of the soft body. Finally, we show that combining properly the signal
outputs, it 1s possible to distinguish and to measure both sequential and simultaneous

pressure/bending stimulations.

Materials and methods

Design and strategy for revealing simultaneous multiple stimuli

PDMS 15 one of the most used materials in soft robotics and the device here proposed (shown
in Figure 1) can be considered as a proof-of-concept for a section of soft robot with embedded
sensing capabilities. The bulk body acts as a waveguide for the light emitted by the
photodiode and collected by the phototransistor. Due to the reduced dimensions of the optical
elements, the mechanical bulk characteristics are not affected by their integration in the body.
The implanted conductive pattern on one of the device surface 1s produced by SCBL Since it
1s not in the middle plane (for more detail see SI), bending of the structure induces a strain on
the patterned surface, which can be measured from 1ts resistance variation. In a previous
work(ss), the characterization of linear strain (1.e. resistance varation vs. elongation of metal
layer) has been presented, demonstrating the effectiveness of this kind of implantation as
reliable and sensitive strain gauge. From this resistance variation, the positive or negative
bending in a 2D plane can be revealed. Otherwise, the resistive strain gauge is almost
insensitive to a pressure applied on the non-implanted surface; since the PDMS body
thickness avoids that the deformation is transmitted to the opposite side. Remarkably, in
contrast to other available technologies used to implant or integrate conductive paths on a soft
substrate, the fabrication of conductive patterns based on a metal-polymer nanocomposite
produced by SCBI ensures a complete integration of the sensing elements in the bulk, with
excellent mechanical stability under deformation, while the mechanical properties of the
nanocomposite (Young modulus) are substantially unchanged compared to the pristine
polymersn.

By contrast, any mechanical deformation of the body can be revealed measuring the output

signal of the phototransistor, which is proportional to the incident light collected by the
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recetver. Then, by combining this asymmetrical behavior, the system 1s able to distinguish
clearly between the pressure applied on the upper surface and the positive or negative bending
of the body.

This sensing strategy 1s quite general, since 1t depends weakly on the soft body shape and on
the materials employed. A key point 1s to exploit different sensing principles completely
decoupled both from the transduction and the mechanical point of view. But, at the same time,
the sensing elements should be completely embedded 1n the body without interfering on the
bulk mechanical properties. Indeed, in this case we exploit an optical system and a resistive
layer as sensing elements. In addition, the strain gauge 1s built in a buried region of the body,
in order to shield the mechanical deformations due to external applied pressure. In this way,
the optical system is able to detect all bulk mechanical deformations, while the resistive gauge
only the strain applied on its surface. Regarding the bulk material, a compromise in its
elasticity 1s needed, since a completely rigid body will not be able to reveal an applied
pressure, while a very soft will not shield the buried strain sensor. For these reasons, we chose
a basic body shape (a parallelepiped) for experimental validation, and PDMS as soft body
material, which 1s widely used in soft robots and it 1s transparent to IR light.

Finally, we should note that the described strategy is strictly valid for movement/stimulation
in a 2D plane. However, it can be the basis for reconstructing movements and stimulations in

the 3D space, by combining several sensing elements.

Device fabrication

The whole fabrication process 1s depicted in Figure 1. First of all, the PDMS block, with
dimensions of 40x15x5 mm, 1s obtained by curing degassed PDMS (Dow Corning, Sylgard
184), with a prepolymer /cross-linker ratio of 10:1 by weight, for 24 hours at room
temperature in a rigid plexiglass mold. Before pouring the PDMS, an infrared (IR) photodiode
(VSMY1850, Vishay Semiconductors, USA) and an IR phototransistor (TEMT7100X01,
Vishay Semiconductors, USA) are fixed into the mold, in order to be embedded in the PDMS
block after the curing phase.

Additionally, one of the body surfaces has patterned conductive electrodes, produced by a
Supersonic Cluster Beam Implantation (SCBI) apparatus equipped with a Pulsed
Microplasma Cluster Source (PMCS). PMCS consists in a ceramic body with a cavity in
which a solid gold target 1s vaporized by a localized electrical discharge supported by a pulsed
injection of an inert gas (He or Ar) at high pressure (40 bar). The metal atoms, sputtered from

the target, aggregate in the source cavity to form metal clusters; the mixture of clusters and
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inert gas expands through a nozzle forming a supersonic beam into an expansion chamber
kept at a pressure of about 10-6 mbar. Electrically neutral nanoparticles exiting the PMCS are
aerodynamically accelerated in a highly collimated beam with divergence lower than 1° and
with a kinetic energy of roughly 0.5 eV » atom-1. The central part of the cluster beam enters,
through a skimmer, a second vacuum chamber (deposition chamber) where the beam 15
intercepted by the polymeric substrate. By means of a stencil mask and substrate rastering in
the plane perpendicular to the cluster beam (see Figure 1b), it 1s possible to homogenously
implant gold nanoparticles into the target polymer with the required pattern.

In this way, a fully stretchable and conductive pattern is obtained on the surface[36], as shown
in Figure 1b. The amount of nanoparticles implanted is measured in term of equivalent
thickness (rag), defined as the thickness of a film made by an equivalent amount of
nanoparticles deposited onto a rigid substrate. In this case, devices have been fabricated with
teg =815 } 3 nm SCBI has been demonstrated as an effective method for the
microfabrication of stretchable conductive circuits on PDMS[57], since it 1s applicable at room
temperature (without any heating of the samples) and does not induce any charging or
carbonization of the polymeric substrate.

Then, the nanoparticle paths are sealed to external wires by means of a laver of nickelgraphite
filled silicone adhesive (S0l-08, Soliani EMC, Italy) cured at room temperature for

12 hours. These soft contacts ensure both high conductivity and elasticity also in the
connecting region of the patterned surface to the external measuring circuitry (depicted in
Figure 1¢). Finally, the whole surface is protected and electrically insulated with a 200 pm
thick film of soft elastomer (EcoflexE. 00-30, Smooth-on Inc, USA), as sketched in Figure 1d,
deposited by spin coating at 500 rpm for 60 seconds and successive curing at room

temperature for 12 hours. The final device 1s shown in Figure 2a.

Read-out electronic system

The device is connected to an external custom made printed circuit board (PCB), where the
conditioning and the signal elaboration circuitry 1s embedded (see Figure 2b for the schematic
electrical circuit) and the signal acquisition 1s performed by a PSoC3 (Programmable System
on Chip CYBC3866AXT-040 from Cypress Semiconductor Corporation . San Jose, CA, TUSA).
Regarding the optical system, both the IR Led and the phototransistor are biased by means of
variable resistors, in order to tune the emitting light intensity and the receiver collector
voltage, respectively. Moreover. it is possible to vary the sensitivity of optical system. The

phototransistor can be biased at different collector-to-emitter voltages Vo, and at lower bias
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voltages, the sensitivity 1s higher (see SI for addition details). This lets the system to adapt the
response to different scenarios, where a lower or a higher sensitivity could be useful. To
improve the system performance, a differential mode signal treatment 1s adopted. The
photodiode is biased with a pulse wave, with a duty cycle of 2% at frequency of 20 Hz. For
each cycle, the output signal 1s given by the difference between the collector voltage with and
without the emitted diode light (1.e. before and the end of the pulse wave biasing the diode,
respectively). This strategy avoids losing any information and has two main advantages. First
of all, the pulse length (1 ms) allows to filter the low frequency noise of the diode current,
such as the random telegraph signal (RTS) noise usvally due to trapping-detrapping
phenomena, which affects the emitted light and, by consequence, the system output signal.
The second advantage 1s the possibility to implement a differential read-out strategy, in order
to cancel the environmental light variations that may cause interferences on the output signal.
Regarding the resistive strain gauge, it 1s connected in a voltage divider with a 10 kQ resistor
and acquired by reading the drop voltage on 1t. In the case of the bending experiments with a
cantilever configuration (shown in SI), a capacitive linear accelerometer (LIS2ZLO2AL,
STMicroelectronics Inc., Geneva, CH) 1s connected to the same PCB. The output voltages,
together with the accelerometer outputs in the case of cantilever experiments, are collected
and elaborated by a 32-bit PIC (PIC32MX460F512L, Microchip Technology Inc., Chandler,
A7 USA) microcontroller and transmitted to a PC by means of USB communication. Finally,

the whole system is controlled by a custom made graphical user interface (GUI).

Results and discussion

For characterizing the system response to external applied pressure, the device 1s fixedon a
rigid surface, and it 1s indented in the middle of the non-implanted (upper) surface, as
depicted in Figure 3a. First, a DelninR probe with flat head (8 mm = 8 mm) 1s aligned to the
center of the sensing area by means of three orthogonal manual micrometric translational
stages with crossed roller bearing (M-105.10, PI, Karlsruhe, Germany); then, indentation of
the loading probe in the normal direction 1s obtained by means of a servo-controlled
micrometric translational stage (M-111.1, P, Karlsruhe, Germany). At its opposite side, the
probe 15 mechanically interfaced to a 6-components load cell (ATI NANO 17 SI-25-0.25,
Apex, NC, USA) capable of recording the indentation force applied to the soft sensing body
(the acquisition frequency 1s 20 Hz). The probe 1s indented into the soft body at a constant
velocity of 0.05 mm/s and 1 mm/s for quasi-statical and load-unload characterizations,

respectively, gradually increasing the displacement and then the applied load. With this set-up,
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a positive variation of the phototransistor output signal occurs, while a null resistance
variation of the gold nanoparticle paths 1s observed.

The results are shown in Figure 3b, with a pressure up to 250 kPa. The optical output signal 1s
given by the variation of Vee. In particular, we consider the normalized voltage variation
AV/Vo, with Vothe Ve bias voltage of the phototransistor. In the same plot, different signal
variations of the optical system are depicted, with Vo tuned from 0.5 to 2 V. As shown, the
signal amplitude 1s much larger for lower values of Vi, demonstrating the possibility to adjust
the sensitivity in a relevant way. While the configuration with Vo= 0.5 V 1s the most efficient,
higher bias voltages could be used if we are interested in filtering lower pressure stimulations.
For instance, we could trigger an actuator at a certain pressure level without introducing any
other electronic/logical element, whose integration could be difficult in a soft robot. Moreover,
in Figure 3¢ the typical time response of both signals under load-unload cvcles 1s shown. For
this example, the bias voltage is put to Vo= 1 V, and the indenter 1s cyclically load and
unload, simulating a pressure square function and applving for each cycle a maximum
pressure of50 kPa.

Instead, in the case of bending, both optical and resistive signals vary. If the bending stretches
the implanted surface (positive bending) the resistance variation 1s positive; otherwise, in the
case of compression (negative bending) the variation 1s negative (see Figure 4). By contrast,
the optical variation 1s always positive, since any mechanical deformation lowers the incident
light on the receiver. In order to bend the device in a precise and repeatable way, the device is
installed on a thin metallic support by means of Parafilm strip in order to ensure both
adhesion and flexibility to the device. Then, the metallic strip 1s clamped to a fixed
mechanical support at one extremity, while the other end 1s clamped to a servo-controlled
precision translation stage (M-126 .CG1, PI, Karlsruhe, Germany), whose movement causes
the bending of the metallic strip and the device fixed over it.

Conventionally, positive or negative bending 1s caused by a positive or negative moment,
respectively, while the vertical deflection has the opposite sign. For small deflections, the
curved profile can be approximated with a circular arc. Given the strip length L= 70 mm and
the vertical deflection % it 1s possible to find the strain £ as

1 4y 2t
E= ——=——h=-—h, (1)

r L?
where ¥ = /2 is the vertical distance of the neutral axis to the implanted surface. Since the
device thickness ¢ 1s much higher with respect to those of the strip, the neutral axis 1s

positioned nearly the middle of the device. Noticeably, while the relation between the strain
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and the lateral compression Ax is highly non-linear (see SI for detailed calculations), the
strain vs. vertical deflection characteristic becomes linear. Finally, considering the relative

resistance variation AR/Rp = we,

AR, t,
.RU_ fl‘L._!i,

The quasi-static characteristics of output signals vs. vertical deflection /1 1s shown in Figure
4b. The optical signal vanation (blue solid curve) 1s positive for both positive and negative
vertical deflections, while the resistance vanation (red solid curve) follows Equation (2)
(black dashed line), with ap = 24 and on = 125 for positive and negative bending,
respectively. This different value can be due to the different rearrangement of nanoparticle
clusters during compression or extension. Figure 4d and 4f show the time response of output
signals due to bending/unbending cycles. In particular, panel d) shows the response to
negative bending cycles. For each cycle, the system starts from the flat configuration
(depicted in Figure 4a), it reaches a maximum vertical deflection of 5 mm, and then it comes
back to the mnitial flat condition. Instead, panel f) shows the response to positive bending
cycles, where at each cycles the maximum deflection 1s of -3 mm_ It can be noted that the
optical signal has a positive variation in both cases, while the resistive variation is positive or
negative according to the bending direction. Finally, for analyzing the hysteresis in
bending/unbending cycles. the behavior of output signals vs. vertical deflection is shown in
Supplementary Information (see Figure 57 and S8 for negative and positive
bending/unbending cycles, respectively). We can also note a good repeatability and a fast
response to the mechanical stimulation.

To demonstrate the multimodal capabilities of the system and its possible application in soft
robotics, the two previous experimental setups have been combined. In particular, the setup
used for pressure characterization, composed by the load cell and the flat indenter mounted on
the precision vertical stage, 1s positioned above the bending system described above, as
sketched in Figure 5a.

First of all, the capability of distinguish sequential stimulations is tested, and the result 1s
shown in Figure 5b. In phase I, the sample, starting from a flat configuration, 1s bent
negatively, without coming in contact with the indenter placed over 1t. This bending causes an
increase of the optical output signal (blue solid line) and a negative resistance variation (red
solid line). Then, in phase IL, the indenter 1s cyclically moved vertically upwards and
downwards, stimulating the bent device with load-unload cycles. The applied pressure 1s
measured by the load cell (shown in black dashed line). As expected, during this phase the

(2)
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optical signal presents an additional variation, in phase with the applied pressure , while the
resistance change 1s null. Finally, in phase III the cyclical vertical indentation 1s stopped, and
the sample is released from bending, recovering initial values for both output signals.
Observing this behavior, we can combine the two signals in such a way to enhance only the
variation due to the external pressure, cancelling the contribution due to bending. In particular,

defining

we could find the optimal k value in order to have an almost null S value in case of pure
bending. The combined output signal, with k=23, 1s shown in Figure 3b (green solid line).
We can note that the signal 5 has a positive variation only when the external force (black
dashed line) 1s applied. Instead, as already shown in Equation (2), the bending 1s proportional
only to the resistance variation. Then, using Equation (2) and (3), we can distinguish clearly
between the two different mechanical stimulations, and measure them.

In order to further demonstrate the effectiveness of this strategy, also simultaneous
mechanical stimulations are investigated. The results are shown in Figure 6. In this case, the
indenter is put close to the sample surface. Then, when performing bending/unbending cycles,
the sample hits the indenter (connected to the load cell) for a fraction of each cycle. In the
non-contact phase, both output signal vary, as shown in Figure 6a. Instead, in the contact
phase, the optical signal presents a very large vanation (blue solid line), while the resistance
change 1s almost null, being affected only by bending. The corresponding combined output
signal (calculated with the same previous value for k) 1s shown in Figure 6b (green solid line),
and it matches the pressure measured by the load cell (black dashed line). Then, also in this
case, by exploiting Equation (2) and (3) it is possible to discriminate and measure bending

and pressure.

Conclusion

In conclusion, we presented a multimodal mechanosensing system where the sensing
elements can be embedded in a soft body during its initial molding. Thanks to SCBI process,
the addition of sensing items to the system does not change the mechanical properties of the
bulk material (in this case PDMS). This solution 1s particularly desired in the field of
wearable systems and in the fabrication of soft robots with sensing capabilities. In particular,
we demonstrated how, combining the optical and the resistive outputs in a proper (but very

simple) way, the proposed system can detect and distinguish different stimuli, such as strain
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related to bending and external pressure. While pressure 1s strictly related to exteroception,
bending 1s typical proprioceptive information. We believe that this 1s a key enabling
technology for building future multimodal soft robots. Indeed, as mentioned in the
introduction, to our knowledge the only example of soft robot with both proprioceptive and
exteroceptive capabilities 1s presented by Larson er al/12]. However, in that case the
discrimination of simultaneous pressure/bending stimulation was not demonstrated.

The aim of this work was to demonstrate the effectiveness of a novel strategy for multimodal
sensing in soft robotics. Several aspects remain to be properly studied and analyzed in future
works. For instance, how the responses of both electro and optical mechanisms would change
in the case of integration in an entirely soft body, or if a pneumatic actuator 1s embedded in a
soft robot or 1n a gripper. Also, the dependence of the output signals on the characteristics of a
contacting object (1.e. its shape and dimensions, 1f it 1s optically reflective or not) should be
analyzed. Finally, here we considered movements only in a 2D plane, while soft robots will
move in the 3D space. Then, this sensing strategy should be generalized in order to
reconstruct 3D deformations and movements.

Given the promising results at component level, the presented approach can be further
investigated in the near future at robotic level to evaluate its potential during the movement
and exploration of a soft robot, without needing vnwieldy wiring and distributed conditioning

circuits that nowadays are the main technological limits in this field.
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Figure 1. Fabrication p of the device. a) PDMS molding for making the bulk body with embedded
optical elements. b) Supersonic cluster beam process for the impl ion of gold particle-based
resistive strain gauge, with the implanted surface shown in the inset. ¢) Soft contact connection to external
wires of the implanted strain gauge by means of a nickel graphite filled silicone adhesive. d) Insulation and
protection of the implanted surface with a thin Ecoflex® layer deposited by spin coating.
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Figure 2. a) Photograph of the final device, b) Electrical schematization of the sensing system with its
conditioning and read-out circuitry,
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pr e. @) Scheme of the experimental setup with the sensing system

P to
fixed on a rigid surface. The device is stimulated with a rigid flat square indenter, connected to a load cell,
by means of a motorized vertical translation stage. b) Output characteristics of the sensing system versus
applied pressure. Different optical cutputs are shown, with VO spanning from 0.5 V to 2 V, demonstrating
the tunable sensitivity of the system. In this case, the resistive output signal is null. ¢) Output signals for

load/unload cycles, with an applied pressure around 50 kPa and Vy = 1 V.
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Figure 4. R to ive/ itive bendi a) The device Is fixed on a thin metallic strip of
length L=70 mm and bent by means o' an horizontal translation stage connected to one extremity of the
strip, with the other fixed, b) Output characteristics of the optical (solid blue line) and resistive (red solid
line) signals versus vertical deflection h. Schematics (c) and output signals (d) for load/unload cycles for

negative bending, with vertical deflection around 5 mm, In this case, the optical signal is positive, while the
resistive output is negative. Schematics (e) and output signals (f) for load/unload cycles for positive
bending, with vertical deflection around -5 mm. In this case, both optical and resistive signals are positive.
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Figure 5. Sequential stimuli detection. a) Output signals under sequential mechanical stimulation. In
phase I) the device is bent, without hitting the indenter placed above It. During this phase, both optical
(blue solid line) and resistive (red solid line) signals varies. In phase II) the indenter is moved cyclically in
the vertical direction, applying a load/unload stimulations on the device, In this case, only the optical signal
has a variation, in phase with the pressure measured by the load cell (black dashed line), b) Combined
output signal (green solid line), proportional to the measured pressure (black dashed line).
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Figure 6. Simult imuli d i a) Output signals under simultaneous mechanical stimulation.

By means of bending/unbending cycles, the device hits the indenter for a fraction of each cycle. In non-
contact phase (1) the device approaches the indenter placed above it, Here, both optical (blue solid line) and
resistive (red solid line) signals varies, In contact phase (II) the device hits the indenter, causing a pressure

on its upper surface, In this case, only the optical signal has a variation, in phase with the pressure
measured by the load cell (black dashed line). b) Combined output signal (green solid line), proportional to
the measured pressure (black dashed line).
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Integrated simultaneous detection of tactile and bending cues for soft robotics
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1. Tunable sensitivity of the optical system
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Figure S1. Tunable sensitivity of the optical system

In Figure S1 the tunable sensitivity of the optical system is explained. Indeed, supposing J,
the incident light without any stimulation, with the phototransistor polarized in the active
region, the incident light after a mechanical stimulation is J; < J,, with a consequent lower
output current /.. Since the working point lies on the load line (dashed line in the graph), the
same light intensity variation causes a larger output Veg variation for lower Vy,. Then, the ratio

AVcg/V, can be varied by tuning Vy, with higher values for lower V.

1. Bending characteristic equations

Starting from the device in a flat configuration, depicted in Figure 4a, the horizontal lincar
stage bend the system as sketched in Figure 4¢ (negative bending) or 4¢ (positive bending).
Considering the curve profile as a circular arc of length L, and the curvature angle 8 = L/r,

with r the curvature radius, the vertical deflection is
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g L ) (S2)
h r[l -cos-z-l =-o-[l —cos-i].

Then, expanding the cosine in Taylor's series at the second order (cos 8/2 = 1 - 8%/4), we

obtain h = L6 /4.
The strain is
y te 2t A (S3)
B —— - - —
‘ T
with 7 the thickness of the body and ¥ = t /2 the distance from the neutral axis.
Finally,
AR 2t h (S4)
— g =
Ry ac amh

3. Cantilever configuration

Considering a cantilever configuration of the system, it is possible to predict the resistance
variation as a function of the maximum bending angle 6,,,,, of the free end. Indeed, the strain
« on the surface is

mt (S5
£ = 3e 7 P :

with 7 and L the thickness and the length of the body, respectively. In addition, supposing a
lincar resistance variation of the strain gauge AR/R, = ae, we obtain
o SO (86)
R, 360al ™
In Figure S7 the experimental results of the system under bending are shown. In this case, the
system is mounted in a cantilever configuration, and the angle is measured by means of a
biaxial accelerometer attached on the free extremity. As shown, the optical signal presents
positive variations for both positive (upward bending) and negative (downward bending)
angles. By contrast, the resistance varies positively or negatively for upward and downward
bending, respectively. This is due to the different kind of strain (extensive and compressive,
respectively) applied on the implanted surface during bending.
Moreover, for positive angles the behavior of the resistive device is quite linear, while for
negative angles it presents some non-linearities. This is probably due to the fact that
nanoimplanted clusters behave differently under compression and extension. Then, for
positive angles, it is possible to predict quantitatively the applied bending, by means of
Equation (S6). In Figure S7 the experimental data (red solid line) are compared with the
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fitung of Equation (S6) (black dashed line). with a good agreement in the range -20°+ 80°. In
this case. with t = Smm and L= 30 mm. the fitted value is a = 0.27.
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Figure S7. Output characteristics in cantilever configuration.

4. Hysteresis in bending/unbending cycles

In Figure S8, the hysteresis of output signals for negative bending/unbending cycles is shown.
In particular. for the optical system. bending and unbending scans are depicted in blue and red
solid lines. respectively. Instead. the resistance variation for bending and unbending scans is
shown in green and violet solid lines, respectively
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Figure S8. Output signals vs. vertical deflection for negative bending/unbending cycles

The results for positive bending/unbending cycles are shown in Figure S9, using the same

color code of Figure S8.
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Figure S9. Output signals vs. vertical deflection for positive bending/unbending cycles.
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6.4  Conclusions

This chapter described the possibility to exploit SCBI to fabricate smart
materials starting from different substrates and how it is possible to incorporate
them to obtain innovative hybrid devices. Two examples have been provided: a

multilayer stretchable keyboard and a tactile/bending sensor.

Multilayer architectures are the most practical way to arrange electronic
components on a board. Electrical connection among layers is assured by means
of conductive vias. Fabricating stretchable conductive vias is demanding to
integrate advanced features also in devices based on stretchable substrate. Up to
now, this issue has been poorly addressed. Exploiting SCBI | have demonstrated
the possibility to shape stretchable conductive vias also on soft substrate. | have
realized a stretchable keyboard with a matrix architecture that requires two
layers. I have fully exploited a set of rotating sample holders to fabricate both
layers and vias within the same implantation process. | have tested the keyboard
with several mechanical deformations showing that it maintains good electrical
properties during the tests. Then | have addressed a second issue typical of
stretchable electronics: how to bind standard rigid electronic with soft
component. Our solution relies in using conductive electrodes printed on a paper
substrate. While paper could be used coupled with standard electronic
connectors, its softness takes in account for the mechanical deformation of the
keyboard preserving the electrical links. | have also proved that resistors printed
on paper with SCBI can be used to power a set of LEDs, limiting the flow of the
current and avoiding the need for standard resistors, simplifying the circuit

fabrication.

In the second device, SCBI have been used to fabricate conductive
electrodes on a soft substrate. The electrical properties of the electrodes have

been tailored to realize a pressure sensor, controlling the amount of nanoparticles
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implanted in the polymeric matrix. The device is thus able to sense small
deformations that cause measurable changes in the electrical properties of the
electrodes. Coupling the electrodes with a standard optical sensor a hybrid
pressure sensor that is able to discriminate mechanical deformations caused

either by bending or by an external pressure exerted on it has been fabricated.
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7 Conclusions

In this work, 1 have shown that supersonic cluster beam
implantation/deposition is a robust technology for the fabrication of novel smart
materials, systems, and devices with unique properties that can be exploited to
complement and to extend the capabilities of standard electronic devices and

micromechanical systems.

During my thesis work | have conducted a substantial upgrade of
SCBI/SCBD set up, realizing an automatic and parallel system that allow the
fabrication and characterization in situ of multiple samples. This set up have
greatly enhanced the fabrication process: it reduces the time needed to obtain a
large number of working samples, it permits large area implantation on different
sides of the same sample and it permits the electrical characterization of several

samples in real time.

SCBI coupled with this system has been used to fabricate micrometric
thin conductive stretchable metal-polymer nanocomposites, able to sustain large
mechanical deformation without significantly altering their elastic properties. At
the same time, these systems exhibit good conductivity both at rest and when
stretched. This has been exploited to obtain micrometric thin soft actuators than
can be driven with voltage values lower than 1 kV. The actuators show good
mechanical and electrical properties also for repeated actuation cycles (10000

cycles).

SCBD has been exploited to print passive electronic components
(resistors, capacitors and super capacitors) on a paper substrate to deposit gold
and carbon clusters with SCBD. Small circuits (low-pass, high pass filters and a
wireless power storage/power supply system) have been realized combining

printed electronic components.

148



The upgraded setup developed has been crucial to demonstrate how SCBI
can be used to fabricate 3D conductive stretchable materials leading the way in
the realization of full stretchable multi-layer electronic systems with high degree
of complexity. So far, 3D stretchable conductive materials have been realized
using several workarounds that never allowed for a real full stretchable
conductive system. | have then exploited that to fabricate a multilayer stretchable
capacitive keyboard that requires a complex architecture design: it is a standard
for classical electronic system but it is challenging to implement with soft
materials. This keyboard has been used as a platform to address another long-
standing issue: how to make smart material-based components interact with

classical electronic circuits.

| have also demonstrated how SCBI can be used to fabricate a smart
material with sensing capabilities that directly integrates standard electronic
components. This smart material has been exploited as a pressure sensor able to
discriminate different mechanical deformations (strain caused by bending or
external pressure). The behavior of this material is particularly desired in
wearable systems or for soft robots: in fact, embedding sensing capabilities
within a soft structure enable a robot to interact with an unstructured

environment without the need for complex mechanical and software systems.
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Appendix A: Conducting shrinkable nanocomposites based
on Au-nanoparticle implanted plastic sheet: tunable

thermally-induced surface wrinkling

Hereafter it is described the fabrication of a thermally shrinkable and
conductive nanocomposite material prepared by SCBI of neutral Au
nanoparticles into a commercially available thermo-retractable polystyrene (PS)
sheet.
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AB.STRA('T A lhcrma[ly shrinhble and conductive nano-

ial d by sup ic cluster beam
unplantanon (SCBI) of neutral An nanoparticles (Au NPs)
into a commercially available thermo-retractable polystyrene
(PS) sheet. Mic inkling is obtained during shrinking,
whldnsstudwdbymcan:ofSEM'I'EMandAFMumgmg,
Characteristic periodicity is determined and correlated with
nanoparticle implantation dose, which permits us to tune the
topographic pattern. Remarkable differences emerged with
respect to the well-known case of wrinkling of bilayer metal—
polymer. Wrinkled composite surfaces are characterized by a

peculiar multiscale structuring that promises potential technological applications in the field of catalytic surfaces, sensors,

biointerfaces, and optics, among others.
KEYWORDS: surface wrinkling, metal NPs, implantation,

urface wrinkling is a self-organization ph in

which the surface of a stiff phle (ora 'slun ) coupled to a

iposite, pattern, shrink, buckling

ﬁlm was used by Greco et al. for the development of a low-cost

soft elastic substrate rearranges in wavy topographical features
(wrinkles) when subjected to compmss:vt stress exceeding a
certain critical threshold." The length and the amplitude
of the surface periodic structures depend on the intrinsic
mechanical properties of the materials composing lhe bilayer
system, on their thickness and on the amount of strain.” Surface
wrmklm& driven by medumal instability, is widely observed

such as h skin or fruits and leaves of
phms, the pl ‘z\ rnedumsms underlying it have been widely
g: exp ion of surface wrinkling for the

micro- and nmopatlcmmg of surfaces has also been
demonstrated recently as in view of different applications,”®
as well as a metrology technique for the characterization of the
mechanical properties of thin films.” Microwrinkling has been
demonstrated on the surface of shrinkable thermoplastics (e.g,,
commercially available films of thermoretractable polystyrene
(PS) or polyolefins) subjected to heating. Wrinkled metallic
surfaces obtained by depositing a metal film on shrinkable
thermoplastics were reported by Khine and co-workers'® and
used as substrates for fl ence enhancement.'"'> Micro

and nanowrinkling was also successfully applied for thc
culturing and alignment of embryonic stem cells'* and for
the development of superhydrophobic and antibacterial
surfaces."* Wrinkling of thermoretractable PS with a Pd thin

< ACS Publications  © 2015 American Chemical Soclety

r hydrogen sensor.'® The same group then reported
wrinkling of the conductive polymer PEDOT:PSS on top of PS
to obtain smart biointerfaces able to direct cell alignment and
provide a means for their electrical/electrochemical stimula-
tion.'® Recently, a wrinkled surface composed of a thin (100
nm) film of pyrite (FeS,) nanocrystals deposited on shrink-
wrap film by spray coating has been presented as catalytic
surface via Fenton chemistry for oxidative footprinting analysis
of proteins."”

Polymer—metal nanocomposites are considered key ingre-
dients for the fabrication of electronic skin, soft robots and
smart touch sensors,'™'? thus the micro- and nanopatterning of
their surfaces would be highly beneficial for these applications;
however, surface wrinkling of polymer nanocomposites
embedding nanoparticles has not been demonstrated so far.
This is mainly due to the intrinsic difficulty in producing
nanocomposite systems able to shrink or to embed nano-
particles in preformed shrinkable materials without significantly
altering their properties.
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Figure 1. (a) Schematic view of AuNPs implantation process with SCBI apparatus. Neutral Au NPs (cluster size range 3—10 nm) are produced in a
cluster source and accelerated by a carrier gas in a supersonic expansion. After being focused by a series of acrodynamic lenses the clusters beam

impacts on the surface of a thermo-retractable PS sheet. (b) Scheme of thermally induced shrink

for obtaining 1D and 2D wrinkling. TEM

images of cross sections of AuNPs/PS composite (eq thickness, t, = 15 nm) cut by an ultramicrotome: (c) flat (not shrunk) sample; (d) 1D

wrinkled sample.

Here we present a thermally shrinkable nanocomposite
material obtained by supersonic cluster beam implantation
(SCBI) of neutral Au nanoparticles (Au NPs) into a
c ilable thermo-retractable polystyrene (PS)
sheet (Polyshrink). By SCBI neutral metallic clusters are
supersonically accelerated toward the surface of a target
polymer film (Figure 1a).”® The cluster kinetic energy is
sufficient for impl while avoiding electrical charging
and thermally induced modification of the polymeric

of its original lateral dimension (Figure 1b). Isotropic surface
wrinkling (biaxial 2D) was obtained on samples by inducing
thermal shrinking at T = 160 °C for 6 min. By mechanically
confining the shrinking of the material, we imposed the
alignment of wrinkles along a given direction, creating
anisotropic (uniaxially aligned, 1D) surface patterns (Figurelb).

We produced different nanocomposite samples with
increasing ticle impl doses. We define an

¥ L3

equivalent thickness f., as the thickness of the cluster-

substrate.” SCBI of metal nanoparticles in elast
thermoplastic polymers has been recently demonstrated as an
efficient method for the microfabrication of flexible and
stretchable conductive circuits and clectrodes.” **

After the implantation of Au nanoparticles (size distribution
3—10 nm) into the thermo-retractable polystyrene to produce
an electrical conducting nanocomposite “skin” of AuNPs/PS
(Figure 1c), we investigated surface wrinkling of the nano-
composite induced by thermal shrinking of the material at 40%

7061

or bled film Iting from the same amount of implanted
nanoparticles dep i on a hard (e.g, glass) (see the
Supporting Infor ). The equivalent thickness for the

three different implantation doses investigated was varied in the
range 8—15 nm.

Au nanoparticles were implanted to a depth of 70—80 nm
below the surface (TEM image, Figure 1c). Such implantation
depth, (the thickness of effective skin of nanocomposite
AuNPs/PS) is considerably larger than the equivalent thick-
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2. Mic ture and p with SCB-i
inkled, and (c) 2D wrinkled ..
inkled, and (f) 2D wrinkled samples. Scale bar 1 gm.

d Au NPs (t,, = 1S nm). SEM images of (a) flat, (b) 1D

salehulﬂ[au(magnﬁedmsﬂsalehrmnm) AFM imaging and height profiles of (d) flat, () 1D

ness. Figure 1d shows the same sample after uniaxial shrinking,
Along with formation of wrinkles, the implanted skin

experienced a rearrang : the implanted nanoparticles
wemcompaaedbycomymuvefomesamngdunnglhe
thermal shrinkage.

Upon thermal annealing and the subsequent shrinking, we
observed the wrinkling of the nanocomposites (Figure 2):
investigation of the surface by means of SEM and AFM imaging
clearly evidenced the formation of wrinkles with submicro-
metric spatial periodicity and topographic reliefs over the whole
implanted surface.

By comparing samples with identical implantation doses (f,,
= 15 + 2 nm) but different shrinking conditions (no shrink, 1D

e |

arrangement of nanoc with the micro-
structuring (driven by wnnkhng) is interesting in view of
different applications, such as the development of atalyhc
surfaces for sensing, energy harvemng or also for optics.”

We compared wrinkled i d nanocomposites with Au/
PS bilayer with gold layers of similar thickness deposited by
sputter coating (no implantation).'” In the latter case, the
“skin” which is subjected to wrinkling is a quite uniform and
stiff metal layer that is deformed by compression when the
substrate (PS) is heat-shrunk. The gold layer act as a solid
barrier which does not permit any flow of the PS (a viscoelastic
fluid at at T = 160 °C, that is well above its glass transition
temperature T, ~ 100 °C) toward the surface; a sharp
b ’,bctweenPSandwnandAuurcpom:dwOnﬂxc

shrink, 2D shrink) it is possible to appreciate the evolution of
wrinkling and how it is a!fectmg sample topognphy (Figure 2a-
f). Interestingly, nanoscale /porosity is evidenced in

SEM images at higher magmﬁcatmn (inset of Figure 2b, c), and
is related to the size of metal clusters and gaps between
adjacent clusters. The ition of fi at different
scales, namely the nanostructuring (given by the cluster

Y, in our nanocomposite, such mass flow is allowed
(espeaally at low implantation dose), so that wrinkles are well-
embedded and partially buried down in PS, as visible in TEM of
cross-sections (Figure 1d). As an important implication,
incorporation of wrinkled conductive skin in the material
causes a very strong adhesion. These observations are further

DOK: 10.1021/acsami Sh00825
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confirmed by the AFM profiles reported in Figure 2 ¢, f: instead
of a quasi-sinusoidal profile, as one could expect to be formed

eonned:my of lrnphnlod conductive particles.” Shrinked

by a wrinkling phenomenon, only an halfwave profile is
observed, with a peak-to-valley amplitude that is lower than the
ﬁﬂlunphtudcofwrmlds,asobsuvedeMnnagu

By varying the icle impl. dose, we were able
to tune the surface t i
modulatetheelmaloondnchnce 5 of the nanocomp

hibited even better electrical conductivity, with ca.

20-50 times improvement of conductance of 2D wrinkled
mplawlhrq;mmlheﬂax.Moreom, 1D wrinkled
pic electrical behavior. Conductance

d along perpendicular direction to wrinkles (ie., the
direction on whlch shnnk was allowed during sample
ion) had a simil t as observed in 2D

The latter showed 1 w-,’,loashatp
mame(5—6ordenof ) with increasing the
implantation dose (Figure 3b), as a result of increased

a) b)

4

¢

e

Conductance, G (11")
3
.
.

Roughness. R, (nm)
s
P o1
e
.

\

L] 10 18 20 L] 10 15 2
Eq. thickness, I. (nm) Eq tickness, f. (nm)

Figure 3. (a) Surface roughness R, and (b) conductance G of SCB-
implanted nanocomposites with different Mlkhgsaommiu(ﬂa
(not shrunk), cirde; 1D wrinkled, triang) d, square) as a
ﬁlmdMNPsL‘(wplumdat)

nmpks,whnleonlyaa. lOnmaconductznce improvement
with respect to flat was assessed along parallel direction to
wrinkles.
Average surface roughness R, of flat (not shrunk) samples, as
increasing the implantation dose. On the other hand, roughness
R, remarkably increased with implantation dose (equivalent
!hndmas)mlhemof%mkmocompmtu,asanmdtof
surface wrinkling (Figure 3a). N hy, by in g the
nnplanhnondou(u.,theeqmvalenl !hx:knm) no stgnﬁant
change in implantation depth was observed (data not shown);
this result is in agr with previous findings of nano-
particle implantation in PDMS, in which implantation depth
was found to be larger (~120 nm), because of its lower
modulus,lm lPa,mlhrupedmzrolyﬁyrmc, 1-2 GPa, and
of
On the conlnry the ob-etved wrinkling behavior strongly
depends upon the implantation dose: as implantation dose was
varied (S < £y < 1S nm) features with distinctly different
characteristic size were obtained. A collection of SEM, AFM,
and'lmm\%sofnmplesnaﬂ!hedﬂenntt and shrinking
are reported in the Supporting Information (Figure
9!—53) Notewonhy, the gnhlike mmre of the nano-
composite made of individual clusters is better emerging in

— €) 2000-
ty dom | ;
1800 4 ” ©
1600 4
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1, = 108m 4 E <300} X
‘:1000- v
u‘l
200 i
r,gum-_‘ 600 4
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xf—
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Wavelength, 5. (nm) Thickness, t (nm)
Figure 4. Uniaxially wrinkled (1D) mp tunability of surface with impl. dose/\ lent thickness of SCB-implanted
AuNPs. AFM images and ding FFT modulus of 1D sampl a&ﬁ:mleqthdnm(a)l,‘ Bnm(salcbwlnm),(b)l,‘-l()nm
(salebulpn),(c)t,.-lSm(!ulehtSpm) (d) Relative frequency of length 4, as esti d by AFM: { = 8 nm
(top panel), £, = 10 nm (middle), £, = 15 nm (b ). () Average wrinkle length 4 as a function of f,; comparison among SCBI Au-NPs
composites solid triangles), bilayer with sputter-coated Au thin films (open triangles) and th ical prediction from eq 1 (circles).” Linear
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samples at lower f., because of the lower amount of implanted
AuNPs. To investigate the effects on wrinkling of increasing
implantation dose we performed a quantitative analysis on
AFM profiles (Figure 4a—c) to evaluate wrinkles alignment and

are no available data on the materials used in this research, at
same thickness; (iii) as regards sputter coated ultrathin Au film,
it is known to have a transition in physical properties (elastic
modulm,electncalmty)mcdymtheth)dnmnngeof

to extract characteristic periodicity (wavelength) of wrinkles in
the case of 1D samples. FFT of AFM images (inset of Figure
4a—c) highlight the anisotropic nature of wrinkling with good
ahylmentofwnnﬂualm)gverhaldnmfwaﬂdndu&ed
¢, in our analysis, we d the
w-a\rrjengﬂ:lasthe**‘--L ing peaks in
ﬂleAFMpmﬁluandmonstmctedthedmhﬁonof
measured 4 in order to describe heterogeneity of the
By increasing the implantation dose the A distribution
bmadelwdandlhtﬁedwmrdhlgunhles(ﬁgm!“)
Notably all the samples were characterized by
with median values of distributions varying from 130 to 300
nm, and distribution ranging from some tens of nanometers (1
= 8 nm) up to 680 nm (f, = 15 nm). It is important to notice
that such values are among the lowest ever reported for
wrinkling.
l)ccpcr insight in these results can be gained by a
comparison with experi | results of wrinkling obtained in
the case of Au films deposited on top of PS by means of sputter
coating (not u'nplanted), andmthpndxuomofamoddfor
wrinkling. By consid, mldlhaldu:ribes
wnnklmgonmehuwaun&e,spamlpcrwdnatyof ki

(5-15 nm), because of its grain structure and
discontinuity during growth, which is completely avoided
only at thickness >13—15 nm."%**

In condusion, we reported the fabrication and character-
zation of a metal—polymer nanocomposite which
surface wrinkles at the micro and nanoscale on large areas upon
shrinking. Implantation of Au NPs by SCBI in a commercial
shnnbble tbcmxophshc material permmed to :vmd its
maodific upon ion, thus g the r
pmpemesofdlepolymrlmtlumdofmmrhce,whﬂe
imparting electrical conductivity. Surface characterization by
means of SEM, AFM, and TEM permitted us to obtain a clear
vlcwof wrinkle formation and highlight the relevant dlﬂ'cm!m

such a sy and wrinkled bilayers of
mehl/polylmr Notably, because of the nanocomposite nature
of the implanted “skin”, wrinkles are partly buried down into
the material. By chmpng!hclmphnmm dooe,wewmablt.
to follow and to ion of
wrinkling, as wel.l as the electrkal condnchvity of the
nanoc i of conductive proper-
uu was observed upon ;hnnlt induced wrinkling, with

along the surface plane (characteristic wavelength 1) is
determined solely by the thickness and by intrinsic material
properties of the “skin” film and the soft substrate®

(1 = v))E; ]
3(1 - )E, )

where tis the thickness of the film, E is the Young's modulus, v
is the Poisson ratio, f and s subscripts d film and sub
respectively.

Figure 4e reports the trend of characteristic 4 as a function of
mnopamdccqmvakn(thn:kncu.Vahcsoflpruhacdbyeql
are also reported; the i used in calculati
weuukmﬁ'omavaﬂablelnenmreandml:} 60 GPa, vy =
0.33 for sputter-coated Au,”*™ and E, = 20 MPa, v, = 045 for
PS(:!’I—IGO“C.thalls.lhe at which shrinking is

A=2nt

¥ >

p d and J)M
Aremarbble dlﬂamoe in A is observed between Au
i d nanoc ite and ted Au with similar

g 3 Y

d\u:knessonlopofuknualPSwhdnw& ‘These results further
confirm the hypothesis that the effective implanted skin layer
has the properties of a nanoc ite. Indeed, by considering
eqllo:(l:,/ﬁ,)"'wﬁnklewzvelmgthdependsonmumc
properties of the materials: the ratio of elastic moduli of film
and substrate. Thus, the finding of smaller 4 and different slope
in the case of implanted AuNPs is an indirect evidence for the
formation of a skin layer whose elastic modulus is lower than a
conhnmsAuﬁlmandhlgbcrd\anPS.'l‘hssmm’dﬁsa
with the beh of a nanoc whose modulus is a
combination of moduli of constituent materials. The not
peffectaccordanaofpmd)cbonsofeqlwuhcxpumhl
data found in the case of sp is exp

uhngmmaowuntsevealfaam(n)moddofeqlsbamd
on the assumption of a perfectly elastic substrate, which is not
the case for PS (at T > T,) whose behavior is rather affected by
viscoelasticity; (i) data of E and v taken from literature (Au,
PS) must be considered as “order of magnitude” estimate: there

pic behavior in the case of aligned wrinkles. The
combination of fe at the ale and at hundreds of
nanometer scale of the nanocomp and the possibility to
tune them by changing the amount of implanted nanoparticles
are unique and they could open the way to several applications
requiring multiscale integration and organization of periodic
structures in the field of optics, biointerfacing, sensing, and
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