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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  



3 

 

  

F
ig

u
re 1

: A
d

va
n
ced

 in
fo

rm
a
tio

n
 a

n
d
 electro

n
ic tech

n
o
lo

g
ies w

ill b
e u

sed
 to

 en
h
a
n
ce th

e p
erfo

rm
a
n

ce a
n
d
 in

tera
ctivity o

f 

u
rb

a
n
 services to

 im
p
ro

ve life q
u
a
lity, to

 red
u
ce co

sts a
n
d
 reso

u
rce co

n
su

m
p
tio

n
. T

o
 a

d
d
ress th

is ch
a
llen

g
e, n

ew
 m

a
teria

ls 

w
ith

 n
o
vel fu

n
ctio

n
a
lities a

re req
u
ired

 to
 b

rin
g
 d

isru
p
tive in

n
o
va

tio
n
s [1

4
6
]. 



4 

 

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].  

 

 

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), I 

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; c) nanocomposite with 

nanofibers dispersed in a matrix; d) nanofibers aligned in a matrix; e) 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 
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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.  

 

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 Φ before discussing 
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physical properties. It is defined as the ratio between the total volume of the metal 

clusters (filler) Vclust in the polymer matrix and the total volume of the 

nanocomposite Vnc: 

𝛷 =
𝑉𝑐𝑙𝑢𝑠𝑡

𝑉𝑛𝑐
 (2.1) 

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, 



18 

 

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 Ion implantation 

Ion 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 = 𝐸𝑚[1 + 2.5𝛷 + 14.1𝛷2] (2.2) 

Where E is Young’s modulus of filled elastomer, Em is matrix Young’s 

modulus and Φ 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 α (length/breadth) to take also in account the evolving structure of 

the spherical filler [99]. 

The equation is then modified: 

𝐸 = 𝐸𝑚[1 + 0.67𝛼𝛷 + 14.1(𝛼𝛷)2] 

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 α 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: 

 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. 

 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].  

 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 ε experienced by the surface 
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of a substrate having thickness H and bent to a radius of curvature r, is ε = H/(2r). 

Thus, for H = 0.1 mm and r = 10mm, the strain is merely ε = 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].   

 

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. 
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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 I 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 1x10-7 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-1) 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 

1x10-5 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. 

 

 

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 (~10-4 mbar). Then the valve is opened for 

245µs 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 µs since the valve closed, 



35 

 

a voltage of ~750V is applied for 80 µs 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]. 

 

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, I 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.  

 

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 0 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 10-2 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 Lel, width Wel 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). 

 

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 µs s-

1) 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 μm 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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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 (<10-3 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 100V/µm 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 CH3 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-1 depending on electrodes 

shape and geometry [125].  

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

structural constituent of DEAs.  
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4.2.2 Low-voltage driven soft actuators via Ag implanted nanocomposite 

stretchable electrodes  
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4.3 Conclusions 

SCBI has been used to fabricate compliant electrode on 17 µm 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 

5.1 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 I 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. Ionic 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 
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5.2.2 Supersonic cluster beam printing of carbon microsupercapacitors on 

paper 
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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. I 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, I 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. I 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 I 

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 I 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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6.2 Supersonic Cluster Beam Fabrication of a Stretchable 

Keyboard with Multilayer Electrical Interconnects Integrated with 

Paper-based Flexible Devices 
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6.3 Integrated simultaneous detection of tactile and bending cues 

for soft robotics 
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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 I have demonstrated 

the possibility to shape stretchable conductive vias also on soft substrate. I 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. I have tested the keyboard 

with several mechanical deformations showing that it maintains good electrical 

properties during the tests. Then I 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. I 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, I 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 I 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.  



149 

 

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. I 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.  

I 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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