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5 

  INTRODUCTION 

The nature of progress is that what begins as a 

luxury for the rich becomes a necessity for 

the poor as it’s developed and passed on. 

- Milton Friedman 

1.1 CONTEXT 

Today we are at the edge of the Fourth Industrial Revolution, characterized by a 

range of new technologies that are fusing the physical, digital and biological worlds, 

impacting all disciplines, economies and industries. Internet of Things, big data, 

cloud robotics, artificial intelligence, nanotechnology, quantum computing, and 

additive manufacturing are some of the key-technologies that are enabling the next-

generation industry.  

The core concept behind the Fourth Industrial Revolution relies on Cyber Physical 

Systems: computer-based systems that integrate physical components with cyber 

space to perform advanced automation and control tasks. Embedded computers 

and communication networks govern physical actuators that operate and receive 

inputs from sensors, creating a smart control loop capable of adaptation, autonomy, 

and improved efficiency. Almost all devices necessary for these tasks are typically 

encompassed by the Internet of Things [1]. 

Internet of Things 

The term Internet of things (IoT) is used to describe the networked interconnection 

of sensors and actuators embedded in everyday objects [2] allowing information to 

be shared between systems that affect each other, in order to provide them better 

awareness and improve their efficiency, reliability and sustainability [3]. The Internet 

of Things can be applied to multiple environments (Figure 1.1), since it is adjustable 

to almost any technology, and is nowadays integrated in many sectors to simplify, 

improve, automate and control different processes. 
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Figure 1.1: The Internet of Things can potentially be integrated in every 

aspect of the human life. 

IoT-powered smart cities aim at improving the quality of life of their populations in 

a variety of ways, through measures that promote eco-friendly, sustainable 

environments and the delivery of healthcare services to citizens at home and around 

the city [4], public and environmental health surveillance, crisis management 

applications [5] and the improvement of the performance of public services, as 

transport, traffic, energy and health. Smart homes and buildings are one of the 

essential building blocks of smart cities [6,7], while smart grids focus mainly on 

energy saving for homes and businesses based on the power grid to collect usage 

data from appliances. Smart industry is expected to revolutionize manufacturing as 

we know it [8], while smart sensor networks enable precision agriculture and smart 

farming, increasing productivity while reducing resources consumption (water, light, 

pesticides etc.) [9–11].  

Medical care represents one of the most attractive application areas for Internet of 

Things. IoT is expected to transform healthcare industry by increasing efficiency, 

lowering costs and put the focus back on better patient care [12]. Internet of Things 

has been widely applied to interconnect available resources and provide reliable, 

effective and smart healthcare service to the elderly, patients with chronic conditions 

and those that require consistent supervision [13]. One good example of patient 
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based IoT are the widely commercialized health monitoring smart watches. These 

devices present different monitoring functionalities depending on the patient 

necessities, i.e. step count, activity level, body temperature, hearth rate, blood 

pressure, posture, eating and sleeping behaviour [14]. Moreover, the ones dedicated 

to special needs patients have typically the additional feature of geo-locating the 

patient and alerting the caregivers. In some cases, for example seizures and tremors 

in epilepsy patients [15,16], the constant monitoring can be a crucial factor in 

treatment and prevention, and therefore improve to quality of life (Figure 1.2).  

a) 

 

b) 

 
Figure 1.2: a) Data from clinical notes, wearable devices, and mobile apps 

can be combined to obtain a deeper understanding of patient-
specific risk factors and to model seizure likelihood for epilepsy 
patients [16]. b) Examples of implantable medical devices.  

This aspect is even more crucial for implantable medical devices (some examples in 

Figure 1.2b), since they can be used to diagnose, prevent, and cure diseases in vivo 

by performing tasks like drug releasing, monitor health parameters, or life-saving 

tasks as insulin-injections or heart defibrillations. 

Especially for implantable or wearable applications (some examples of which can be 

observed in Figure 1.3), which need to be in constant contact with human bodies, it 

is crucial that these devices can adapt to the physical motion in order to have a 

seamless integration between body and device. The human physical sensation is 

maintained under large deformations; thus, softness and compliance have been the 

main technological obstacle in fabrication of sensory devices. For the past two 

decades, the research on stretchable physical sensors have made great technological 

advances, and have been employed in various applications such as electronic skin, 

haptic devices, bionics, wearable/implantable healthcare sensors, etc. The research 

field that deals with these soft devices as actuators, stretchable electronics, sensors, 

wearables, implantables, and e-skins is called soft robotics. 
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a) 

 

b) 

 

c) 

 
Figure 1.3: Some examples of soft devices. a) Wearable and wireless sensors 

designed to monitor health conditions of premature babies. b) 
Conformal soft robotic sleeve that can support heart function, from 
[17], c) Smart artificial skin covering a prosthetic hand [18]. 

Soft robotics 

Soft Robotics is the branch of robotics that deals with the design, development, and 

construction of soft, flexible robots with movements and mechanical characteristics 

similar to that of the biological organisms [19–21]. Since it offers unprecedented 

solutions for applications involving smooth touches, soft robotics is receiving a 

rapidly growing interest for applications requiring close interactions with humans 

[19,22–24], biomedical active wearable and implantable devices [24–27] smart 

sensor networks in precision agriculture [28–31] and manipulating and grasping 

fragile objects.  

Conventional robotics employs rigid materials to fabricate precise robotic systems, 

easy to model and with limited degrees of freedom determined by rigid joints [32]. 

The advantages of this approach are precision, speed and robustness, capacity to 

bear high loads and large mechanical work: all important features for repetitive tasks 

as, for example, factory assembly lines. Conventional robots are not capable to adapt 

to changing conditions within the tasks they are designed for, or to operate in fully 

unstructured environments [33]. In contrast, natural organisms exploit soft 

structures to move efficiently in complex natural environments [34]. Soft robotics 

aims to equip robots with these skills by providing them with capabilities that are 

based on material properties and body morphology, focusing on the mechanical 

qualities and on the integration of materials, structures, and software in the same 

way that natural organisms integrate neural and mechanical controls. In Figure 1.4 

is represented briefly the concept of bioinspired robotics and soft robotics [35,36] 

using a popular culture reference, and the real-life application of the same concept 

[37]. 
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a) 

 

b) 

 

c) 

 
c) 

 

d)  

 
 

e) 

 

Figure 1.4: Nature inspired robotic arms are the main weapon of a popular 
antagonist in the comic and movie series Spiderman. a) The original 
character, Dr. Octopus, is equipped with hard robotic tentacles with 
many rigid joints that allow them to achieve several degrees of 
freedom. b) An alternative and modern version of the character, Dr. 
Olivia Octavius, is equipped with soft robotic arms. c) An actual soft 
robotic actuator based on octopus-like tentacle, it is soft, flexible, 
and continuous. The arm is able to elongate, shorten, and bend in 
any direction, as well as to stiffen selectively in different parts [37]. 
Images d), e) and f) contain examples of soft robot prototypes 
developed in the last few years. d) An entirely soft, autonomous 
robot based on an integrated design and fabrication strategy, that 
allowed untethered operations [38]. e),f) Soft robotic hand with 
fluidic and tendon driven actuators [39]. 

In this framework mechanical properties as conformability, flexibility and 

stretchability are fundamental features for the materials in order to be suitable for 

the selected application [40,41], as well as the absence of compliance matching [42] 

causes surface damages and mechanical limitation, due to interfacial stress 

concentration and the non-uniform distribution of internal loads. Most of the 

materials constituent complex living organisms, such as skin and muscle tissue, have 
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a modulus on the order of 102–109Pa (Figure 1.5) [43][40]. Advances in soft materials 

(e.g., elastomers, hydrogels, electroactive polymers, etc.) and advanced 

manufacturing technologies (e.g., 3D printing) are fuelling the rapid development of 

soft robotics [44], as well as the progressed in science and technology of smart 

materials [42], i.e. materials that change their behaviour as a response to specific 

stimulus (e.g. magnetic and electric fields, stress, acoustic waves, temperature)[45]. 

 
Figure 1.5: Young's modulus of some biological and engineering materials. 

The Young modulus of soft and hard materials is approximately in 
order of 104 ~109 Pa and 109 ~1012 Pa, respectively. Image from 
[44] 

Soft robotic devices require portability, control, and design flexibility [46] of all of 

their elements: soft actuators and sensors, power supply, energy storage and wireless 

communication. While 3D printing and the miniaturization of the electronic 

integrated circuits following Moore’s law are precious technologies for reaching the 

desired design flexibility and portability, a sustainable power source is still a key 

technical challenge for practical applications of soft robots. Autonomous robotics 

can potentially benefit from renewable resources, by harvesting energy from the 

environment. A variety of energy sources are available including mechanical 

(vibrations, human motion, wind/fluid motion), electromagnetic (radio frequency, 

solar), and thermodynamic (chemical or thermal energy).  
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1.2 MOTIVATIONS AND AIM OF THE THESIS 

Many of IoT and soft robotics applications rely on autonomous devices with energy 

production and storage, mechanosensing, and data processing capabilities 

[25][26][47][48]. In these frameworks the sensing and the harnessing of mechanical 

energy present in the ambient can represent an enabling factor for the use of 

wearable or implantable devices [49–52]. In this context bio-mechanical energy can 

be a quantity to be measured [26], but it can also represent a viable source of power, 

in particular for wearable or implantable devices [27].  

Soft electro-mechanical transducers are receiving a widespread interest for both 

sensing and energy harvesting applications. In the last decade the research on novel 

nanocomposites based on polymeric nanocomposites has been very active, and 

many materials with diverse and innovative compositions and architectures have 

been fabricated and reported. Nevertheless, there are still some critical aspects that 

affect this research field, in particular for what regards their characterization. 

Despite the widespread interest that these smart materials are attracting, the 

methods commonly used to characterize them are frequently qualitative and 

unreliable. Moreover, the description of the testing conditions is often incomplete, 

so that the data cannot be reproduced by other researchers, and the performances 

of the various materials cannot be compared. The knowledge of these properties is 

necessary for a complete understanding of the material working principle, for the 

prediction of its effective properties aimed at optimization purposes, and for the 

selection of the right material in device applications. In this framework the 

development of a quantitative and reliable measurement technique is crucial in order 

to to assess these materials figure of merit, their reliability and reproducibility.  

During my PhD I worked on the development of a reliable and quantitative 

measurement instrument, and on the development of some novel soft electro-

mechanical transducers based on different physical electro-transduction effects.  

1.3 THESIS OUTLINE 

This thesis work will be focused on the fabrication and characterization of materials 

with electro-mechanical conversion capabilities, for applications in both energy 

harvesting and pressure and strain sensing. Four different kinds of materials were 
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developed and tested, three active materials based on piezoelectric BaTiO3 

nanoparticles on different polymeric matrixes, that can be applied both as sensors 

and as energy harvesters, and a passive material based on a piezoresistive 

polymer/metal nanocomposite, which can be applied as a strain sensor. For the 

characterization of such nanocomposites, a custom experimental set-up to measure 

the piezoelectric coefficients in a wide frequency range was developed and validated.  

In Chapter 2 the different mechanisms that allow electro-mechanical conversion are 

presented. After a brief introduction on the concept, the principal classes of 

transducers used in this thesis work are discussed in detail, presenting their 

conversion mechanism and the mathematical formalism used to describe their 

behaviour, the principal materials that belong to these classes, and the typical 

solutions conventionally used to make them compatible with soft systems.  

In Chapter 3 is examined the state-of-the-art for the characterization of piezoelectric 

materials, in particular soft nanocomposites. After a brief review of the principal 

techniques and how they are applied in current research, the limitations of the 

current approach to piezoelectric nanocomposite characterization are discussed. In 

the rest of the Chapter the experimental set-up designed and developed for the 

robust and reproducible characterization of these materials is presented and 

described in detail, with specifics regarding the hardware and electronic design, the 

calibration of the instrument and the validation on commercial standard samples. 

In Chapter 4 is presented a piezoresistive sensor based on an elastomer/metal 

nanocomposite, developed in the framework of a project funded by Fondazione 

Cariplo and Regione Lombardia (Smart Valves based on Active Soft Materials – 

ASSIST), in collaboration with Politecnico di Milano and two industrial partners, 

Dolphin Fluidics s.r.l and WISE s.r.l.  

Section 4.1 describes the optimization of a fabrication protocol targeting the 

production of polydimethylsiloxane (PDMS) substrates with reproducible 

mechanical properties.  

In Section 4.2 the Supersonic Cluster Beam Deposition technique, used to produce 

nanostructured electrodes based on cluster-assembled gold thin films onto the 

PDMS, is presented, and the optimization of the fabrication protocol with this 

technique to produce nanostructured films with reproducible mechanical and 

electrical characteristics is reported.  
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In Section 4.3 the electro-mechanical tests of such nanocomposites are discussed, 

and a brief mock-up of the final application of the project is presented. 

In Chapter 5 different piezoelectric materials based on Barium Titanate 

nanoparticles are reported, fabricated in the framework of a collaboration with 

University of Bologna. Section 5.1 reports the procedure used for the fabrication of 

surface functionalized BaTiO3 nanoparticles, for improved dispersion in lipophilic 

and hydrophilic media. 

In Section 5.2 a smart material engineered to combine piezoelectric and piezoionic 

effects is presented. The fabrication of this material, based on an ionogel matrix with 

embedded BaTiO3 nanoparticles, and its electro-mechanical characterization with a 

prototype of the instrument presented in Chapter 3, are described.  

In Section 5.3 a piezoelectric nanocomposite based on PDMS and incorporating 

lipophilic nanoparticles is presented. The nanocomposite synthesis, polarization 

procedure and its full characterization using the instrument presented in Chapter 3 

are presented and discussed.  

In Section 5.4 the polarization and the electro-mechanical characterization of novel 

3D printed piezoelectric resins, fabricated in the framework of a collaboration 

including also the INANNOMAT research group, from Universitad de Càdiz, are 

reported. The research on this topic is still on-going.  

Electrodes are an essential aspect during the fabrication of soft piezoelectric 

materials, since they collect the generated charges from the surface. Since they 

guarantee a high surface-area, electrodes fabricated by Supersonic Cluster Beam 

Deposition are supposed to increase the efficiency of charge collection. In Section 

5.5 the experiments performed on the efficiency of such electrodes on the materials 

presented in the previous sections are discussed. 

In the final Chapter the conclusions and the perspectives emerging from this work 

are discussed. 
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  ELECTRO-MECHANICAL TRANSDUCTION 

Electro-mechanical transducers are all the numerous devices that are able to link the 

electrical and mechanical energy domains, from the firsts electrostatic generators, 

loudspeakers and microphones (Figure 2.1) to the most advanced applications 

described in the Introduction.   

Depending on the application some transduction mechanisms are more suitable 

than others. For instance, in order to convert mechanical energy into an electrical 

one a direct and efficient conversion is required, which can be achieved by 

piezoelectric, triboelectric and electromagnetic or electrostatic induction transducers 

[53]. On the other hand, for sensing applications, i.e. to read and track a change in 

strain or pressure, the requirements are reliability, high precision and low energy 

consumption, which can be also achieved by the use of capacitive, piezoresistive, 

and piezoionic transducers.  

a) 

 

b) 

 

c) 

 
Figure 2.1: Some examples of historical electromechanical transducers. a) 

The glass globe friction machine, common in the 18th century, was 
one of the firsts electrostatic generators. It exploits the triboelectric 
effect between glass and cloth to accumulate static charges in an 
electrical conductor. b) The carbon microphone, developed at the 
end of the 19th century, used the piezoresistive effect of a layer of 
carbon granules to reproduce electrically the sound signal. c) The 
Fessenden Oscillator, developed between 1912 and 1914, was the 
first functioning sonar device. It works similarly to a coil loudspeaker 
to produce sound waves in water. Fessenden oscillators were later 
replaced with piezoelectric oscillators, due to their higher 
functioning frequencies.  
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The prefix piezo comes from ancient greek (πιέζειν, piezein) and means pressure, it 

therefore represents the mechanical portion of the transduction. Depending on the 

transduction mechanism, the electrical counterpart may have different names. In 

Figure 2.2 can be observed some examples. In piezoresistive materials (Figure 2.2a) 

the mechanical strain induces a change in resistivity, while in piezocapacitive 

materials (Figure 2.2b) the geometrical variation of the distance between the two 

electrodes alters the electrical capacitance. Something different happens in 

piezoelectric materials, where the mechanical stress induces a change in the potential 

(Figure 2.2c) caused by the re-arrangement of electrical dipoles, and in piezoionic 

materials (Figure 2.2d), where the potential is caused by the movement of the 

charged ions.  

This chapter is focused on three classes of transducers: piezoelectric, piezoresistive 

and piezoionic materials. An interesting effect that was not used during the work of 

the present thesis is the triboelectric effect. The triboelectric effect is related to a 

contact electrification due to the separation of two different materials that were 

previously in contact (Figure 2.2e), and it is the origin of most of the static electricity 

in everyday life, even though its functioning is yet to be fully explained [54].  

 
 

a) Piezoresistive b) Piezocapacitive c) Piezoelectric d) Piezoionic e) Triboelectric 

Figure 2.2: Different mechanisms for electro-mechanical transduction 
(images from  [55] and [56]). 

After a theoretical introduction on the mechanisms and the principles that allow the 

electro-mechanical conversion the most common solutions necessary to integrate 

these materials with soft systems will be introduced, and the state of the art regarding 

this type of materials will be discussed. 
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2.1 PIEZOELECTRIC EFFECT 

The piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie. By 

analogy with temperature-induced charges in pyroelectric crystals, they observed an 

induced net polarization when certain crystals were perturbed mechanically, which, 

since they were also dielectric, resulted in an electric charge accumulated on the 

crystal surfaces. In 1881 Gabriel Lipmann predicted from thermodynamic principles 

the reversibility of the piezoelectric effect, i.e. a strain is induced in the material when 

subjected to an external electrical field; this prediction was confirmed experimentally 

by the Curie brothers. In 1920 Joseph Valasek discovered that the spontaneous 

electrical polarization of Rochelle Salt can be oriented by means of an electrical field. 

These materials exhibit a hysteresis cycle of polarization versus electrical field, and 

were called ferroelectrics, in analogy to ferromagnets. 

Many different materials, both natural and synthetic, exhibit piezoelectric and 

ferroelectric properties. The firsts discovered and studied were crystalline materials 

(quartz, Rochelle salt, topaz, tourmaline and cane sugar), but over the next few 

decades many different materials were developed and studied. In particular in 1945 

it was discovered that certain artificial polycrystalline anisotropic ceramics with high 

dielectric constant, as Barium Titanate, were ferroelectric, so it was possible to orient 

the electrical dipoles within the different grains, producing a ceramic material that 

acted very similar to a single crystal [57]. This discovery revived the interest in 

research and development of piezoelectric devices since it provided a new way for 

the fabrication and manufacturing of such materials with improved performances. 

In 1969 Heiji Kawai discovered the first and only case of piezoelectricity occurring 

in a semi-crystalline polymer, poly (vinylidene fluoride) [58], which opened up a wide 

range of new possible applications. 

Piezoelectric materials have been exploited as electro-mechanical transducers for 

many applications. The first application they were used for was the quartz oscillator, 

used as time reference in quartz watches, but after the Second World War the 

piezoelectric effect evolved from a laboratory curiosity to a multimillion dollar 

industry with applications ranging from underwater sonars and medical imaging 

systems to car accelerometers, micro-balances, igniters, up to more advanced 

integrated microelectromechanical systems (MEMS) [59,60] used in the automotive 

industry, smartphones, and many scientifical instrumental techniques [61]. More 

recently they have been used as sensors, actuators, and energy harvesters in IoT and 

soft robotic devices, as the ones presented in the Introduction. 
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2.1.1 Theory and constants 

Real piezoelectric materials involve mechanical and electrical dissipation, along with 

strong non-linear behaviour, hysteresis effects, temporal instability, and various 

magnetic electrical and mechanical interactions. For example, piezoelectric ceramics, 

of major importance in applications, involve ferroelectric domains, which yield to 

strong nonlinear effects [62]. Neglecting dissipation and non-linear effects is 

possible to obtain from thermodynamic considerations a linear piezoelectric theory, 

of which the results are presented below. 

The piezoelectric effect can be formalized as a linear and reversible relationship 

between the induced electric displacement 𝐷 and the applied mechanical stress 𝜎. A 

piezoelectric coefficient tensor 𝑑𝑖𝑗 can be defined by the relationship:  

𝐷𝑖 = 𝜖0𝜖𝑖𝑗
𝜎 𝐸𝑖 + ∑ 𝜎𝑗𝑗𝑑𝑖𝑗

𝑗

 

 where 𝐷 is the electric displacement, 𝐸 is the electric field, 𝜎 is the stress tensor, 𝜖0 

is the vacuum permittivity and 𝜖𝑖𝑗
𝜎  is the relative medium permittivity at a given 𝜎.  

The two quantities more suitable to describe the performance of a piezoelectric 

material are the piezoelectric coefficient 𝑑𝑖𝑗 and the piezoelectric voltage constant 

𝑔𝑖𝑗, both 3x6 matrixes of which the coefficients can be defined as: 

 Direct effect Converse effect 

Piezoelectric charge coefficient 𝑑𝑖𝑗 = (
𝜕𝐷𝑖

𝜕𝜎𝑗

)
𝐸

 𝑑𝑖𝑗 = (
𝜕𝑆𝑗

𝜕𝐸𝑖

)
𝜎

 

Piezoelectric voltage coefficient gij = (
𝜕𝐸𝑖

𝜕𝜎𝑗

)
𝐷

 gij = (
𝜕𝑆𝑗

𝜕𝐷𝑖

)
𝜎

 

These piezoelectric constants are defined as partial derivatives evaluated at constant 

stress (subscript σ), constant electrical field (subscript E), constant electrical 

displacement (subscript D). These conditions can be regarded as “mechanically free”, 

“short circuit” and “open circuit” respectively. 

Other quantities that determine the performance degree of a piezoelectric material 

are lifetime and maximum operating temperature, along with mechanical properties, 

as the Young’s modulus, stiffness, and fragility. 
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2.1.2 Conversion Mechanism 

A necessary condition for piezoelectricity is the absence of a centre of symmetry in 

the electronic structure of the materials. This structural property appears evident in 

crystals, where the ions relative positions are fixed, as can be observed in Figure 

2.3a,b. Out of the 21 non-centrosymmetric crystal classes only one is non-

piezoelectric (432), because the charges developed along one of the polar axes cancel 

each other out. Among these 20 classes, ten groups possess a unique polar axis. 

These materials contain therefore a built-in polarization, that manifests itself in 

temperature induced changes of the total dipole moment of the unit cell in absence 

of an applied field. These materials are called pyroelectric, as they respond to 

temperature changes with a change in the intrinsic dipole moment. Their 

polarization direction is usually constant, but for some of those materials it can be 

reversed by means of an external electric field [63]. Those materials are said to be 

ferroelectric. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 2.3: a) Piezoelectric effect in a quartz crystal cell. When the crystal is 

stress or strained the ions find themselves in new positions and as a 
result a net charge accumulates on opposite surfaces. b) Lead 
Zirconate Titanate has a tetragonal polar structure that provides it 
of a polar axis. c) Piezoelectric effect and converse piezoelectric 
effect schematic functioning. d) Phase diagram of (PZT) showing 
crystallite structures in different regions.  Image from [64]. 

Typically, ferroelectric materials exhibit their spontaneous polarization below a 

phase transition temperature called Curie temperature 𝑇𝐶 . At this temperature they 

undergo a phase transition from a low temperature ferroelectric phase to a high 
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temperature paraelectric phase (Figure 2.3d). The paraelectric phase is more 

symmetrical than the ferroelectric one and is rarely polar. For the majority of 

ferroelectric materials, the crystal structure becomes centrosymmetric in their 

paraelectric phase, therefore they cease to be piezoelectric [65]. Domains - 

chemically identical areas with different orientation of the electric polarization - 

naturally occur in ferroelectric crystals, since they minimize the free energy. 

An important class of ferroelectric materials are piezoelectric ceramics, discovered 

in the early 1940’s. Piezoelectric ceramics are polycrystalline materials composed of 

randomly oriented crystallite grains (Figure 2.4a). The piezoelectric responses of the 

crystallites are usually averaged out on the entire sample, but some of these 

piezoelectric ceramics are ferroelectric, so the polarization axes can be aligned in a 

roughly uniform direction, by means of a strong electric field, usually at high 

temperatures. This process, called poling, is unable to reorient grains, but can 

reorient polarization domains within individual grains (Figure 2.4b) in the field 

direction. Even if many domains are still present, a net polarization is developed 

through the material, and this polarization is enhanced with the degree of domains 

reorientation in the crystal. One of the consequences of domain-wall reorientation 

is the occurrence of the ferroelectric hysteresis loop, which measures the degree of 

re-orientation of the domains (Figure 2.4c).  

a) 

 

b) 

 

c) 

 
Figure 2.4: a) Microstructure of ferroelectric ceramics. SEM image of a 

Barium Titanate sample with average grain size of 50nm. Image from 
[66]. b) A 10 μm × 10 μm PFM scan of ferroelectric ceramic 
topography (up), and its derivative (down). In white are highlighted 
the borders between ceramic grains, while the ferroelectric domains 
are visible within the single grains. Image from [67]. c) Ferroelectric 
hysteresis loop and domains orientation. Image from [68]. 

The piezoelectric effect in real materials has different contributions. The first and 

intrinsic contribution is the one discussed at the beginning of this chapter, that 

originates in the field-induced lattice deformation. The extrinsic contributions are 
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defined as all the other contributions, such as the displacement of domain walls and 

interphase boundaries [69]. The total macroscopic effect depends on domains’ 

density, their orientation, polarization, the strain relationship within the domains 

and, most importantly, the domain walls mobility [70]. The extrinsic piezoelectric 

response results principally from non-180° (for example 90°, see Figure 2.5b for 

reference) domain wall movements driven by the application of an external electric 

field or a mechanical stress. In ceramics the domains form under clamped 

conditions, so the domain-twinning depends on the grain size, in particular it was 

found that in fine-grained ceramics a lamellar structure is favoured, while in coarse-

grained ceramics the minimum of free energy is reached with a banded lamellar 

structure (Figure 2.5b). This different domain structure affects the domain motion, 

and therefore the extrinsic response [71]. Microstructural investigations showed that 

poled ferroelectric ceramics contain a large number of non-180° domain boundaries, 

which strongly affect their electromechanical behaviour. 

a) 

 

b) 

 
Figure 2.5: a) Domain configurations in tetragonal phase. On the left 90° 

domain walls, on the right 180° domain walls. b) Lamellar structure 
and banded lamellar structure of ferroelectric domains. 

These extrinsic mechanisms operate simultaneously and can contribute up to the 

70% of the total material response, as well as give rise to most of the non-linear 

effects, such as weak field frequency dispersion, hysteresis, and non-linear 

piezoelectric responses [72]. Some examples of linear and non-linear behaviours can 

be observed in Figure 2.6.  

The theoretical and microscopical understanding of the mechanisms that links 

domain walls and interphases displacement with the extrinsic contribution is still not 

complete and presents a great challenge [69][71]. 
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Figure 2.6: Non-linear piezoelectric behaviour of different ceramic samples. 

The first row (SrBi4Ti4O15) is a reference for an ideal linear 
behaviour. Dynamic stress dependence on the left, hysteresis in the 
middle and frequency dispersion on the right. Images from [69]. 

2.1.3 Soft piezoelectric materials 

Piezoelectric materials are a promising solution for mechanical energy conversion 

via electro-mechanical coupling. Despite the high piezoelectric properties, some of 

their limitations, such as rigidity, brittleness, toxicity, and lack of design flexibility 

limit the range of their energy-related applications, since the choice of a particular 

piezoelectric material for a specific application depends on various parameters such 

as acoustic impedance, application frequency, mechanical properties, and available 

volume.  

For applications in the framework of soft robotics, however, portability, flexibility 

and stretchability of the devices are fundamental features [40,41]. The crystalline and 

ceramic piezoelectric materials described in the previous Section present high 
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piezoelectric outputs and high resistance to stress in the polarization direction. 

However, they are brittle, fragile, and non-resistant to laminar stress and strains. 

They respond well to high frequencies, especially near to their resonant frequency, 

and their Young’s modulus is in usually the order of 1010–1011Pa. However, most of 

the materials constituent complex living organisms, such as skin and muscle tissue, 

have a modulus on the order of 102–109Pa [43][73]. The mechanical mismatch 

between the common piezoelectric materials and biomechanical soft environments 

raises several issues linked to the absence of compliance matching, such as surface 

damages and mechanical limitation. For applications in biomedical environments 

softer materials are needed, in order to minimize the interfacial stress concentration 

and to distribute internal loads.  

Piezoelectric polymers present many advantages in comparison with classical crystal 

or piezoelectric ceramics, especially from an electromechanical point of view, as it 

is possible to control their mechanical properties, as flexibility and deformability. 

Piezoelectric polymers also have a low acoustic impedance, and they can have 

various electrical properties and wider bandwidths. The drawbacks of piezoelectric 

polymers are a low electro-mechanical coupling coefficient and the fact that they are 

unstable at high temperatures.  

2.1.3.1 PVDF 

The piezoelectric polymeric technology has been dominated for many years by 

ferroelectric polymers of the polyvinylidene fluoride family (PVDF) and its co-

polymers with trifluoroethylene (PVDF-TrFE). The piezoelectric activity of this 

polymer was discovered in 1969 by Heiji Kawai [58], followed by the finding of its 

pyroelectricity by Bergman et al. [74] and by Nakamura and Wada [75]. Later, also 

ferroelectricity was confirmed in this polymer family, as discussed in the Lovinger’s 

review of 1983 [76].  

PVDF has a Young’s modulus of 2.7GPa[77] and a piezoelectric constant of 

30pC/N [78]. In comparison with ceramics the performance is much smaller, but 

the advantages of piezoelectric polymers are flexibility, small acoustic impedance 

and robustness. 

The piezoelectricity of PVDF arises from the strong molecular dipoles in its 

polymeric chain. In the bulk form PVDF is semi-crystalline (Figure 2.7a), i.e. it 

consists in randomly oriented ferroelectric crystallites dispersed within an 

amorphous region. PVDF’s crystallite have four different phases, of which one is 

apolar (the 𝛼-phase), while the other three are polar. In particular in the 𝛽-phase the 
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dipoles are all aligned along the backbone (Figure 2.7b). Since the polymer is 

ferroelectric, it is possible to orient the dipoles of the crystalline phases, hence, to 

obtain an overall polarization of PVDF. Piezoelectricity in bulk PVDF arises from 

variations in dipole density, so it is called dipole density piezoelectricity.  

Figure 2.7: a) PVDF phases along the polymer backbone. The β-phase is 
ferroelectric because the strong molecular dipoles are aligned. b) 
Schematic of semi-crystalline polymer. 

2.1.3.2 Piezoelectrects 

Piezoelectrects, namely voided charged polymers [61], are polymers that contain 

internal gas voids, for example cellular polypropylene or Parylene-C (Figure 2.8). It 

is possible to charge the internal polymer surfaces by applying a large electrical field 

across the polymer film. The field ionizes the gas molecules inside the voids and 

opposite charges are accelerated and implanted on each side of the voids. Those 

embedded dipoles respond as piezoelectric materials to external fields or applied 

forces, but instead of ion or domain displacement, the working mechanism is the 

deformation of the charged voids.  

a) 

 

b) 

 
Figure 2.8: a) Piezoelectrects, or voided charged polymers, are polymers that 

contain internal gas voids. The piezoelectric effect is due to electrical 
charges implanted in the polymer material surrounding the voids b) 
Parylene-C internal structure’s SEM image. Parylene-C is a 
piezoelectrect. 

a) 

 

b) 

 

gas voids 

surrounded by 

charges 
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Piezoelectrects can have a high transversal piezoelectric coefficient, that can span 

from 20 to 1200pC/N depending on shape and density of the voids [61], although 

they lack in thermal stability, they age at high deformations, and they don’t show 

any longitudinal piezoelectric effect [79–82]. Another dominant phenomenon in 

voided charged polymers is the dependence on the frequency of the applied force 

or electrical field. This dependence is present in other piezoelectric materials, but it 

is not as influential as in voided charged polymers [61]. 

2.1.3.3 Piezoelectric nanocomposites 

A widely explored solution to obtain flexible and stretchable piezoelectric materials 

is to combine the mechanical characteristics of a polymeric matrix with the electro-

mechanical conversion property of piezoelectric nanoparticles [61][83][84]. This can 

be achieved by developing composite piezoelectric materials through dispersing 

nanosized ceramics in a polymer matrix. The properties of composites depend on 

the connectivity of different phases. Many theoretical investigations on binary 

systems have been performed with regard to the dielectric constant, piezoelectric 

constant, and the elastic constant [85–88].  

They proposed a two-phase model as shown in Figure 2.9, composed of a non-

piezoelectric continuous phase (phase 1) and a piezoelectric phase (phase 2, which 

can be spherical [88], ellipsoidal [87], or cubic [85]), where the apparent piezoelectric 

constants can be expressed as:  

 

Where Φ is the volume fraction of the piezoelectric phase, Lσ, LE and LD are the 

local field coefficients (LE=E2/E, where E2 is the field produced in the piezoelectric 

phase), and d2 is the piezoelectric coefficient of the piezoelectric particle. Yamada 

also inserted a poling ratio factor 𝛼. By deriving the local field coefficient from the 

permittivity constants and the connectivity of the piezoelectric phase, it is possible 

to write an expression for the piezoelectric constant and the mechanical constant 

for the composite system. The electrical and mechanical interactions expressed by 

two kinds of local field coefficients play important roles in the absolute values of 

the apparent piezoelectric constants and their frequency and temperature 

dependences, which are therefore the result of the inter-play between the different 

Apparent piezoelectric  

charge coefficient 
𝑑 = ΦL𝜎𝐿𝐸𝑑2 

Apparent piezoelectric  

voltage coefficient 
g = ΦL𝜎𝐿𝐷𝑔2 
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phases of the nanocomposite material. In Figure 2.9c the results from a finite 

elmenet analysis simulations made on this class of materials are presented. The 

images show the calculated piezopotential for tensile strain of 0.33% in the x-axis is 

generated across the top and bottom sides of the PDMS matrix by the piezoelectric 

nanoparticles [89]. 

a) 

 

b) 

 
c) 

 
Figure 2.9: a) Two-phase model of a piezoelectric composite material. b) 

Piezoelectric effect for a two-phase system. Images from [88]. c) 
Simulation model for a piezoelectric polymer nanocomposite with 
the calculated piezopotential for dispersed and non-dispersed 
nanoparticles [89]. 

In the last few years, the scientific community has developed an increasing interest 

in polymer piezoelectric materials. Many different composites have been synthetized 

and characterized. In Appendix A is reported the state of the art for piezoelectric 

polymeric nanocomposites, both as formulations and measured performances. 

2.2 PIEZORESISTIVE 

The piezoresistive effect was first discovered in 1856, when Lord Kelvin found that 

the electrical resistivity of copper and iron changes when a mechanical strain is 

applied. In 1935, Cookson first applied the term piezoresistance to the change in 

conductivity with stress, as distinct from the relative change of resistance, which 

includes both geometric and material property dependent changes. Later, in 1954, 

Charles S. Smith discovered that the piezoresistive effect regarded also 

semiconductors such as Silicon and Germanium [90], and that for this kind of 

materials the piezoresistive effect can be several magnitude orders larger than in 
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metals. Furthermore, their sensitivity can be increased further through suitable 

doping. Technological advances in the fabrication of ICs including doping, etching, 

and thin film deposition methods, have allowed significant improvements in 

piezoresistive device sensitivity, resolution, bandwidth, and miniaturization [91]. At 

the same time a new class of piezoresistive composites, consisting of conducting 

nanoparticles dispersed in an insulating matrix, emerged. These polymer/metal 

nanocomposites can incorporate a variety of conductive fillers (carbon nanotubes, 

graphene, metal nanowires), and have the potential to fulfil the requirements of soft 

sensors. 

Due to their high sensitivity and linearity, piezoresistive sensors have been 

extensively used in commercial micro-electromechanical systems (MEMS) devices 

and in macro-scale single sensors and sensor arrays as accelerometers, pressure 

sensors, strain-gauges, displacement sensors, flow sensors, torque sensors [92]. They 

have been very pervasive in different fields (e.g. biological and biomedical 

applications, harsh environments, heavy industry), and the recent progresses in the 

development of flexible and stretchable piezoresistive materials make them 

promising candidates for the wide range of wearable and implantable applications 

described in the Introduction, such as electronic skins for tactile soft robots. 

2.2.1 Conversion Mechanism - crystals 

In a bulk material the resistance is connected to the resistivity by the formula 𝑅 =

𝜌
𝑙

𝐴
, where l is the length, A is the surface area and 𝜌 is the resistivity. If the material 

is subjected to a tensile stress the material will deform, reaching a length of 𝑙 + Δ𝑙. 

Because of the elastic properties the surface area will shrink accordingly to the 

Poisson’s ratio 𝑣 = −
𝜖𝑚,𝑡𝑟𝑎𝑠𝑣

𝜖𝑚,𝑙𝑜𝑛𝑔
 it will be reduced from 𝐴 = 𝜔2 to 𝐴′ = (𝜔 − 𝑣Δ𝑙)2. 

Considering small strains, 𝜖 = Δ𝑙 𝑙⁄ ≪ 1 , the relative variation of the other 

dimensions can be written as 𝜕𝜔 𝜔 =⁄ − 𝑣 𝜕𝑙 𝑙⁄ , so the relative variation of the 

resistance caused by the geometrical change can be written as: 

𝜕𝑅

𝑅
=

1

𝑅

𝜕𝑅

𝜕𝑙
 𝜕𝑙 +

1

𝑅

𝜕𝑅

𝜕𝜔
 𝜕𝜔 =

𝜕𝑙

𝑙
− 2

𝜕𝜔

𝜔
=

𝜕𝑙

𝑙
(1 + 2𝑣) = 𝜖(1 + 2𝑣) 

This yields a measure for the piezoresistance called the Gauge factor that can be 

calculated as the relative resistance change per unit strain: 

𝐺 =
𝜕𝑅

𝑅

1

𝜖
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Therefore, taking into account only the geometrical effect, the gauge factor is: 

𝐺 ≈ 1 + 2𝑣 

which, depending on the Poisson’s ratio, can reach values of 1.4-2.0 [93]. At the 

beginning of the 20th century, the observation of an additional resistance change on 

top of the geometric change was difficult to explain, since ρ was thought to be a 

constant, according to Drude’s classical model of electron motion. Metals 

experience a small resistivity change with strain, while for silicon and other 

semiconductors the effect can be very strong.  

The change in resistivity with the applied stress is based on the induced modulation 

of the electric field generated by the charge transport [92]. It is typical of elastic 

semiconductor bodies, such as silicon, germanium and gallium arsenide, and leads 

to substantial differences in the gauge factor, Δρ/ρ can be 50–100 times larger than 

the geometric term [93]. The change in resistivity can be written as a change in 

conductivity 𝜎 = 𝑛𝑞𝜇 , where 𝑛 is the number of free electrons, 𝑞  is the unit 

electronic charge and 𝜇 is the mobility of the electrons [92]. Therefore, the variation 

of this parameter with stress is related to the change in the number of free electrons 

and the change in mobility induced by the lattice deformation, which leads to a 

modification of the effective mass of charge carriers [94].  

2.2.2 Conversion Mechanism – nanocomposites 

The tool employed for the description of electric conduction in polymer 

nanocomposites is called the percolation theory [95]. At low filler concentrations, 

metal particles are quite isolated and dispersed inside the insulating matrix resulting 

in a high electric resistance. By increasing the concentration of the filler, a 

conductive path is established and thus a drastic reduction in electric resistance 

comes about, defining the so–called “percolation threshold” [96–98].  

Percolation phenomena are present in different kind of systems, such as porous 

media, spread of diseases and fires, gelation and glass transitions [99].  In particular 

the percolation formalism can be used to describe the metal/insulator transition in 

nanocomposites [100,101] and the thin film growth process from discontinuous to 

continuous states [96–98]. 

Percolation theory describes a system of interconnected metallic nanoparticles. The 

evolution of electrical conductivity of this system follows the variation of the 

connectivity of the particles in the insulating matrix. During the growth process 
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these materials undergo three electrical conduction stages (Figure 2.10). The first 

one is an insulating one, where electron paths are not present, and the insulating 

matrix dominates the electrical conduction. Below the percolation threshold 𝜑𝑐 the 

resistivity is infinite because there is no spanning cluster network of connected 

particles. This notion of a sharp cut-off applies well only to composites made of 

large conducting particles (in the micrometric scale), for which two particles can be 

considered electrically connected only if they essentially touch each other. However, 

when the nanostructured system is formed by elements and structures having sizes 

limited to a few nanometres, the presence of this sharp cut-off is less clear. As often 

it happens in such cases, even if the particles do not physically touch each other, 

electrons can still flow from one particle to the other if their separation is low 

enough that tunneling processes can occur [102,103]. In particular, below the critical 

transition point 𝜑𝑐 the tunneling process is the main mechanism that contributes to 

the conductivity of the system. The second is the percolation stage, where 

continuous electron paths or conductive networks start to form, and the 

conductivity of the composite jumps several orders of magnitude. In this insulator-

conductor transition region, metal particles begin to touch each other, leading to the 

formation of conductive paths. In this regime, nanogranular systems exhibit a 

feature common to most random insulator-conductor mixtures, once a critical 

volume fraction of the conductive phase is reached, a sharp increase of the 

conductivity is observed (Figure 2.10).  

a) 

 

b) 

 
Figure 2.10: Dependence of the electrical conductivity (a) and resistivity 

(image from [101]) (b) of a composite with the concentration of 
conductive.  

The electrical conduction is due to both percolation along the forming metallic 

network and electron tunnelling between isolated particles. By further increasing the 
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volume fraction of the metal fillers tunnelling effects become less and less, 

compared with the contribution of percolation [104,105]. The last phase is the 

continuous stage, where the further increase in concentration of fillers results in a 

small increase in conductivity approaching a maximum value. In this stage a 

continuous layer is formed, and an ohmic type conduction should be reached. 

Nevertheless, the presence of defects and grain boundaries may have a profound 

influence of the conduction regime. This happens with cluster assembled films 

(more details can be found in Section 4.2) [96–98]. 

The relationship between the electrical conductivity of the insulating matrix with 

filling conductive nanoparticles above the percolation threshold is described by an 

empirical power-law: 

𝜎𝑒𝑓𝑓 = 𝜎0(𝜑𝑓 − 𝜑𝑐)
𝑡
 

Where  𝜎𝑒𝑓𝑓 is the effective nanocomposite electrical conductivity, 𝜎0 is the filler 

electrical conductivity 𝜑𝑓 is the fraction of conductive filler, 𝜑𝑐 is the fraction of 

fillers at percolation threshold, and 𝑡 is a fitting parameter called critical exponent, 

it has a universal value, and it depends only form the dimensionality of the system 

[96,98,106,107].  

The typical sensitivity obtained with the particle-based piezoresistive 

nanocomposites is relatively low because the 3D percolation in the particle 

composite compensates the geometrical change (elongation) in a strain axis by the 

opposite changes (shrinkage) in other axes  [108]. In reality, different parameters are 

involved in the conduction mechanisms (e.g. geometries and properties, insulating 

matrix properties, and polymer–particle interaction). The percolation network can 

be controlled by changing the geometrical shape of the conductive fillers and their 

volume fraction in the elastomer composite [109]. Typical stretchable sensors 

monitor large deformations but cannot sense small particle strains with high 

precision [110].  

2.3 PIEZOIONIC 

Iontronic is an interdisciplinary concept that bridges electronics and 

electrochemistry, which devices are based on ions as signals carriers. It is found in 

nature, for example information transduction inside the brain is based on ion 
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transport across cell membranes and it is intrinsically compatible with deformable 

and soft applications [111].  

Ionogels are a kind of hybrid materials composed of ionic liquids (ILs) and solid 

polymer network matrix. They have excellent mechanical properties, like high 

stretchability and mechanical toughness, ionic conductivity, and they can have 

additional properties like thermoresponsiveness, self-healing, mixed 

ionic/electronic properties, and photoluminescence [112], which makes them 

suitable for a variety of applications. They find uses as flexible supercapacitors, 

electrochromic devices, catalysis, and sensing devices [113]. 

Sensors based on ionic conductors can detect external stimuli through various types 

of output signals, for example resistance and capacitance reflect the changes in ion 

mobility and ion concentration, while in some selected frequencies the ionic 

conductor works as an ionovoltaic generator under mechanical stimulation [114].  

2.3.1 Conversion Mechanism 

Ionic gels are an emerging class of soft smart materials constituted by a polymeric 

backbone filled with a fluid containing mobile ions, such as room temperature ionic 

liquids or a solved salt in aqueous solution [115]. The piezoionic effect was recently 

defined as the generation of an output voltage induced by the separation of ions 

with different mobility, stimulated by a differential pressure applied to the material 

[115–118]. The redistribution of the ionic charges inside the polymer is driven by 

the matrix volumetric changes at the microscopic level induced by the imposed 

mechanical stress, which locally alter the ions concentration (Figure 2.11). The 

electro-mechanical response of piezoionic gels is isotropic and determined by the 

sign of the more mobile ions, at odd with that of piezoelectric nanocomposites, 

where the bias of the output voltage is determined by the polarization of the 

electrically poled nanofillers [61]. 

Simulations [119] and experiments [120] have shown that the origin of the 

piezoionic effect is the pressure gradient, rather than the Donnan potential [121] at 

the interface between the conductive polymer and the electrolyte. The key difference 

with piezoelectrics is that ions (free charges) are mobile, unlike the dielectric charges 

in piezoelectrics, and therefore the sign of the generated voltage is determined by 

the transport of the faster ions [120]. The piezoionic effect depends on the ions 

type, size and mobility, as well as on the mechanical properties of the polymeric 

network. 
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a) 

 

b) 

 

Figure 2.11: Schematic diagram for the mechanism of the self-powered 
sensing in piezoionic strain sensor due to redistribution of the ions 
under local pressure (a) [116] and bending (b) [122]. 

2.3.2 State of the art 

The research on this kind of composites is rather new, and only few articles are 

present in literature. In general, these gels have low output voltages (1-10mV) and 

respond well to low frequencies (<1Hz). In the following paragraphs are presented 

the piezoionic materials reported in literature.  

Dobashi et al. [115,116] (2015-2016) fabricated a polyurethane hydrogel-based 

touch sensor swollen with electrolytes that responded to a finger-tapping pressure 

(30kPa) with a voltage of 10mV and a current of 100nA and a PVDF-HFP based 

ionic polymer with a maximum sensitivity of 25 µV/Pa at 10 mHz.  

Liu et al. [122] (2016) engineered a wearable piezoionic strain sensor that generates 

an output of 1.3mV under a bending-induced strain of 1.8% in 50ms, and was used 

to monitor human activities, as wrist bending and heart rate. 

Adjaoud at al. [123] (2021) formulated a sensor based on Aquivion® conductive 

membranes and PEDOT-PSS flexible electrodes that provide an electrical output 

signal of 2.9mV. 

Li et al. [124] (2021) manufactured a knittable electrolyte-coated high-surface-area 

carbon nanotube yarn. The yarn can generate voltage signals of 4−15 mV with 

low noise (0.024 mV) between its two ends when stretched asymmetrically. The 

voltage amplitude is very sensitive to tensile stretches at frequencies of 0.1−10 

Hz and strains of 1-80%. 
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 PIEZOMETER 

If you cannot measure it, 

you cannot improve it. 

-Lord Kelvin 

 

Despite the numerous studies on piezoelectric composites reported in literature, 

nowadays the main focus remains on the maximization of the piezoelectric output 

by varying the different ingredients (polymeric matrix, nanofiller, electrode types 

and other additives), while characterization techniques suitable for the quantitative 

measure of the piezoelectric performance of nanocomposites are not consistently 

applied in this research topic. The measure of piezoelectricity presents many 

challenges and technical issues, caused mainly by the lack of a standard and 

universally recognized method (see references [61,125–136] and Appendix A). This 

topic has been explored extensively also by Šutka et al. in [137]. 

In the following chapters is presented the characterization approach developed 

during the PhD. This method allows to perform a thorough electro-mechanical 

characterization of soft piezoelectric nanocomposites in the compression mode, 

enabling quantitative and reproducible measurements of the piezoelectric charge 

constant 𝑑33  and providing high sensitivity and the spectral distribution of the 

electro-mechanical conversion capabilities. In particular, the presented experimental 

set-up allows to perform reliable measurements of the piezoelectric coefficient 

spectrum over a selected frequency range for piezoelectric polymeric 

nanocomposites with a piezoelectric coefficient 𝑑33  down to 0.5pC/N. The 

technique was validated on a commercial sample of PVDF, and then used to 

characterize the piezoelectric performance of some novel piezoelectric polymeric 

nanocomposites, as reported in Chapter 5.  
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3.1 PIEZOELECTRIC CHARACTERIZATION 

3.1.1 Piezoelectric coefficients 

In Section 2.1.1 the piezoelectric coefficients were introduced as: 

 Direct effect Converse effect 

Piezoelectric  charge 

coefficient 
𝑑𝑖𝑗 = (

𝜕𝐷𝑖

𝜕𝜎𝑗

)
𝐸

 𝑑𝑖𝑗 = (
𝜕𝑆𝑗

𝜕𝐸𝑖

)
𝜎

 

Piezoelectric voltage 

coefficient 
gij = (

𝜕𝐸𝑖

𝜕𝜎𝑗

)
𝐷

 gij = (
𝜕𝑆𝑗

𝜕𝐷𝑖

)
𝜎

 

The piezoelectric charge coefficient relates to the electric charge generated by unit 

area for applied stress, and therefore the generated charge for applied force (C/N). 

It is the most crucial figure of merit that characterize the performance of a 

piezoelectric material. 

𝑑𝑖𝑗  =
𝑞𝑖/𝐴𝑖

𝜎𝑗
  

The two constants 𝑑33  and 𝑑31  are of particular importance. The transverse 

piezoelectric coefficient, 𝑑33 , is employed when the force is applied along the 

polarization axis, and the charge is collected from the same surface the force is 

applied to. The longitudinal piezoelectric coefficient, d31, is employed when the force 

is applied perpendicularly to the polarization axis, and the charge is collected from 

the same surfaces as in 𝑑33. The piezoelectric charge constant is one of the most 

crucial characteristics to evaluate for a piezoelectric material. 

The piezoelectric voltage coefficient, also called voltage output constant, is related 

to the electric field generated by a unit mechanical stress (Vm/N). 

𝑔𝑖𝑗  =
𝐸𝑗

𝐹𝑖
 

These constants can be related to the piezoelectric charge coefficients by the simple 

relation: 

𝑔 =
𝑑

𝜀
 

where 𝜀 is the relative permittivity. 
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3.1.2 Standard Characterization Methods 

The most reliable method to measure the piezoelectric coefficient of piezoelectric 

materials is the dynamic method, or piezoelectric resonance method, which exploits 

the inverse piezoelectric effect. This method is the most accurate, since it is relatively 

easy to apply a uniform electric field, and the strain can be measured with reasonable 

accuracy (around 1%) by strain gauges or interferometric techniques. Furthermore, 

a dynamic excitation prevents the drift due to pyroelectric charges, and it is therefore 

more precise. The problem, for this kind of characterization, is to excite the samples 

and measure their response in different directions, or to excite and measure peculiar 

geometries or materials that does not present an elastic behaviour.  

In order to obtain a simple direct measurement of the piezoelectric charge 

coefficient the most widely used method is a quasi-static 𝑑33 piezometer [138,139]. 

For the practical measurement of 𝑑33, the equation can be altered as: 

𝑑33 =
𝑄3

𝐴3
∗

𝐴3

𝐹3
=

𝑄

𝐹
 

Since the measurements of the areas cancel out, it is evident that 𝑑33 can be simply 

determined by measuring the applied force on a sample surface and the generated 

charge on the same surface. The constant electric field condition is fulfilled in the 

short-circuit configuration. To achieve this condition a large capacitor should be 

placed in parallel to the piezoelectric sample. Applying a mechanical stress to the 

piezoelectric, the charge generated across the electrodes is transferred to the 

capacitor plates, and it is therefore possible to determine its value by a voltage 

measure across the capacitor (Figure 3.1). This method, which is very simple, is 

subjected to many errors and imprecisions mainly due to a pyroelectric thermal drift 

and charge loss due to internal conduction, and it is not used anymore for 

characterization, since it is difficult to control the electric boundary conditions. 

 
Figure 3.1: Static method for piezoelectric coefficient measurement. Image 

from [140]. 
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The most widely used characterization method is the quasi-static method, or 

Berlincourt method. This method exploits the direct piezoelectric effect using a 

small oscillating force, with a frequency range around a few hundred hertz, to excite 

the sample. The output charge is measured with an electrometer or an appropriate 

electronic circuit. There are currently no standards for this measurement method, 

and consequently each system performs the measurement slightly differently. Since 

there are a large number of variables involved for the determination of the 

piezoelectric coefficient, the measured piezoelectric coefficients are unreliable, 

especially for relative comparison. Interlaboratory tests have shown systematic 

differences between results on the same samples, those differences are reduced 

under the same measurement conditions [139]. 

A Berlincourt 𝑑33-meter comprises two parts. The first (Figure 3.2a) is composed 

of a force head able to clamp the sample with a controlled static preload force, an 

AC force load system to excite the sample with controlled frequency and amplitude, 

and a load cell, i.e. a piezoelectric sensor or a strain gauge, to measure the force 

applied to the sample The second is the charge measurement electronics, that 

comprises the contact electrodes to extract the charge and the signal conditioning 

electronics, that must operate under constant field conditions (for example 

exploiting a virtual mass amplifier or a large capacitor). The piezoelectric coefficient 

𝑑33 is simply obtained dividing the charge measurement by the force measurement, 

either in amplitude or in RMS. This ratio might be done both with digital signals, or 

electronically using a differential amplifier. There are some commercial 𝑑33-meters 

based on this technique and are the most widely used for what concerns the 

measurement of hard piezoelectric materials, like crystals or ferroelectric ceramics 

[141,142].  

a) 

 

b)  

 

 
Figure 3.2: a) Schematic of the force-head component of a Berlincourt 

measurement set-up. b) A commercial 𝑑33-meter (©PiezoTest) 
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3.1.3 Soft piezoelectric materials measurements 

Despite the fact that piezoelectric polymeric nanocomposites are a widely 

researched topic, there is no common recognized method for the characterization 

techniques used to evaluate their performance, differently from when piezoelectric 

bulk materials are concerned, where the material Figure of Merit is determined based 

on their piezoelectric charge coefficient.  

The three most common reported tests carried out in piezoelectric literature are 

piezo-force microscopy (PFM), unimorph cantilever beam testing, and tapping with 

a human finger. These techniques each have limitations, PFM measures only 

nanoscale response, unimorph cantilever beam testing only considers one mode of 

motion, and human finger tapping results in an undefined force, additionally it can 

introduce static charges (see Triboelectric effect in Section 2) [137]. 

The absence of a standard set of measures that describe the performance of this 

type of materials, coupled with the absence of reliable methodologies to assess the 

classic piezoelectric constants for soft nanocomposites, results in sets of non-

comparable qualitative measurements of different quantities under often 

unreproducible mechanical stimuli. In fact, most of the work presented in literature 

report operative values of voltage and current as a performance assessment, usually 

without a detailed description of the experimental method used to obtain them.  

Many researchers report “finger tapping” measurements, some other report voltage 

or current measurements made with a single force and a single stimulation frequency 

(see references from [58,103–114] and Appendix A for examples of such broad 

scattering of different characterization techniques). These characterization 

techniques are not suitable for many reasons: on one hand they could be affected 

by many artifacts (for example mechanical system resonant frequencies that would 

invalidate the whole measurement, or signal conditioning circuits used outside their 

range, as in ref. [134]), on the other hand the quantities that are usually characterized 

are operating voltages and currents, sometimes not even put in relation with the 

applied force. Moreover, as also reported by Šutka et al. [137], piezoelectric 

measurements done under uncontrolled conditions may be affected by other effects, 

such as contact electrification, triboelectricity, electrostriction or dielectric charging. 

Only for few piezocomposites the value of the piezoelectric coefficient 𝑑33  is 

presented, usually measured with a commercial system operating at a single 

frequency and with a single pre-load force, while this class of materials has usually 

lower 𝑑33  than that of PVDF [83] and present a non-trivial dependency to the 
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stimuli frequency, due to the complex electro-mechanical coupling mechanism 

[143][144]. Due to these sensitivity issues these systems are usually employed to 

measure the piezoelectric coefficients of PVDF-based nanocomposites [145] or 

piezoelectrects, namely voided charged polymers [61], which have a high 

piezoelectric constant, even though they lack in thermal stability, they age at high 

deformations, and they do not show any longitudinal piezoelectric effect [79–82]. 

There is only one case of a measure of 𝑑33  concerning a piezoelectric 

nanocomposite with a polymeric base different than PVDF [134]. The measure was 

performed applying specific loads orthogonal to the substrate, and the charge was 

measured using an in-house built electrical conditioning circuit; the obtained 

piezoelectric coefficient for the nanocomposite was 40pC/N. However, the 

measure was performed using static loads and using an electronic circuit for signal 

processing that could not provide reliable information on the effective electrical 

charge generated by the nanocomposite, due to the specific configuration of the 

circuit and components employed (see for example [146] for technical details).  

This lack of reproducibility in characterization techniques suggests that would be 

useful to develop and describe such an instrument, and to share the knowledge 

necessary to build it.  

3.2 DESIGN AND DEVELOPMENT  

During the course of this PhD project a suitable system for the measurement of soft 

polymeric nanocomposites was designed and developed. The approach was based 

on a Berlincourt-type apparatus, providing spectral information on the electro-

mechanical response in a wide range of frequencies of compressive loads, with high 

sensitivity and automated data acquisition modalities, enabling repeatability and 

reproducibility of the electro-mechanical characterization in the low-force regime.  

The system was designed to be modular and can be developed to cover different 

measurement ranges. A schematic of this measurement system is reported in Figure 

3.3a, while some pictures of the development steps (first prototype, project, 

realization of the final system) are reported in Figure 3.3b, c and d. 
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a) 

 
b) 

 

c) 

 

d) 

 
Figure 3.3: a) Experimental set-up used to measure the piezoelectric 

coefficient spectra of the piezoelectric polymer nanocomposite. 
b),c),d) Progressive development of the electro-mechanical 
characterization system. First prototype (a), CAD project of the 
system (b) and final realization (c). 

3.2.1 Hardware 

The system is designed to operate in a quasi-static or dynamic regime, in line with 

the Berlincourt technique [134. A vertical oscillating force is applied perpendicularly 

to the sample by means of an electromechanical exciter, while the force is measured 

by a force sensor and the output charge is collected by a dedicated electronic circuit. 

The system is modular, and its components can be interchanged to select different 

measurement ranges.  

The selection of an appropriate exciter and a matching force sensor allows to explore 

different frequency and force ranges. In this work, a Visaton EX 60S loudspeaker 

and a TE Connectivity FS2050-000X-1500-G force sensor (range of 14.7N,an 

accuracy of ±1%) were used. These two components allow to explore the range 

0.1N-3N for the force signal amplitude and from below 1µHz up to over 1200Hz 

for the signal frequency. Both components are mounted on a structure (Figure 3.4) 

appropriately designed to maintain the various elements aligned and positioned 
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inside a Faraday cage to avoid cross-talking with electromechanical noise from the 

environment.  

 
Figure 3.4: Mechanical CAD design of the assembly of the measuring 

instrument. 

The main structure is composed of a solid base, vibrationally insulated from the 

ground, and a vertical column, stable enough to avoid bending when the exciter is 

in function. This structure (labelled as C in the CAD design) was built using ®Bosch 

Rexroth aluminium profiles and angle brackets, to ensure rapid and precise 

assembling with a solid fastening. The vertical profile is equipped with a dovetail 

optical rail and two dovetail rail carriers (®Thorlabs) for vertical gross positioning 

of the measuring head. A single-axis translation stage with standard micrometer 

(®Thorlabs) is connected to the rail carriers to regulate the fine positioning of the 

measuring head.  

In order to optimize the system design, to reduce the final dimensions and 

connection cables’ length, and to assure the vertical alignment of the elements, a 

custom element was designed and 3D printed. This element (Figure 3.5a) serves to 

hold the load cell and to house the electrical contacts necessary for the measurement. 
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As can be observed in Figure 3.5c, this element is grooved in order to fit the load 

cell sensor (Figure 3.5b), which is kept in place by a frame. The load cell holder 

shape was studied to resist the mechanical strains imposed by the electro-mechanical 

exciter and to stop against the translation stage.  

a) 

 

c) 

 

b) 

 

Figure 3.5: a) Load cell holder design. The groove (A) is designed to house 
the load cell, while the hole is designed to house the electrical 
connection for the charge signal. b) Load cell shape (®TE 
Connectivity). c) Load cell holder mounting. 

The electrical connectors of the load cell can be connected through the hole created 

by the groove, while the electrical connection for the charge measurement is 

connected to the measuring circuit through the vertical hole (labelled as B in the 

schematic in Figure 3.5). The cable housing is critical in order to reduce the electrical 

noise coming from cable vibrations in the electro-magnetic field generated by the 

electro-mechanical exciter. Moreover, all the cables used inside the Faraday cage 

were shielded with braided sleeves connected to ground.  

The force sensor and the electro-dynamic exciter are equipped with suitable 

lightweight electrodes fabricated with Aluminium (Figure 3.6) and electroplated with 

gold in order to avoid dielectric layers that would introduce spurious double-layer 

capacitances that interfere with the charge measurement. The top electrode is 

fastened to the force sensor head through a cyanoacrylate glue, that guarantees a 
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rigid constraint and the electrical insulation from the sensor. The bottom electrode 

is secured to the vibrating surface using four screws. The electrical cables between 

the electrodes and the measuring circuit are connected using screws, bolts and cable 

lugs. The bottom electrodes, connected to the vibrating surface, is grounded, while 

the top electrode is connected to the measuring circuit (which will be described in 

detail in Section 3.2.2). 

a) 

 

b) 

 

Figure 3.6: a) Top and bottom electrodes CAD design. b) Top and bottom 
electrodes before a measurement. As can be observed in the picture 
the system ensures the alignment of the two electrodes, sandwiching 
the sample. 

The conditioning circuits converts the electrical charge into a voltage analog signal, 

and it is designed in an Arduino shield configuration (i.e. to be mounted directly on 

top of the Arduino board), in order to minimize the distances between the two 

components and therefore reduce the noise picked up by the connection. Arduino 

and the circuit are fastened to the Faraday cage next to the measuring head (Figure 

3.7). The force and charge electronic signals are collected and converted by an 

Arduino Mega ADC, and then analysed by a dedicated LabVIEW program. The pre-

load force can be selected manually by regulating a micrometric screw gauge, and 

the system allows to select the stimuli frequency and the dynamic force 

programmatically through the LabVIEW software, allowing to perform multiple 

measurements. This allows to reproduce the measurement procedure in a very 

simple way by defining a measurement protocol. 
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a) 

 

b) 

 
Figure 3.7: The electrical circuit on top of the Arduino MEGA. The electrical 

conditioning component is fastened to the Faraday cage wall next to 
the measuring head. 

3.2.2 Electronics 

The core of the instrument is the dedicated electronic circuit that allows to perform 

the measure of the output charge from the piezoelectric element. The signal 

conditioning, schematized in Figure 3.8 , is a charge amplifier circuit [147][148] with 

some alterations to the classic layout, introduced in order to filter out the DC signal 

coming from the natural polarization of the samples and avoid spurious charges’ 

integration. A typical charge amplifier circuit is an operational amplifier with a 

feedback loop composed of a capacitor and a resistor in parallel. The high input 

impedance of the operational amplifier forces the charge to accumulate over the 

feedback capacitor. The output voltage is therefore equal to the voltage across this 

capacitor, which means that the input charge can be obtained as: 

𝑄𝑖𝑛𝑝𝑢𝑡 = 𝑉𝑜𝑢𝑡𝑝𝑢𝑡 ∙ 𝐶𝐹 

This implies that the feedback capacity and the ADC set both the instrument 

sensitivity and range. In order to be able to read charges as small as fractions of 

picocoulombs, feedback capacitors as small as 1pC are needed, which is also the 

magnitude of the stray capacities for a printed circuit board. These stray capacities 

not only enhance the noise, but, since they are parallel to all the elements (Figure 

3.8), they also affect the gain by a factor 1 +
𝐶𝑠𝑡𝑟𝑎𝑦

𝐶𝑓
, which is not negligible since 

𝐶𝑠𝑡𝑟𝑎𝑦 and 𝐶𝑓 are comparable quantities. In order to diminish the electromagnetic 

noises picked up by the loops and to reduce as much as possible the stray 
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capacitances, the circuit board was equipped with a ground plane, and the layout 

was designed in order to minimize the distances between the components. 

In this configuration the circuit behaves as a current integrator. For real amplifiers, 

any input bias current causes a saturation of the signal in a very short time. To avoid 

this, a feedback resistor is added in parallel with the capacitor, in order to discharge 

the capacitor periodically. Due to this addition the whole circuit has a lower cut-off 

frequency at: 

𝑓𝑙𝑜𝑤 =
1

2𝜋𝑅𝐹𝐶𝐹
∗ 

 
Figure 3.8: Charge amplifier circuit schematic with the stray capacitance that 

affects the gain. The inset shows the DC voltage stabilizer integrated 
on the board for a stable power supply. 

The choice of the operational amplifier is crucial, as its input bias current might be 

amplified by the feedback. The operational amplifiers used were a LMC6062 on the 

prototype version, a precision dual amplifier with an extremely low input bias 

current (10fA) and offset voltage (100µV), and a LMP7721 on the PCB version, a 

surface mount precision dual operational amplifier with an input bias current of 3fA 

and an offset voltage of 26 µV. In order to incorporate different measurement 

ranges four feedback capacitors were used: 1pF (0.1÷2 pC/N), 4.7pF (1÷10 pC/N), 

4.7pF (5÷50 pC/N) and 150pF (30÷750 pC/N).  
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The circuit was prototyped with through hole components on a double sided 

perfboard with a ground plane on the top side. The ground plane served to reduce 

the ground loops and avoid noises that would hide the signal. In this configuration 

the multi-range capability was achieved through female-male pin connectors 

soldered on the board. The circuit served as a proof-of-concept, but its behaviour 

was not stable in time, so a stabler prototype version was implemented.  

a) 

 

b) 

 
Figure 3.9: Circuit prototype on a breadboard (a) and a perfboard (b). 

In Figure 3.10 and Figure 3.11 are reported the CAD designs of the board, 

implementing four switch-activated relays for gain selection. The circuit was realized 

in two different versions with improved precision and reduced noise. The first 

version of the circuit was first etched from a copper board by means of 

photolithographic process. The board (Figure 3.10a) was designed with a suitable 

software (Autodesk Eagle) and the negative of the board (Figure 3.10b) was printed 

on a transparent sheet and then impressed on the positive photoresist of a copper 

photoresist board via UV-light. The cured resist and the copper were etched with 

chemical acids, then the non-cured photoresist was cleaned and the holes for the 

electrical components were manually drilled, and the components were soldered on 

the two sides (Figure 3.10c). Once the functioning of the complete design was 

assessed, the circuit design was modified from 1-layer to 2-layer (Figure 3.11a) and 

the final PCB was fabricated on a standard FR4 support with a LeadFree HASL-

RoHS compliant surface finish by a PCB manufacturer website. The different 

versions of the circuit board were calibrated in order to assess their performance 

and stability. 
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a) 

 
b) 

 
c) 

 
Figure 3.10: a) CAD design of the PCB, b) Photolitography mask, c) Final 

realization of the board photoengraved on a copper board. 
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a) 

 
 

b) 

 
 

c) 

 
 

Figure 3.11: a) CAD design of the PCB and both sides of its realization 
printed by ®JLCPCB. 
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3.3 CALIBRATION 

In order to obtain quantitative results, the electronic circuit was calibrated using a 

charge input signal obtained through an AC current, controlled in amplitude 𝐼0 and 

frequency 𝑓, generated with waveform generator (Agilent 32210A) coupled in series 

with a bias capacitor, so that the input AC signal was integrated on the capacitor 

becoming an oscillating charge (𝑄𝑖𝑛 = 𝐼0/2𝜋𝑓), which served as an input for the 

electronic signal conditioning circuit, which read it as 𝑄𝑖𝑛 = Δ𝑉𝐶𝐹 (Figure 3.12).  

 
Figure 3.12: Experimental set-up for circuit calibration. 

The calibration procedure was necessary to assess the effect of both the percentage 

charge loss due to contact resistance at interconnections between components and 

to evaluate the stray capacitance responsible for the error on the circuit gain. These 

contributions result in a linear loss factor, which is represented with a parameter 𝛼.  

The prototype circuit in Figure 3.9b was calibrated at five different frequencies and 

the parameter 𝛼 was evaluated. The first measure showed a good linearity between 

input charge and output voltage, with linear loss factors between 3 and 7, depending 

on the feedback capacity and the AC frequency. The repetition of the measurement 

after several months showed a considerable instability of the circuit (Figure 3.13b). 

a) 

 

b) 

 
Figure 3.13: The calibration measurement the prototype circuit (a) repeated 

after seven months on highlighted a circuit instability (b). 
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The circuit fabricated through photolithography was calibrated with the same 

procedure, the result of one of these measurements can be observed in Figure 3.14a. 

Its better performance allowed to observe better the low-charge regime of the 

curves, where the function generator used to produce the input signal does not have 

a linear behaviour with the applied voltage due to a current limitation at 100nA. This 

was confirmed with a voltage-current measure on a10MΩ load (Figure 3.14b). The 

input charge could be therefore calculated from the 100nA current, and therefore it 

was possible to measure α for lower charges and, therefore, lower ranges. 

a) 

 

b) 

 
Figure 3.14: Calibration measurement of the etched PCB (a) and non-linear 

function generator  

These measurements allowed to perform an evaluation of the stray capacitance in 

the feedback loop (Figure 3.15). It was possible to evaluate 𝐶𝐹
𝑠𝑡𝑟𝑎𝑦

 from 

measurements of the loss parameter using different feedback capacities, in fact:  

𝑉𝑂𝑈𝑇 =
𝑄𝐼𝑁

𝛼𝐶𝐹
=

𝑄𝐼𝑁

𝛼∗(𝐶𝐹 + 𝐶𝐹
𝑠𝑡𝑟𝑎𝑦

)
 

𝛼 = 𝛼∗
CF + CF

stray

CF
= 𝛼∗ + 𝛼∗

𝐶𝐹
𝑠𝑡𝑟𝑎𝑦

𝐶𝐹
 

By analyzing the curve 𝛼 versus CF
−1 it was possible to obtain an approximate value 

for the stray capacitance and an absolute value for the loss parameter, not dependent 

from the feedback capacity. For the etched circuit the result were: 

𝐶𝐹
𝑠𝑡𝑟𝑎𝑦

= 1,83𝑝𝐹 

𝛼𝑟𝑒𝑎𝑙 =18 

1/𝛼 
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The value of stray capacitance was comparable with the value of the lower feedback 

capacity; hence its contribution was still considerably high. 

a) 

 

b) 

 
Figure 3.15: a) Circuit schematic with stray feedback capacitance, b) By fitting 

the 𝛼  versus CF
−1  plot it is possible to obtain a value for stray 

capacitance. 

The final circuit on the printed circuit board was calibrated for different frequencies, 

using four different feedback capacities, and the results are summarized in Figure 

3.16. As can be observed the loss parameter α decreased with increasing frequency 

and for higher feedback capacities: this behaviour reflected the stray capacitance in 

parallel with the feedback capacitor and the gain behaviour near the low cut-off 

frequency 𝑓𝑙𝑜𝑤 of the charge amplifier circuit.  

 
Figure 3.16: Through the calibration procedure the loss parameter caused by 

the stray capacitances and the linear resistances is measured. As 
expected, this parameter decreases with increasing frequency and is 
significantly higher for the lower feedback capacity, since it has the 
same magnitude of the stray capacitance.  
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3.4 VALIDATION 

The measuring system was validated measuring the piezoelectric coefficient 

spectrum of a known sample, i.e. a commercial PVDF membrane (© Precision 

Acoustics, thickness 110μm). The results are reported in Figure 3.17 and Figure 

3.18. 

a) 

 

b) 

 
Figure 3.17: a) Phase inversion under sample switching for PVDF, b) 

Linearity of charge-force response at different frequencies for a 
PVDF sample.  

These measures allowed to define the measurement protocol and to identify the 

resonant frequencies of the instrument, at which the measures are affected by a 

systematic error. 

The first indicator of a piezoelectric reading is the phase inversion under sample 

switching. The presence of this switching can only be ascribed to the anisotropic 

behaviour of the sample, therefore it allows to exclude any other source, as, for 

example, the current induced on the electrode from the electromagnetic signal 

powering the exciter. The phase inversion for PVDF can be observed Figure 3.17a, 

while in Figure 3.18a the phase difference between the force and charge signal for 

the different frequencies is plotted. As it can be observed, except for some outliers 

and a small region around the frequency of 600Hz, the signals were definitely in 

phase or in counterphase, with a slight drift with increasing frequency. This drift, of 

roughly 7 ∙ 10−4 𝑟𝑎𝑑
𝐻𝑧⁄   excluding the outliers, can be ascribed to the delay 

between the two signals readings. Since the two signals were sampled using the ADC 

of a single Arduino, the shift between the two readings is equal to the sampling rate 

of such ADC. In fact, the time delay measured from the phase drift is Δ𝑡 =
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1

2𝜋 

1

𝑓

𝜕𝜃

𝜕𝑓
= 0,1𝑚𝑠, and the ADC of the Arduino Mega has a 9600Hz sample rate, 

that is converted in a 0,1ms time difference between the two measurements.  

a) 

 

b) 

 
Figure 3.18: a) Phase difference between the force and charge signals for the 

measure in Figure 3.17a. The drift with increasing frequency can be 
ascribed to the delay between the two readings caused by the ADC 
clock. b) Piezoelectric coefficient spectra for PVDF in both the 
phase configurations. The difference between the two spectra can 
be ascribed to a sample anisotropy.  

The second parameter investigated was the effect of the preload force imposed 

across the sample. In Figure 3.19 some PVDF 𝑑33  spectra with preload forces 

ranging from 1N to 10N are presented. As can be observed in the graph the 

spectrum was shifted down with increasing preload force, and this shifting was 

particularly evident for preload forces from 1 to 5N, while in the range 5-10N the 

signal was more stable. To analyze more accurately this behavior, the average 

piezoelectric coefficient versus the preload force were plotted (Figure 3.19b).  

Another observation that can be made looking at the spectra plotted in in Figure 

3.19a is that a sharp peak of the piezoelectric coefficient around the frequency of 

600Hz is present in all the measures. The peak is slightly shifted towards higher 

frequencies with increasing preload force and in correspondence of the peak there 

is a particularly high deviation from the phase difference trend discussed previously. 

Since all the measured samples presented this sharp peak around 600Hz, and the 

phase difference between the two signals was significantly far from the 

phase/counterphase behavior discussed before, it was inferred that this peak was an 

instrumental resonance and does not reflect the real electro-mechanical response of 

the sample. Since the 𝑑33 values for the frequencies around 600Hz are not relevant 

to our analysis the stability evaluation done in Figure 3.19c was repeated excluding 

the frequencies around 600Hz. In order to find the conditions for a stable and 
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reproducible behavior, the average 𝑑33 coefficient was plotted with different cut-

off widths (Figure 3.19d), and measurements were subsequently performed with a 

minimum preload of 5N and the frequencies between 550Hz and 650Hz were 

ignored.  

a) 

 

b) 

 
c)  d) 

 
Figure 3.19: a) Piezoelectric coefficient spectra of PVDF with different 

preload forces. b) Phase difference between the force and charge 

signals for the measure in a. c) Average 𝑑33 of PVDF for different 
preload forces. In d) is represented the same as in c, but the average 
is computed excluding the spike around 600Hz which is an artifact 
caused by a mechanical resonance of the measuring instrument.  

The averaged 𝑑33  coefficient obtained over the considered spectrum for 

commercial PVDF is (28,3 ± 0,3) pC/N on one side and (31,6 ± 1) pC/N on the 

other, which is compatible with the PVDF technical sheet (28-32pC/N). This 

measurement system allows to test the performance of a single side of the sample, 

allowing to distinguish possible anisotropies in the thickness direction of the 

material. 
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Averaging over 40 different measures made with different parameters (low forces, 

high forces, different feedback capacities) (Figure 3.20) a mean value of (30 ± 1) 

pC/N was obtained.  

a) 

 
b) 

 
Figure 3.20 : Force-Charge measurement (a) and piezoelectric spectra (b) of 

PVDF, measured using the four different gains of the instrument.  

3.5 CONCLUSIONS 

In the context described at the beginning of the chapter emerged the need for an 

instrument and a technique to perform reliable and repeatable piezoelectric 

measurements on soft piezoelectric nanocomposites, also called nanogenerators.  
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The modular measuring system and characterization approach developed and 

described in this chapter enables the quantitative and systematic characterization on 

the electro-mechanical transduction ability of piezoelectric polymers and soft 

piezoelectric polymeric nanocomposites in the compression mode, with possible 

extension to the longitudinal mode. The measuring system allows to discriminate 

the piezoelectric contribution from the contact electrification charges [137]. 

Moreover, it allows to measure samples with a piezoelectric coefficient down to 

0,5pC/N, and the measurements are performed under controlled and reproducible 

conditions for a selected range of stimuli frequencies. The bandwidth and the 

resolution of the measuring instrument are limited, but it can be scaled, and the 

reliability of the measurement can be controlled during the measure, allowing to 

exclude from the results spurious effects, such as mechanical system resonances and 

triboelectricity.



 

55 

  PIEZORESISTIVE: ELASTOMER/GOLD 

The work presented in this Chapter is part of a project named “ASSIST – Smart 

valves based on active soft materials” funded by Fondazione Cariplo and Regione 

Lombardia. Politecnico di Milano, W.I.S.E. s.r.l. and Dolphin Fluidics were partners 

of the project. The final aim of the project was the redesign of a fluidic valve already 

on the market to include a flux sensor integrated in the stretchable membrane. The 

sensor was based on a piezoresistive metal/polymer nanocomposite layer integrated 

directly in the valve’s membrane.  

The work presented in the following chapter regards the process development of 

the nanocomposite for the integrated sensor, in particular for what regards the 

choice of the elastomer for the fabrication of the membrane and the optimization 

of the implantation process to produce a reliable strain sensor. A membrane mock-

up integrated in the final device is presented in the last section. 

4.1 ELASTOMER CHARACTERIZATION 

Elastomer is a term used to define a material with rubber-like behavior, which at 

room temperature can be stretched repeatedly to at least twice its original length and 

which after removal of the tensile load will immediately return to approximately its 

original length [149]. This kind of materials are typically polymers above their glass 

transition temperature, thus having low value of Young Modulus (about 1MPa) and 

they are crosslinked chemically or physically. 

The material mainly used in this work is polydimethylsiloxane (Sylgard® 184, Dow 

Inc.). The crosslinked PDMS has interesting physical and chemical properties most 

of them common to the siloxane polymers, it can be used in a wide temperature 

range (between -100 and about 200°C), it has low elastic modulus, it has low 

chemical reactivity, it has a hydrophilic behavior, it is transparent, it is biocompatible 

and has a low cost. This material is widely used in microfluidics, electronics, soft 

robotics and for biomedical applications. 
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4.1.1 Process development  

In literature [150–152] it is highlighted the change in mechanical behavior of PDMS 

changing the production and curing conditions. In order to obtain a reproducible 

fabrication procedure, it is crucial to define a standardized synthesis and curing 

procedure that enables the production of samples with controlled mechanical and 

surface properties. 

A Thermogravimetric analysis (TGA Q500 TA instrument) was performed to 

evaluate the material stability during the curing process. The liquid mixture of 

prepolymer and curing agent was subjected to two different thermal histories: a 

heating ramp (temperature increased from 30°C to 600°C at a rate of 5°C/min) and 

an isotherm (after a heating from 30°C to 150°C at 5°C/min the material was kept 

at 150°C for 180min). The thermal histories of the samples can be observed in 

Figure 4.1a. In Figure 4.1b is plotted the ratio between the mass of the sample and 

its initial value versus the temperature during the isotherm test, together with the 

relevant derivative curve. The corresponding for the heating ramp test is plotted in  

Figure 4.1c, with a zoom in Figure 4.1d. 

a) 

 

b) 

 

c) 

 

d) 

 

Figure 4.1: Thermogravimetric analysis of PDMS pre-polymer. Thermal 
history (a), isothermal test (b), heating ramp (c) and its zoom in the 
0-200°C range (d). 
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From the results of the TGA test it was possible to state that the material is stable 

up to 200°C, and that most of the thermal degradation occurs between 300°C and 

500°C. In the isotherm the weight loss is very small (about 0.8%) and similar to the 

one observed in the heating ramp, while during the isotherm step the weight loss is 

only 0.3%. These results suggested that the material can be considered thermically 

stable when the curing is performed under 200°C.  

Rheological shear test during the curing process were performed with an Anton Paar 

Modular Compact Rheometer (MCR 502) in parallel plate configuration. A 1mm 

thick layer of uncured mixture wasd placed between the two plates that oscillated at 

1Hz, while the sample was heated with an 8°C/min ramp up to 100°C or 150°C, 

followed by an isotherm step. In Figure 4.2 are plotted the two components of the 

shear modulus, the conservative component G’ (storage modulus, solid line), and 

the dissipative component G’’ (loss modulus, dashed line), against time and 

temperature. The storage modulus is correlated with the structure of the polymer 

network thus its change with time reflects the cross-linking of the material. The so-

called gel point is the crossover point between the storage modulus and the loss 

modulus, and it indicates the formation of a continuous network in the polymer. As 

can be observed in Figure 4.2 the gel point was reached for both curing temperatures 

after ten minutes of heating, and the final moduli depends on the curing temperature 

and not on the thermal history.   

 
Figure 4.2: a) Parallel plates rheometer test (100°C and 150°C).  
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4.1.2 Mechanical characterization 

For the uniaxial electro-mechanical tests the elastomer samples were cut in a 

dumbbell shape with 25mm gauge length (Figure 4.3). 

 
Figure 4.3: Sample shape for mechanical and electro-mechanical tests. 

Dumbbell (type2 ISO 37) (all quotes are expressed in millimetres). 

Uniaxial tensile tests were carried out on a dynamometer (Instron 5967) with a 2kN 

load cell N. A nominal strain rate of 0.24𝑚𝑚−1 was applied. Normal forces and 

displacements were automatically recorded by the machine. Nominal stresses were 

evaluated as: 𝜎𝑛 = 𝐹 𝐴0⁄ , with 𝐴0  is the undeformed cross-section of the 

specimens and 𝐹 is the normal force. The tests were video recorded with uEye 

camera and photographic lens Nikon AF Nikkor 28-105mm in order to measure 

accurately the effective strains. Four equally spaced lines were drawn in the specimen 

length perpendicularly to the loading direction to compute the actual deformation 

of the gauge length, by evaluating the evolution of the lines’ distance 𝐿 during the 

test. The deformation was therefore computed as: 

𝜀𝑛(𝑡) =  
𝐿(𝑡) − 𝐿(𝑡0)

𝐿(𝑡0)
 

As expected, the deformation resulted to be practically uniform in the gauge length. 

A DOE (Design Of Experiment) performed by the project partners allowed to 

define the influence of the various curing parameters on the mechanical behavior of 

the elastomer. The curing condition were then defined as follows: the pre-polymer 

gel and the cross linker are mixed at a 20:1 (w/w) ratio. The mixture is poured into 

a metal mold and degassed thoroughly. The PDMS is cured in a pre-heated oven at 

125 °C for 75 min and cooled down at room temperature. A 500μm film was 

obtained and tested mechanically through uniaxial strain tests. As shown in Figure 

4.4 the material presented an elastic behavior up to a strain of 40%, while at larger 

strain the material had a hysteretic behavior. Further, the material showed the 
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Mullins effect typical of filled rubbers [153]: in each cycle, the loading curve overlaps 

the unloading one of the previous cycle. This represents a softening of the stresses 

up to the maximum strain value reached in the previous test.  

a) 

 

b) 

 

Figure 4.4: Monotonic loading and cyclic loading and unloading of a PDMS 
sample. In b) can be observed the Mullins effect, typical of 
elastomers. 

For the purposes of the project, in particular the necessity of a bio-compatible 

material, a different material than PDMS was selected: silicon sheets of Sil540080T, 

an elastomer already cross-linked. The mechanical uniaxial tests were repeated on 

this material (Figure 4.5). As can be observed in Figure 4.5b this material exhibits 

the Mullin’s effect up to the maximum strain reached in the previous cycle. Tests 

performed after 24h and after one month demonstrated that this softening is not 

reversible. Cyclic tests demonstrated that the softening of the matrix was completely 

reached after the first cycle. 
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Figure 4.5: Monotonic loading and cyclic loading and unloading of a 

Sil540080T sample. In b) can be observed the Mullins effect, typical 
of filled rubbers. 
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4.2 SCBD AND PERCOLATIVE CURVES 

The Supersonic Cluster Beam Deposition technique [154–156] is based on the 

implantation of neutral metal nanoclusters, accelerated by a supersonic 

aerodynamical flow using a carrier gas, into the polymer matrix. The deposition takes 

place at room temperature and low energy, a high deposition rate, high lateral 

resolution compatible with planar microfabrication technologies, and neutral 

particle mass selection process by exploiting aerodynamic focusing effects [157]. 

This avoids thermal or chemical damage of the samples. As a result, this leads to the 

formation of large surface area nanostructured electrodes with controlled 

morphology at the nanoscale. The electrodes deposited with this technique are 

excellently adherent to the polymer matrix and do not significantly alter the 

mechanical properties of the nanocomposite, which is a salient feature for the 

desired application.  

4.2.1 Supersonic Cluster Beam Deposition 

A typical SCBD apparatus is schematically shown in Figure 4.6. The source used to 

obtain intense and stable neutral supersonic cluster beams is the Pulsed Microplasma 

Cluster Source (PMCS) [158,159]. The PMCS principle of operation consists of the 

ablation of a metal target rod by a plasma ignited during the injection of a high-

pressure pulse of an inert gas (Argon or Helium). The species resulting from the 

target ablation condense through collision with the inert gas to form clusters, then 

the cluster-gas mixture is expanded through a nozzle generating a supersonic seeded 

beam [160]. The cluster beam is focused by an aerodynamic lenses system [161] and 

directed on a substrate placed in a deposition chamber. The lenses force the gas flow 

lines to abruptly change when the gas passes through the orifice, obtaining a series 

of contractions and expansions during the passage through the focuser stages. Each 

metallic particle follows the streamlines of the flow originated at the lens nozzle 

depending on its inertial properties. A quartz microbalance periodically monitors 

the amount of deposited material and the deposition rate, and it allows to make an 

estimation of the nominal thickness of the films. High directionality, collimation, 

and intensity of aerodynamically focused supersonic cluster beams make them well 

suited for patterned deposition of nanostructured films through non-contact stencil 

masks or lift-off technologies [162,163]. 
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Figure 4.6: Scheme of the SCBD experimental apparatus. Clusters are 

produced in the source chamber and then extracted into the 
expansion chamber where they undergo a process of aerodynamical 
focusing. The focused beam arrives to the deposition chamber, 
passing through a skimmer. The cluster are deposited on the 
substrate mounted on the mobile holder. On the top left, an insight 
of the PMCS. The ceramic body consists in a cylindrical cavity where 
the gas injection is controlled by a pulsed valve. Between the ceramic 
body and the valve, a metallic disk, the anode is placed. The cathode, 
a gold rod, is inserted into the cavity through one lateral hole.  

4.2.2 Percolation Curves 

The percolation theory described in Section 2.2.2 can be applied both to the 

conduction mechanisms of the nanoparticles embedded inside the polymer matrix, 

and the growth of the conductive layer of gold nanoparticles across the polymer 

surface. The latter is of particular interest for process optimization purposes. 

The evolution of the electrical properties of cluster-assembled films can be 

characterized in situ during the fabrication process: in Figure 4.7 is shown a scheme 

of the experimental setup. The PDMS sample is mounted on a holder equipped with 

electrical contacts for the in-situ characterization of the evolution of the electrical 

properties of the film during the deposition process. The electrical resistance of 

cluster-assembled films is measured in the two-probe configuration [164] through a 

digital multimeter (Agilent 34410A) remotely controlled by a computer and the 

measurement is automatized through a LabView script.  
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Figure 4.7: Experimental set-up used for in-situ resistance measurements 

during the Supersonic Cluster Beam Deposition process. 

From the study of the percolation curve during the conductive layer’s growth it is 

possible to derive some important insights on the growth process. The critical 

thickness for the electrical percolation threshold, corresponding to the film 

morphology, can be determined by the occurrence of the maximum slope of the 

conductivity vs. thickness curve [165]. Beyond the percolation transition, the cluster-

assembled film is fully connected. In order to determine the thickness 𝑡∗ at which 

the transition to an ohmic behaviour takes place, the minimum of the curve 𝑅𝑡2 is 

searched, where 𝑅 is the electrical resistance and 𝑡 the thickness [166]. 

In order to highlight the differences that different processes can have on the 

percolation curve, in Figure 4.8 have been plotted the evolution of the electrical 

properties of some typical systems. The atom-assembled film on silicon (in blue) 

showed a percolation threshold below 10nm, the cluster-assembled film on the same 

surface (the two curves in green) showed higher percolation values, at thickness 10-

20nm. A cluster assembled film deposited but not implanted in PDMS (in yellow) 

showed a threshold percolation value at nominal thicknesses of 10nm. Cluster 

assembled film implanted in PDMS (in orange and red) showed percolation values 

respectively at nominal thicknesses of 40nm, 140nm and 200nm depending on the 

PDMS mechanical properties and the deposition conditions. As can be observed 

from the comparison plot not only the percolation threshold wase different, but also 

the transition to ohmic behaviour and the critical exponent 𝑡 introduced in Section 

2.2.2 presented a significative difference from one curve to the other. 
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Figure 4.8: Comparison between different percolation curves in logarithmic 

scale (top) and linear scale (bottom).  

The morphology of an atom-assembled film on PDMS is reported in Figure 4.9a, 

showing the typical structure expected for a film assembled by atoms [167], with 

evident differences with respect to the cluster film morphology in the continuous 

regime (Figure 4.9b). The images have been acquired using an Atomic Force 

Microscopy (AFM) in tapping mode, using rigid silicon cantilevers mounting single 

crystal silicon tip with nominal radius 5–10 nm and resonance frequency in the range 

250–350 kHz.  
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a) 

 
b) 

 
Figure 4.9: AFM maps of thin layer of gold deposited on PDMS through 

Physical Vapor Deposition (a) and Supersonic Cluster Beam 
Deposition (b)  

In Figure 4.10 are presented some percolation curves acquired on different 

substrates and with different deposition parameters. In Figure 4.10a and b are 

plotted percolation curves acquired during different deposition with low deposition 

rates on PDMS with different mechanical properties. The PDMS in Figure 4.10a 

was softer (mixing ratio 1:20, curing temperature 125°C, curing time 75min), while 

the one in Figure 4.10b was stiffer (mixing ratio 1:10, curing temperature 80°C, 

curing time 135min). In Figure 4.10c and d are reported the percolation curves 

acquired using as target Sil540080T. In Figure 4.10c the deposition parameters are 

the same as in Figure 4.10a and b, while in Figure 4.10d a different metal was used 

(Platinum) and the process was performed with a high deposition rate. 

As can be observed from the curves in Figure 4.10a, b and c the process was 

reproducible, as the percolation thresholds and behaviors were similar. The extreme 

difference in the percolation thresholds of the percolation curves reported in Figure 

4.10a and b suggest that the matrix stiffness is a crucial element in the implantation 

process, i.e. the softer matrix allows a deeper nanoparticle implantation, therefore 

the percolation threshold is shifted to higher equivalent thicknesses. 

 The sample deposited with platinum, reported in Figure 4.10d, showed a 

percolation threshold before 20nm, therefore it is likely that there was none or very 

little implantation during the process. In Figure 4.10b the two curves were acquired 
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with different deposition parameters, and this explains the difference in their 

percolation behavior, which is furtherly analyzed in the next paragraph. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 4.10: Some percolation curves, various conditions and different 

elastomers. a) Soft PDMS (base : curing agent = 1 : 20, cured at 
125°C for 75 minutes), low deposition rate. b) Hard PDMS (base : 
curing agent = 1 : 10, cured at 80°C for 135 minutes), different 
deposition rates. c) Sil540080T, low deposition rate, d) Sil540080T, 
high deposition rate, platinum deposited. 

The influence of the deposition rate on the percolative curve that can be observed 

in Figure 4.10b has been studied also in terms of roughness, by means of AFM.  

 Roughness [nm] Thickness [nm] 

Glass high rate 9.7 ± 0.1 122 ± 8 

Glass low rate 9.5 ± 0.1 115 ± 5 

PDMS high rate 8.9 ± 0.1 210 ± 15 

PDMS low rate 7.2 ± 0.1 240 ± 30 

Table 4.1: Roughness and thickness, AFM measured, of gold nanostructured 
layers deposited on PDMS (the relative percolation curves are 
reported in Figure 4.10b) and glass. 



Piezoresistive: Elastomer/Gold  66 

 

66 

 High rate Low rate 

G
la

ss
 

  

P
D

M
S
 

  
Figure 4.11: AFM maps of nanostructured gold deposited on glass and 

PDMS with two different rates.  

As can be observed in Figure 4.11 and in Table 4.1 while the deposition conditions 

have little or no effect on glass sample (both the roughness and the thickness were 

very similar), in PDMS the deposition rate had a significant effect. A lower rate 

lowered the roughness (in this case the roughness is lowered of 20% compared to 

the 2% for glass) and increased the thickness (12,5% against 6%). This effect can be 

ascribed to a deeper implantation, that swells more the elastomer, increasing the 

thickness of the PDMS/elastomer interphase. Furthermore, it has been 

demonstrated that for this technique the thickness and the roughness of the 

nanostructured layer are strongly correlated [168]; therefore, the lower roughness of 

the sample deposited at low rate suggests that the emerged section of the 

nanostructured gold was thinner than the one for the sample deposited with a high 

deposition rate. 

4.2.3 Conclusions 

The percolation curves acquired allowed to observe the difference between 

deposition (2D percolation) and implantation (3D percolation). One indicator of 

the depth of the implantation is the shifting of the percolation threshold towards 

higher equivalent thicknesses, and another is the thickness necessary to reach an 

ohmic conduction, i.e. a continuous conductive network. It is probable that for this 

kind of materials other phenomena arise. In particular many surface effects can 

happen, that might generate two different percolation thresholds: one on the 

surface, and one inside the polymer matrix. The interplay between these two 
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percolations depends on the deposition conditions (in particular the deposition rate) 

and the mechanical and surface characteristics of the material. The surface 

roughness comes also into play, in particular for what regards surface percolation, 

even though for the materials reported in this chapter should not be a relevant 

factor. A deeper understanding of the deposition and implantation process requires 

further studies. 

It should emerge from the discussion of these results how percolation curves are a 

useful tool to gain insights on what is happening at a nanoscopic level and to define 

the most appropriate conditions for the conductive nanostructured level growth 

process. For the purpose of the project a conductive material was needed, so it was 

crucial to reach a continuous layer, i.e. the third phase of the percolation process as 

defined in Section 2.2.2. At the same time, in order to improve the sensitivity of the 

piezoresistive sensor, depositing too much after the reaching of the ohmic regime 

would have been ineffective. Therefore, the optimal thickness was expected to be 

around the end of the percolative curve.  

4.3 ELECTRO-MECHANICAL CHARACTERIZATION 

The mechanical tests were performed as described in Section 4.1.2, with a nominal 

strain rate of 0.24𝑚𝑚−1 and a 2kN load cell. The electrical resistance of the sample 

was measured through a digital multimeter (Agilent 34410A) in two-probe 

configuration. The measure was automated by a dedicated LabView program. The 

three acquisitions (force, displacement, resistance) were synchronized with a data 

sampling of 10Hz. Thin steel wires were secured on the nanostructured gold layer 

with a conductive silicone based on Nickel particles (Soliani EMC S.p.a.) in order to 

assure electrical contact (Figure 4.12a).  

4.3.1 PDMS  

The first sample tested was a soft PDMS (mixing rate 1:20, curing 75 minutes at 

125°C) with a 200nm Au layer deposited with high rates. A single load test up to 

60% strain was performed, in order to assess the influence of the implanted gold 

nanostructured layer on the material’s mechanics, the shape of the resistance 

response and the stability of the electrical contacts. As expected, the gold implanted 

layer did not change the mechanical response of the material (Figure 4.12b). The 

resistance of the material evolved significantly with the applied strain, reaching a 
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maximum resistance of 14kΩ at 60% strain from the initial 430Ω. The gauge factor 

at maximum strain for this first cycle can be calculated as:  

𝐺𝐹 =
(𝑅𝑚𝑎𝑥 − 𝑅0)/𝑅0

𝜀𝑚𝑎𝑥
=

(14000Ω − 400Ω)/400Ω

0.60
= 57 

a) 

 

b) 

 

c) 

 

 

Figure 4.12: a) Test set-up b) Strain-stress curve for pristine PDMS and 
PDSM with an implanted gold-layer. c) Load cycle: strain-resistance 
curve. 

A first multi-cycle test, up to a nominal deformation of 20% (Figure 4.13), showed 

a decrease in the piezoresistive response. This effect had already been reported in 

[169] and has been explained as a rearrangement of the nanoparticles inside the 

polymer matrix, and, as can be observed in Figure 4.13c, the gauge factor decreases 

with increasing cycle number. It is expected that with increasing number of cycles a 

stable conductive path can be formed and a maximum resistance plateau, and 

therefore a stable gauge factor, can be reached. A small hysteresis is also present. 

The response of the sensor with strain was not linear, but it is monotonic and has a 

non-zero slope in every point, so it was suitable for sensor applications.  

a) 

 

b) 

 

   

Figure 4.13: Uniaxial strain cyclical measurements. a) Resistance-time, b) 
resistance-strain. 
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4.3.2 Sil540080T 

In order to define the best implantation protocol on Sil540080T some tests were 

performed with different implantation conditions and similar thicknesses, in 

particular at the end of the percolation regime as discussed in Section 4.2.3. The 

samples were tested with 10-cycle uniaxial strain measurements, which results are 

reported in Figure 4.14, in order to assess their piezoresistive performance. The 

gauge factors at 45% strain at the 10th cycle presented similar values (Table 4.2). The 

conditions that provided the most stable response was chosen for the production 

of samples for multiple cycle measurements. 

A 

 

B 

C 

Figure 4.14: 10-cycle strain-resistance measurements with Sil540080T 
implanted with different deposition parameters. 

Sample Cycle R/R0 ε max GF =[R-R0/R0]/ ε max 

SIL540080T - A 
1 118.05 0.47 251.17 

10 53.7 0.47 114.25 

SIL540080T - B 
1 68.43 0.42 162.93 

10 48.01 0.42 114.31 

SIL540080T - C 
1 79.84 0.42 190.09 

10 47.55 0.42 113.21 

Table 4.2: Gauge factor at 1st and 10th of strain-resistance measurement up 
to 45% strain for Sil540080T implanted with different deposition 
parameters. 
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In order to decouple the piezoresistive response reading from the stretching of the 

electrical contacts, and therefore to be able to isolate the resistance change occurred 

in the gauge section of the sample, a new shape for the specimen under test was 

studied, in order to position the electrical contacts in sites that are subjected to a low 

stress during the test. The chosen shape was a double T specimen with 18mm gauge 

length (Figure 4.15), and the contacts were positioned along the gauge length axis, 

separated by 30mm, compared to the 13mm of the gauge length. The mechanical 

simulation reported in Figure 4.15a was performed using the Mooney-Rivlin model 

with a 5mm displacement along the gauge length axis. 

a) 

 

b) 

 

b) 

 
Figure 4.15: a) Mechanical simulation of the specimen design, b) Schematic 

of the sample, in orange the deposited layer, c) photograph of the 
sample with electrical contacts placed in the designated spots.  

With this configuration it was possible to obtain a stable electrical signal. The sample 

was tested for 50 cycles (Figure 4.16a), and then after 2 hours for other 150 cycles 

(Figure 4.16b). The acquired signal remained stable for all the 200 cycles and it 
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appeared to be reaching a plateau value for the maximum value of resistance. In 

Figure 4.16c can be observed, superimposed, the three curves of stress, strain and 

relative resistance for this test. As can be observed the piezoresistive response was 

almost linear, and the correlation between the three curves was really promising for 

a sensor application. 
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Figure 4.16: a)  50 load-unload cycles b) 150 load-unload cycles c) correlation 

between resistance, strain and stress. 

4.3.3 Sil540080T-Platinum 

For biocompatibility and scalability of the process in already operating industrial 

facilities, it was performed a trial with Sil540080T implanted with Platinum (Pt) with 

high thicknesses. The results, reported in Figure 4.17, were not particularly 

promising, mainly because of the shape of the resistive response. In particular at 

high strains the resistivity reached a plateau (in this case the material was tested up 

to 15% strain); moreover, the resistive response had a zero-slope around the 

beginning of the curve (low strains) and therefore gave the sensor a low resolution. 

Another observation that can be made from Figure 4.17 is that resolution of the 

sample with a higher quantity of platinum was significantly lower than the one with 

less platinum, which is in accordance with the hypothesis that depositing over the 
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ohmic regime is ineffective because it minimizes the resistivity change for low 

strains, which is inadequate for sensing applications. The gauge factor was not 

calculated for these two samples due to their high dependence on the applied strain. 

  
Figure 4.17: 10-cycle strain-resistance measurements with Sil540080T 

implanted with platinum (high thickness). 

4.3.4 Device mock-up 

In the framework of the project a mock-up of the functioning device was 

implemented and tested, in order to verify the functioning of the sensing membrane 

integrated in the fluidic valve concept.  

 
Figure 4.18: Photographs and schematic representation of the system and the 

mock-up membrane (top row), functioning principle of the valve 
(bottom left) and schematic (bottom center) and photograph 
(bottom right) of the test set-up. 
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The membrane with the gold implanted layer was integrated in the valve (Dolphin 

Fluidics 18-00-01) and contacted with the outside through thin wires passing 

through two holes in the 3D printed scaffold. The resistance was measured with a 

MM01 digital multimeter while the fluidic circuit was activated with compressed air, 

controlled through a mechanical pressure reducer and measured with a Bourdon 

manometer (0÷4 bar). The test was performed by increasing gradually the pressure 

from 0 to 1.6bar and back and reading the resistance response on the multimeter.  

The resistance varied coherently with the pressure from. 265.1Ω to 285.8Ω, and 

back to 270.6Ω, with a variation of 8% on one way and 6% back. The strain of the 

membrane was not known so it was not possible to calculate the gauge rate for this 

test. 

The results of the mock-up test were promising and demonstrated the concept of 

the sensorized membrane integrated in the valve. 

4.4 SUMMARY AND CONCLUSIONS 

The work presented in this chapter regards the process development of the 

fabrication of a sensorized membrane to be incorporated inside a commercial fluidic 

valve for integrated pressure sensing. In particular the work presented was focused 

on the choice of a suitable bio-compatible elastomer, and the optimization of the 

implantation process to fabricate a reliable strain sensor.  

An optimized procedure for the production of mechanically reproducible PDMS 

samples with the desired mechanical properties was developed. The study of 

percolation curves during the thin film growth of Supersonic Cluster Beam 

Deposited metal on various elastomer matrixes allowed to gain insight on the 

implantation process on such materials. Furthermore, it was crucial in order to 

develop an optimized process for the fabrication of an elastomer/metal 

nanocomposites for the piezoresistive membrane. The electro-mechanical 

measurements performed on sample specimens and a membrane mock-up showed 

promising results and demonstrated the concept of the sensorized membrane. 

4.5 FEMTOLASER / SCBD GOLD MICROELECTRODES  

The process optimization and standardization presented in the current Chapter was 

exploited for the production of electrically and mechanically reproducible substrates 
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for the fabrication of soft and flexible microelectrodes. In this work, femtosecond 

(fs) laser ablation was used for patterning a PDMS/Au nanocomposite film. 

Ultrashort laser ablation is unique in its capabilities of high spatial precision, minimal 

collateral thermal damage, high material removal rate, selective ablation of thin layers 

and the capability of processing a large range of materials. Microelectrodes were 

fabricated with a width down to 3μm. The printed metal line sheet resistance was 

480 Ω /sq for the 100 nm thick film and 210 Ω /sq for the 200 nm thick film. The 

calculated average film specific resistivity was found to be 2.5–2.6mΩ⋅cm. It is ~3 

orders of magnitude higher than that of physical vapor deposited gold; therefore, it 

was not suitable for high current interconnects but sufficient for low-current signal 

transmission such as for electrical and electrochemical biosensors. For a deeper 

discussion see Appendix B (ref. [170]). 
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  BATIO3 NANOCOMPOSITES 

As presented in Sections 2.1.3.3 and 3.1.3 the field of piezoelectric polymeric 

nanocomposites is widely researched, and many materials are reported each year, 

usually varying the different ingredients (polymeric matrix, nanofiller, electrode 

types and other additives). The use of large volume fractions of the piezoelectric 

nanofiller usually involves a drastic decrease in compliancy and flexibility of the 

composite with respect to the pristine polymer and often results in a 

nonhomogeneous dispersion of the nanostructures in the polymer matrix. 

In this section will be presented a procedure to fabricate piezoelectric nanoparticles 

with surface functionalization that makes them well dispersible in aqueous solutions 

(5.1.2) and lipophilic solvents (5.1.3), and three different kinds of nanocomposites 

fabricated and/or characterized during the PhD project employing such 

nanoparticles. The Barium Titanate nanoparticles were synthetized and provided by 

the research group of Professor Mauro Comes Franchini, within Università Statale 

di Bologna (UNIBO). 

5.1 PIEZOELECTRIC NANOPARTICLES FABRICATION 

Ferroelectric perovskites nanoparticles, such as barium titanate nanoparticles 

(BaTiO3 NPs) are one of the most exploited systems since they are easily prepared 

with good yields, and they present a net polarization due to their polar structure. 

Unfortunately, BaTiO3 NPs showed poor dispersion properties in common 

solvents, mostly due to aggregation induced by surface instabilities, which severely 

limits their incorporation in polymer matrices. To overcome this issue the surface 

of the nanoparticles may be coated with suitable ligands: hydrophilic or lipophilic 

depending on the desired application. A catechol functionality presents great affinity 

for BaTiO3 NPs surface [171], thus stabilizing the nanoparticles against aggregation, 

whereas a long-chain tail is of great help in redispersion of nanoparticles in solvents. 

By mixing these features a suitable ligand could be obtained. 
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5.1.1 BaTiO3 nanoparticles 

The nanoparticles’ size and crystallinity are very important features to confer 

piezoelectric behaviour to polymer-based nanocomposites [61,136][61]. BaTiO3 

NPs were synthetized according to the literature with small modifications [173] via 

the sol-precipitation method at atmospheric pressure and were obtained as a fine 

white powder.  

In a typical procedure, 938 µL of titanium tetraisopropoxide (900 mg, 3.17 mmol) 

were dissolved under inert atmosphere in 1.5 mL of isopropanol at room 

temperature in a 5 mL round bottomed flask equipped with magnetic stirrer. Then, 

1 g of Ba(OH)2 ∙ 8 H2O (3.17 mmol) was added, and BaTiO3 NPs have been allowed 

to form by heating up to 80°C in 30 min and leaving the solution at 80°C for 1 h. 

After the reaction is cooled down to room temperature, the obtained nanoparticles 

were centrifuged (15 min at 6000 rpm) and repeatedly washed with H2O to remove 

solvent and by-products. Finally, BaTiO3 NPs have been dried under vacuum to 

afford a fine white powder stored under inert atmosphere to avoid the formation of 

carbonates on the surface. 

5.1.2 Hydrophilic functionalization: BaTiO3-HCA 

The BaTiO3 NPs synthetized as described in the previous section showed poor 

dispersion properties in water, mostly due to aggregation induced by surface 

instabilities. Hence, the surface of the nanoparticles was coated with HCA, by 

exploiting the catechol functionality of the ligand: HCA acts both as stabilizer and 

as water-dispersing agent (Figure 5.1).  

 
Figure 5.1: Schematic representation of the synthesis of BaTiO3 NPs (top) 

and the ligand exchange reaction with HCA (bottom). 
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The reactive surface of BaTiO3 NPs has been covered with 3,4-

dihydroxyhydrocinnamic acid (hydrocaffeic acid, HCA). 0.577 g of BaTiO3 NPs 

have been redispersed in 50 mL of absolute ethanol. In order to ensure complete 

disaggregation of the NPs, the suspension has been treated with tip-probe 

ultrasonicator (600W, 70% amplitude) for 1 min. Then, 0.860 g of HCA have been 

added to the suspension, which has been further ultrasonicated for another 1 min. 

Hence, the mixture has been stirred at 60°C overnight to ensure the HCA 

attachment. Purification of the final mixture was performed by repeated 

centrifugation (15 min at 6000 rpm) and washed with ethanol/water mixture (1:1), 

until colourless supernatant was obtained. Finally, the obtained BaTiO3-HCA NPs 

have been collected in 5 mL of H2O, leading to a uniform orange suspension of 

NPs.  

Indeed, after surface functionalization, the particles showed higher dispersibility in 

aqueous media. Thermogravimetric analysis and dynamic light scattering (DLS) on 

the NPs were also performed to assess the ligand exchange reaction and the 

formation of an organic layer bearing deprotonated carboxyl groups. 

Transmission electron microscopy (TEM) imaging was performed by an aberration-

corrected probe in a TEM (JEOL JEM-ARM200F). TEM revealed the presence of 

particles of 30-50 nm in size (Figure 5.2a), with the crystal planes clearly visible 

(Figure 5.2b). The crystalline structure of the obtained NPs was confirmed by 

powder X-ray diffraction (XRD) on the dried NPs (Figure 5.2c). However, the small 

size of the BaTiO3 crystal domains caused XRD peaks broadening, thus limiting the 

possibility to distinguish between the cubic and the tetragonal crystalline phase, the 

latter being the most stable at room temperature. 

DLS measurements were performed on a Malvern Zetasizernano-S working with a 

532 nm laser beam. ζ potential measurements were conducted in DTS1060C-Clear 

disposable zeta cells at 25 °C. DLS analysis of BaTiO3-HCA NPs revealed an 

average hydrodynamic radius of 296.1 ± 3.9 nm, high monodispersity (PDI = 0.112 

± 0.014) and negative surface Zeta potential (- 37 mV), confirming the presence of 

deprotonated carboxylic residues on the NP surface.  

As reported in Table 5.1, differences in the XRD reflections of cubic and tetragonal 

phases are only related to the peak splitting observed in the tetragonal phase due to 

the decrease in crystal symmetry; hence, due to the small crystallite size, XRD peak 

broadening did not allow for the discrimination between cubic and tetragonal phases 

of BaTiO3 NPs. However, the cubic structure is only stable above the Curie 
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temperature of BaTiO3 (T = 133°C) and is not piezoelectric, while the synthetized 

BaTiO3 NPs have shown good piezoelectric response at room temperature, 

suggesting the presence of mainly tetragonal structures [174]. 

 

Figure 5.2: TEM images of BaTiO3-HCA NPs. (a) Small globular particles 
(30-50 nm) grouped in bigger assemblies of 150-200 nm. (b) Detail 
revealing the BaTiO3 crystal planes (indicated by arrows). (d) XRD 
pattern of BaTiO3 NPs powder. X-ray source: Cu(Kα). 

Table 5.1: Experimental XRD reflections with the corresponding reference 
parameters for cubic and tetragonal BaTiO3. 

Average crystallite size has been estimated as 20.2 nm by applying the Scherrer 

equation on the most intense and resolved peaks: 

𝐷 =
𝑘 ∙ 𝜆 

𝛽 𝑐𝑜𝑠𝜃
 

where D is the mean size of crystallites (nm), k is crystallite shape factor (a good 

approximation is 0.9), λ is the X-ray wavelength, 𝛽 is the full width at half maximum 

2theta (°) d spacing (Å) 
Relative Intensity 

(experimental) 

Relative Intensity 

(tetragonal) [175] 

Relative Intensity 

(cubic) [175] 

22.26 3,994 206.4 209.3 206.6 

31.61 2,831 1000 1064.9 1057.1 

38.89 2,316 265.7 263.2 259.4 

45.17 2,007 342.8 345.2 344.7 

50.85 1,796 78.2 88 95.9 

51.17 1,785 / 10.7  

56.1 1,639 244.2 278.6 356.4 

56.4 1,631 / 79.5  

65.72 1,421 138.3 118 118.5 

66.03 1,415 / 39.2 59.3 

66.19 1,412 / 19.8  

74.67 1,271 79.6 69.5 89.7 
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(FWHM) in radians of the X-ray diffraction peak and θ is the diffraction angle [176]. 

A k value of 0.94 has been chosen as it usually applies for quasi-spherical particles. 

This result totally agrees with TEM images, which show bigger particles but 

crystalline domains around 20 nm. 

5.1.3 Lipophilic functionalization: BaTiO3-DDA 

The BaTiO3 NPs synthetized as described in the previous section showed poor 

dispersion properties in solvents, mostly due to aggregation induced by surface 

instabilities. Hence, the surface of the nanoparticles was coated with DDA, by 

exploiting the catechol functionality of the ligand. 

DDA synthesis In a 500 mL round-bottomed flask equipped with a magnetic stirrer 

and under nitrogen flow, 2.49 g (13.2 mmol) of dopamine hydrochloride were 

dispersed in 100 mL of dry THF, then 4.5 mL of triethylamine (32.3 mmol) were 

added. The solution was cooled to 0°C with an ice bath and a solution of lauryl 

chloride (3.00 mL, 13.0 mmol) in 150 mL of dry THF was added dropwise in 3 

hours. After complete addition of the acyl chloride, the mixture was stirred at room 

temperature for 45 minutes then 25 mL of water were added, the organic solvent 

was removed by rotary evaporation and the aqueous phase was extracted 3 times 

with ethyl acetate. The organic phase was then dried over dry Na2SO4 and 

concentrated under reduced pressure to afford DDA as a white solid (Figure 5.3). 

Yield = 85%. The product underwent NMR and ESI-MS analysis to assess purity 

and to confirm the structure (see Figure 5.3). 

 

 
Figure 5.3: Reaction scheme for the synthesis of the lipophilic DDA ligand 

1H-NMR spectrum of the ligand. 
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The reactive surface of BaTiO3 NPs has been covered with dopamine dodecylamide 

(DDA) by exploiting the catechol functionality of the ligand. In a 250 mL beaker, 

0.577 g of BaTiO3 NPs have been redispersed in 50 mL of absolute ethanol. In order 

to ensure complete disaggregation of the NPs, the suspension has been treated with 

tip-probe sonicator (70% amplitude) for 1 min. Then, 1.15 g of DDA have been 

added to the suspension, which has been further ultrasonicated for another 1 min. 

Hence, the mixture has been then placed in a 100 mL round-bottomed flask and 

stirred at 60°C overnight to ensure the ligand exchange. 

Purification of the final mixture was performed by repeated centrifugation (15 min 

at 6000 rpm) and wash with ethanol two times then with hexane until colourless 

supernatant was obtained. Finally, the obtained BaTiO3-DDA NPs have been 

collected in 5 mL of hexane, leading to a uniform brown suspension of NPs.  

The solution was drop casted a perforated carbon film supported by a copper grid. 

The preparation was then dried at 100 °C. The Transmission Electron analyses were 

performed with a FEI TECNAI F20 microscope operating at 200 keV. The 

instrument was also equipped with a dispersion micro-analysis of energy (EDS) and 

the STEM accessory. The TEM image were taken in the phase contrast mode and 

Selected Area electron diffraction (SAED). STEM pictures were recorded using an 

High Angle Annular Dark Field (HAADF) detectors: in this imaging mode the 

intensity I is proportional to Z1.7t , where Z is the mean atomic number and t is the 

thickness of the specimen 

The crystal structure of the prepared BaTiO3 nanopowder was assessed by powder 

XRD giving identical results to the ones already reported in the previous section for 

BaTiO3-HCA. Similarly to that case, the XRD peak broadening due to the small 

crystallite size of the nanopowder did not allow for the assessment of the tetragonal 

crystal phase of BaTiO3 nanoparticles.  

After ligand exchange reaction (Figure 5.4b) the BaTiO3-DDA nanosystem showed 

good dispersibility and colloidal stability in organic solvents such as hexane, 

chloroform and THF, revealing the effectiveness of the surface modification with 

the synthetic catechol ligand.  
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a) 

 

b) 

 

Figure 5.4: a) Reaction scheme for the of lipophilic barium titanate 
nanoparticles by coating with dopamine dodecyl amide (DDA). b) 
Optical camera picture demonstrating the efficient stabilization of 
BaTiO3-DDA nanoparticles in chloroform. While pristine BaTiO3 
nanoparticles (left) are efficiently dispersed in the upper aqueous 
phase and do not diffuse into the lower organic layer, lipophilic 
BaTiO3-DDA nanoparticles show better dispersibility and inverse 
solubility properties.  

The obtained nanosystem was therefore deeply studied by TEM analysis which first 

revealed the presence of crystallites having a size between 20 and 50 nm (Figure 5.5). 

The organic coating was also visible from TEM images as a thin layer that wraps the 

surface of the entire nanoparticles.  

    
Figure 5.5: TEM (top) and STEM (bottom) images of the prepared BaTiO3-

DDA. The organic coating is visible in TEM mode as casing the 
ceramic cores.  
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Moreover, selected-area electron diffraction (SAED) analysis was performed over a 

200 nm2 area of the sample, revealing some crystal plane reflections (Figure 5.6). 

Then, by software manipulation of the SAED pattern, it was possible to extract a 

pseudo-diffraction spectrum where the x-axis is attributed to the reciprocal of the 

distance between crystal planes. The contribution from the amorphous organic 

coating can be assigned to the diffuse light from the centre of the SAED pattern 

while the clear spots represent well-distinct crystal plane reflections. At this point, 

the position and relative intensities of the SAED diffraction peaks were extracted 

from the pseudo-diffractogram and compared to the literature values for tetragonal 

BaTiO3 reflections, giving a good degree of match between the two. As well as for 

XRD analysis, the small crystallite size did not allow for the analytical determination 

of the degree of tetragonality of the prepared nanopowder. However, the 

piezoelectric properties that will be shown next reveal good piezoelectric response 

(and thus high tetragonality) of the nanopowder.  

 
Figure 5.6: TEM analysis. Left: selected-area electron diffraction (SAED) 

pattern of a crystalline BaTiO3 nanoparticle. Right: integrated 
spectrum revealing main diffraction peaks obtained by the SAED 
analysis. 

Finally, the elementary chemical composition of the nanopowder was assessed by 

energy-dispersive x-ray spectroscopy (EDX) (Figure 5.7). The irradiation of the 

sample by high-energy electron cause for the formation of inner electron vacancies 

in the specimen atoms, which then relax emitting characteristic x-ray lines that can 

be unambiguously attributed to the element that generated them. The Ba and O 

peaks are displayed. The Ti K-peak is superimposed on the Ba L-lines, but it is 

possible to confirm the presence of titanium by observing the presence of the Ti L-

line to the left of the oxygen peak, just above the background. The Cu characteristic 

line are due to the support grid.   
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Figure 5.7: Energy-dispersive x-ray spectroscopy (EDX) of the region 

highlighted by the yellow box in the upper STEM image. Tabulated 
spectral lines for barium (pink), titanium (blue) and oxygen (green) 
are reported for comparison.  
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5.2 PIEZOELECTRIC/PIEZOIONIC: IONOGEL/BATIO3 

The hydrophilic nanoparticles were employed in a nanocomposite based on a 

chemically cross-linked gel incorporating a highly conductive ionic liquid. This 

system was engineered to respond to mechanical stimulations by combining 

piezoionic and piezoelectric activity, generating electric charge due to a 

redistribution of the mobile ions across the polymer matrix and to the presence of 

the electrically polarized ceramic nanoparticles, respectively.   

5.2.1 Nanocomposite Fabrication 

The ionogel/BaTiO3 nanocomposite (IG/BAT-Nc) was fabricated using a one-pot 

synthesis approach, by means of a free-radical UV photo-crosslinking reaction and 

a simple molding process. The photo-polymerization process is cost-effective and 

enables to print polymeric nanocomposite layers (1mm thick) in a simple, 

controllable, and reproducible fashion, with potential for future implementations in 

UV-assisted 3D printing technologies (e.g. digital light projection-based 

stereolithograpy [177]). The polymeric matrix was composed by polyvinylpyrolidone 

(PVP, 40000 Mw), physically intertwined with a chemically cross-linked polymer 

network, constituted by a random copolymer of highly hydrophilic 

(hydroxyethyl)methacrylate (HEMA) and acrylonitrile (AN), namely poly-HEMA-

co-AN. PVP was introduced as a toughening agent for the ionogel, reinforcing the 

poly(HEMA-co-AN) matrix through the formation of an interpenetrating network 

(IPN) between the two polymers. The relative ratio of the compounds was set as 

PVP : HEMA : AN = 1 : 12.7 : 8.3 wt. After addition of the ionic liquid and BaTiO3 

NPs, in order to trigger the cross-linking reaction the photoinitiator solution 

(ethylene glycol dimethacrylate, EGDMA, 5.5% wt with respect to the PVP and 

acrylic monomers weight) was added to the mixture. This network structure was 

engineered to allow the polymer to retain a large amount of suitable ionic liquids 

and to incorporate hydrophilic piezoelectric nanostructures, responsible for the 

piezoionic and piezoelectric effect respectively. As ionic liquid 1-(2-hydroxyethyl)-

3-methylimidazolium tetrafluoroborate (HoEMIMBF4, uptake equal to 45% wt) was 

used, due to its good solubility in water, affinity with hydrophilic compounds and 

high ionic conductivity[178]. A water suspension of custom-synthesized BaTiO3-

HCA nanoparticles (BaTiO3-HCA NPs, 2.5% wt with respect to the total polymer 

mass) was also added (see Section 5.1.2 for details of BaTiO3-HCA NPs). The pre-

polymer was then poured into a simple molding constituted by two glass slides and 

a silicone spacer (1mm thick). The radical polymerization process was then activated 

by means of UV light, generated by a Blackray B100-AP lamp (100W, 0.15 W/cm2). 
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The exposure time was set to 45 minutes. After the cross-linking, the polymeric film 

was demolded and dried in vacuum overnight to remove water residuals. The 

optimal formulation and synthesis procedure were determined empirically, by 

qualitatively evaluating the uniaxial stretching of the material. All reagents were 

purchased from Sigma Aldrich, except the ionic liquid that was purchased from Io-

Li-Tec. After demolding, the polymeric film was dried in vacuum overnight to 

remove water residuals. A detailed analysis of the materials water uptake properties 

is reported in next section (5.2.2). 

The optimal formulation and synthesis procedure were determined empirically, by 

qualitatively evaluating the uniaxial stretching of the material. The soft 

nanocomposites exhibited elastomeric-like properties, which are beneficial to 

enhance their electromechanical response under low frequency stimulations in the 

quasi-static regime [179].  

After samples preparation, the nanocomposites were poled at room temperature 

under an electric field of 3.3kV/cm for 7 hours in vacuum (10-5 torr) by clamping 

the materials between a pair of anticorodal aluminum slabs. The choice of these 

relatively mild polarization conditions was due to the low tolerance of the ionogel 

matrix to high intensity electric fields and harsh temperature conditions, which may 

induce the polymer backbone degradation [180]. At the same time, it should be 

feasible to obtain an adequate polarization of the piezoelectric material with lower 

coercive fields thanks to the presence of the ionic liquid, as previously demonstrated 

by Fukagawa et al. [181].  

A schematic of the obtained poled piezoionic/piezoelectric nanocomposite is 

reported in Figure 5.8 along with a photograph of a typical sample. In Figure 5.9 are 

reported SEM pictures. 

 
Figure 5.8: Schematic representation of the poled IG/BAT-Nc (white arrows 

indicate the nanoparticles electrical dipoles) and picture of a typical 
sample. 
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Figure 5.9: Schematic SEM imaging of the ionogel/BaTiO3 nanocomposite 

provided with nanostructures gold electrodes produced by mean of 
SCBD. A top view of the electrode is reported on top, while a cross-
section of the material, highlighting the morphology of the 
ionogel/BaTiO3 nanocomposite, is shown at the middle row of the 
panel. Details of the electrode morphology in the cross-sectional 
view are reported at the bottom. SEM imaging was conducted at the 
Politecnico of Milan by the facilities of the group of Prof. Carlo 
Casari, who is greatly acknowledged. The scanning electron 
microscope used was a Zeiss Supra 40. 

5.2.2 Water uptake characterization 

A quantitative characterization of the water-absorbance properties over time for 

both the bare ionogel (IG) and the ionogel/BaTiO3 (IG/BAT) nanocomposite was 

performed. Samples of both materials (surface area 20 mm x 10 mm, 1 mm thick 

and 25 mm x 15 mm, 1 mm thick) were weighed straight after synthesis, after drying 

overnight and after exposure of the specimen at laboratory ambient conditions (20 

°C, 45% RH), every half an hour for 2.5 hours, then after 5 hours and 12 hours. In 

the relaxed state after synthesis the IG and IG/BAT weights were equal to 0.4167g 

and 0.5927g, respectively. The differential weight, expressing the water amount 

absorbed by the materials at different times, was calculated as 𝑊𝑑𝑖𝑓𝑓 =

(𝑊𝐴 − 𝑊𝐷) 𝑊𝐴⁄ , with 𝑊𝐷 being the weight of the materials after drying and 𝑊𝐴 the 

weight of the materials at ambient conditions. The water uptake of both the IG and 
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IG/BAT nanocomposite showed to be low, with 𝑊𝑑𝑖𝑓𝑓 ranging from 0.2 % wt up 

to 1.2 %wt. This quite poor moisture sensitivity could be probably due to an 

interplay of factors, such as the cross-linking degree of the poly(HEMA-co-AN) 

network and the high rate of the conversion reaction prompt by the amount of 

radical initiator employed, as well as from the specific fabrication conditions. The 

measured weights for the IG/BAT samples (S1 and S2) are presented in Table 5.2, 

along with a graph showing the material 𝑊𝑑𝑖𝑓𝑓evolution over time (Figure 5.10). 

𝑇𝑖𝑚𝑒 (ℎ) 𝑊𝑑𝑖𝑓𝑓−𝑆1(%) 𝑊𝐴−𝑆2(%) 𝑊𝑑𝑖𝑓𝑓−𝑆1(%) 𝑊𝑑𝑖𝑓𝑓−𝑆2(%) 𝑒𝑟𝑟𝑜𝑟 (%) 

0.0 0.2287 0.3252 0.00 0.00  

0.5 0.2288 0.3256 0.04 0.12 0.2 

1.5 0.2291 0.3260 0.17 0.25 0.2 

2.5 0.2294 0.3263 0.31 0.34 0.2 

5.0 0.2298 0.3272 0.48 0.61 0.2 

12.0 0.2309 0.3292 0.95 1.22 0.2 

Table 5.2: Weight of the IG/BAT nanocomposites after drying (WD) and at 
ambient conditions (WA) measured over time. The error, calculated 
propagating the microbalance instrumental error, is also reported.  

 

Figure 5.10: Water uptake curve expressed in terms of 𝑊𝐷𝑖𝑓𝑓 over time for 

the IG/BAT S1 and S2 samples.  
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5.2.3 Electro-mechanical testing 

The response to mechanical stimuli of both the pristine ionogel and the poled 

IG/BAT-Nc samples was assessed through open-circuit voltage measurements 

under a low intensity periodical driving force, at low frequencies. A quasi-static 

method was used, employing an earlier version of the custom-designed 

measurement apparatus presented in Section 3 (see Figure 3.3a for reference). In 

order to apply an oscillating component to the applied force, an electro-dynamical 

exciter controlled by a function generator was used as the mechanical actuator. The 

compressive load was measured by a digital dynamometer (Sauter FH50) mounted 

onto a micrometric translator and provided with a planar copper-based metallic 

electrode (surface area was 1cm x 1cm), operating as a charge collector. A second 

electrode was glued to the actuator, operating as the counter-charge collector. All 

measurements were performed with a static load of 0.5N to guarantee electrical 

contact between the samples and electrodes, and a periodic force of 0.5N. Voltage 

and force data were acquired in real time at a sampling frequency of 300Hz with a 

dedicated LabView program. The output voltage generated by the material was 

recorded using a digital multimeter (Agilent 34410A) connected to the electrodes.  

Both ionogel and IG/BAT-Nc were tested for comparison at the frequencies of 

100mHz, 500mHz and 1Hz. In order to verify the isotropy or anisotropy of the 

materials response, all groups of measurements were performed twice, by flipping 

the samples orientation with respect to the direction of the normal force, as 

schematized in Figure 5.11. 

 
Figure 5.11: Isotropic piezoionic response of a pristine ionogel (top) and 

anisotropic piezoionic/piezoelectric response of a poled IG/BAT-
Nc (bottom). Dark gray arrows indicate the nanoparticles electrical 
dipoles. 



89  BaTiO3 nanocomposites 

89 

The electromechanical stability of the materials was assessed through cyclic 

measurements using the same experimental apparatus. The samples showed a good 

signal stability for over 20000 cycles (more than 15 hours of operation), preserving 

their responsive behavior for several months after fabrication.  

5.2.4 Results 

Both the pristine ionogel and IG/BAT-Nc responded to low frequencies, with no 

frequency-dependent output voltage in the range explored (Figure 5.12).  

 
Figure 5.12: Ionogel/BaTiO3 nanocomposite response at stimulation 

frequencies ranging from 0.1Hz to 6Hz (top). The working 
mechanism and sampling frequency of the dynamometer used did 
not allow to measure the force over 1Hz. However, even at higher 
frequencies the response does not seem to weaken for increasing 
frequencies (bottom plots). 
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The electrical response was, for both sample types, out of phase with the mechanical 

stimulation, with a constant lag time corresponding to 180ms (Figure 5.13). This 

delay could be ascribed to an interplay between a material intrinsic property (i.e. the 

mechanical relaxation and ionic transport dynamics) and an instrumental error 

deriving from the data acquisition and communication rates between the multimeter 

and load cell.  

 
Figure 5.13: IG/BAT-Nc response at 0.1Hz (top), 0.5Hz (middle) and 1Hz 

(bottom). 

As shown by the graphs (Figure 5.13) the presence of the poled nanoparticles 

enhanced the electromechanical performance of the material, allowing to reach a 

response of 8mV under a compressive force of 0.5N, corresponding to a pressure 
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of 5kPa. This value falls into the low-pressure range (< 10kPa, 1kPa being roughly 

the sensitivity of the human finger) as identified in the touch sensors framework 

[182] and it is adequate to monitor a variety of bio-mechanical motions, such as 

blood pressure changes between heartbeats [183]. Moreover, the poled sample 

showed a typical ferroelectric hysteresis [184], not shown by the piezoionic gel 

(Figure 5.14). 

 

 

Figure 5.14: Hysteresis loop of pristine ionogel and IG/BAT-Nc, the latter 
showing the typical ferroelectric behavior. 

The maximum output values reached by the nanocomposites were systematically 

higher with respect to that of the pristine ionogel for all of the frequency tested 

when the direction of the applied compressive force was the same as the electrical 

polarization of the nanoparticles (8mV to 7mV against 3.5mV to 1mV for 0.1Hz 

and 1Hz, respectively). This effect was damped down when the pre-load was applied 

in the opposite direction and no significant difference in the response between the 

samples was observed (3mV to 1mV for 0.1Hz and 1Hz, respectively). This 

anisotropic response can be ascribed to presence of the BaTiO3 NPs, which confer 

to the ionogel the bias directionality typical of ferroelectric materials. This behavior 

was probably due to a cooperation between two mechanisms: the isotropic 

piezoionic effect and the anisotropic ferroelectric effect. While the pristine ionogel 

response remained almost unvaried in both amplitude and phase under sample 

switching (Figure 5.15b), the IG/BAT-Nc response exhibited both an anisotropic 

behavior (phase inversion) and an amplitude modulation (Figure 5.15b). The 

piezoionic and piezoelectric contributions showed the same phase in one 

configuration (the directions of pre-load and polarization are parallel), and an 

opposite phase when the sample was flipped with respect to the applied force (the 
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directions of pre-load and polarization are antiparallel), causing the observed 

amplitude modulation. 

a) 

 

b) 

 

 
Figure 5.15: (a) Pristine ionogel and ionogel/BaTiO3 nanocomposite 

response at 0.5 Hz. (b) Anisotropic response of the ionogel/BaTiO3 
nanocomposite at 0.5 Hz, observed by flipping the sample with 
respect to the normal force direction. 

This remarkable feature is particularly interesting for applications in discriminative 

touch sensing and objects localization in physically unstructured environments 

[19,185–187]. In fact, ionic gels and ionogel-based materials are isotropic systems 

that allow to identify only the direction of the applied force by measuring the 

generated bias, despite the sample orientation [94,150,151]. On the other hand, the 

nanocomposite developed in the present work enables to discriminate the sensing 

element orientation with respect to the applied force, exploiting the anisotropy 

induced by the combination of the piezoionic and piezoelectric effect.  

The characteristics of fatigue under cyclic stress are influenced by both polymer 

internal structure (as degree of cross-linking, molecular weight, water and ionic 

liquid content, filler fraction) and external stimuli, as well as by stress intensity, 

frequency, and temperature [190]. Stress frequency and intensity are of particular 

importance since polymers usually show viscoelastic behavior [190]. In Figure 5.16 

is reported a graph showing the relationship between the electromechanical 

transduction performance (output voltage over stimulation force) and number of 

cycles for the last 6000 cycles of the durability tests. The decay in the material 

performance followed a logarithmic function, which is typical of polymeric materials 
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in which crack initiation is faster than crack growth [191]. Nevertheless, the material 

response was not entirely compromised along the last 6000 cycles, giving an output 

voltage of about the 7% with respect to the first cycles, but without exhibiting micro-

cracking or observable physical damage over time. 

a) 

 
b) 

 
Figure 5.16: a) Single measurement of the last 6000 cycles of life. The 

measure was performed with a cyclical force of 0.522N at 0.4Hz. b) 
The output voltage decreases as the logarithm of the number of 
fatigue cycles. 

5.2.5 Conclusions 

In conclusion, the fabrication and electro-mechanical characterization of a novel 

piezoionic/piezoelectric polymeric nanocomposite material based on a chemically 

cross-linked ionogel with embedded barium titanate (BaTiO3) ferroelectric 

nanoparticles was demonstrated. The composite responded to low frequency (0.1 
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Hz to 1 Hz) mechanical compressive stresses in the low-pressure regime (< 10 kPa) 

generating output voltages up to 8 mV. The combination of the piezoionic and 

piezoelectric activity resulted in an anisotropic electrical response to quasi-static 

mechanical perturbations, enabling to discriminate the sample orientation with 

respect to the load direction by monitoring the phase and amplitude modulation of 

the output signal.  

The results suggest that the presented piezoionic/piezoelectric nanocomposites 

constitute an interesting solution for the development of smart devices for 

discriminative touch sensing and objects localization in physically unstructured 

environments for soft robotics and wearable electronics applications.  
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5.3 PIEZOELECTRIC: PDMS/BATIO3 

The lipophilic nanoparticles were employed in a nanocomposite based on 

polydimethylsiloxane (PDMS). This material is one of the most used polymeric 

matrixes to embed piezoelectric particles is a silicone-based organic polymer; it is 

particularly convenient for several applications because it is hydrophobic, permeable 

to gases, physiologically inert and thermally stable. Moreover, it has good mechanical 

properties, such as high stretchability and deformability, it is optically transparent 

and a good dielectric [192]. Those characteristics make it suitable for a wide range 

of applications. PDMS’ mechanical properties (e.g. stiffness) can be tuned during 

the fabrication process, and its piezoelectric properties are determined by the 

loading of piezoelectric particles and the poling process. For all of these 

characteristics PDMS has been widely used for piezoelectric nanocomposites 

development [193].  

5.3.1 Nanocomposite fabrication 

In order to achieve a uniform distribution of BaTiO3-DDA nanoparticles inside the 

PDMS matrix, a common organic solvent was used to dissolve the elastomer base 

and to disperse the nanoparticles, and the two solutions were mechanically stirred 

together. After the complete evaporation of the solvent, when the nanoparticles 

were well dispersed in the PDMS base, the curing agent was added and mechanically 

stirred with the PDMS-nanoparticle dispersion (elastomer : curing agent = 10 : 1 

w/w) [194]. 

The fabrication procedure followed is reported here. The silicone elastomer base 

was dissolved in chloroform, and the solution was mechanically stirred for 30 

minutes (elastomer : chloroform = 2 : 5 v/v). Meanwhile, the chosen quantity of 

nanoparticles to be integrated into the nanocomposite was dispersed in chloroform. 

The mixture is mechanically stirred for 30 minutes. The two solutions of elastomer 

and nanoparticles were mixed together and stirred for 20 minutes with a magnetic 

anchor. The solution was then heated at 60°C in order to speed up the solvent 

evaporation process. The complete evaporation of chloroform leaves the BaTiO3-

DDA nanoparticles dispersed in the polymer base lasted about 1.5 hours. The curing 

agent was subsequently added, and the mixture was mechanically stirred for other 

20 minutes. After stirring, the obtained mixture was degassed and poured into a 

prepared mould for nanocomposite casting. The mould consisted of an aluminium 

component, provided with a 0.5 mm deep recess produced by milling, in which the 

prepolymer solution was poured. After pouring the solution into the mould, it was 
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degassed in a vacuum chamber in order to eliminate air bubbles trapped in the 

mixture during the previous phases and other bubbles originated after casting. A 

second aluminium component serving as a lid for the mould was fastened on top of 

the bottom aluminium part to ensure a tight sealing of the casted solution. The 

nanocomposite material was cured at 150°C for 2,5 hours in a pre-heated oven. 

After curing, a 60mm x 70 mm, 0.5 mm thick, layer of the material could be easily 

demoulded from the recess.  

The moulded samples were then cut into 16mm-diameter discs using punch-holes 

(Figure 5.17). In order to characterize the nanocomposite piezoelectric performance 

at different BaTiO3-DDA concentrations, samples with 0%, 5%, 10%, 15% and 

20% w/w nanoparticle loadings (named respectively PP5, PP10, PP15, PP20) were 

produced. The loading percentage is calculated with respect to the weight of the 

polymeric part employed. A pristine PDMS sample (PP0) was used as a reference, 

in order to recognize any additional contributions to the electro-mechanical effect 

different than the piezoelectric one [195], for example the triboelectric effect [196], 

electrostriction [197] or dielectric charging [79].  

  
Figure 5.17: Example of a moulded PDMS-BaTiO3 nanocomposite sample. 

The material resulted in a flexible and stretchable solid, with rubber-
like response. 

5.3.2 Poling 

An optimized poling procedure was implemented in order to align the electrical 

dipoles within the ferroelectric domains of the nanoparticles and among different 

nanoparticles, enhancing the piezoelectric effect [145]. In order to efficiently align 

the dipoles and the ferroelectric domains, a common procedure is to heat the 
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material over its Curie temperature, and let it cool down under the action of an 

external electrical field (field-cooling). 

A schematic representation and some pictures of the setup needed for the poling 

procedure are shown in Figure 5.18.  

a) 

 
b) 

 
c) 

 
Figure 5.18: Poling schematic representation (a), experimental set-up (b) and 

a batch of samples before the poling procedure (c). 
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The nanocomposite samples were placed between two polished aluminium plates, 

forming a plane capacitor in contact with both sides of the samples, and equipped 

with input connectors, in order to be charged at the voltage difference needed using 

a power supply (LKB 3371E). The distance between the plates was adjustable 

through four screws, and Teflon spacers are used to avoid inducing a short-circuit 

between the plates. The dimension of the plates and the control on the distance 

between them were designed to set uniform and known electrical field across the 

samples. The plates were heated through two silicon heater mats (RS Pro Silicon 

Heater Mat, 10W) adherent to the metal plates up to 130°C, the temperature was 

controlled in real time by means of a type-K thermocouple. Once the plates reached 

the desired temperature, a voltage difference of 1.2kV was imposed between the two 

plates, generating an electrical field of 20kV/cm. The system was kept in this 

configuration for 2 hours. After this, the temperature was slowly decreased from 

130°C to 110°C, under the imposed electrical field. This first cooling phase took 

two hours. The heaters were subsequently turned off, and the samples cooled from 

110°C to room temperature, still under the effect of the electrical field. The second 

cooling phase took another 2 hours. In order to prevent ionization discharges in air 

the whole process was performed inside a vacuum chamber at the pressure of 3 ∙

10−5𝑏𝑎𝑟. This allowed to condition the ferroelectric phase transition in the desired 

direction, while orienting the ferromagnetic domains. 

5.3.3 Mechanical characterization 

In order to quantitatively assess the mechanical behavior of the nanocomposite, 

mechanical measurements were performed, using a SAUTER Electric Test Stand 

with an SAUTER F50 dynamometer. The tests were performed on 24mm x 7mm x 

0.6mm samples. For each sample 100 cycles of uniaxial tensile tests with a maximum 

deformation of 75% and a nominal velocity of 10mm/min were performed, in order 

to obtain the stress–strain curve and the Young’s modulus at low strains, and to 

investigate the mechanical behavior repeatability and any fatigue effects. The last 

test was conducted up to the mechanical failure of the material, in order to measure 

the ultimate tensile strength of the nanocomposite material.  
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a) 

 

b) 

 
c) 

 
Figure 5.19: a) Stress-Strain measure performed over two different samples 

of the PDMS/BaTiO3-DDA nanocomposite. The samples exhibit 
an elastic behaviour with a Young’s Modulus of respectively 
1.57MPa and 1.70MPa. b) and c) Mechanical stability evaluation 
through a100-cycle stress-strain measure. The mechanical response 
of the sample is stable and does not display a fatigue effect. 

The mechanical measurements performed on the PDMS/BaTiO3-DDA 

nanocomposite (Figure 5.19a) confirmed the expected elastic behavior for small 

strains (<10%) with a Young’s modulus of respectively 1.70MPa and 1.57MPa for 

the 10%wt and 15%wt samples, which is in line with the results commonly obtained 

for PDMS with a base-curing agent ratio of 1:10 [198]. Compared with pristine 

PDMS cured at the same temperature, the nanocomposite material has a lower 

Young’s Modulus, which represents the softening of the polymeric matrix caused 

by the nanoparticles embedded inside it [198]. The measures were highly repeatable, 

and a 100-cycles deformation measure (Figure 5.19b,c) confirmed the high 

mechanical stability of the material. The ultimate tensile strain of the material is 

respectively 121% and 125% for the 10%wt and 15%wt nanocomposite.  

5.3.4 Electro-mechanical characterization 

In Figure 5.20a and Figure 5.20b are reported the piezoelectric spectra of the 

different samples in both the orientation configuration. As can be observed in 
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Figure 5.20 all the measures reported show a peak at 600Hz: as described before this 

is an instrumental resonance and does not give information about the piezoelectric 

behavior of the nanocomposites. In order to identify a unique piezoelectric 

coefficient to investigate its dependence from the nanoparticle loading and the aging 

or fatigue effect after a long number of cycles an average was performed between 

the values found at all the frequency, excluding the interval 450-650Hz, which is the 

frequency interval where most of the electro-mechanical cross-talk and system 

resonances influence the measures as discussed before.  

a) 

 

b) 

 
Figure 5.20: Piezoelectric spectra of PDMS-BaTiO3-DDA nanocomposites 

measured in the two configurations (polarization ↑, in orange, and 
↓, in red). The 600Hz peak is an instrumental resonance, it does not 
give information about the piezoelectric behavior of the 
nanocomposites.  

In order to investigate the long-term stability of the piezoelectric effect in these 

samples multiple-cycle measurements were performed. In Figure 5.21a is shown a 

10-cycle measurement for the same sample (PP15) before and after the poling 

procedure. As can be observed from the graphs even before the poling procedure 

the nanocomposite exhibited a piezoelectric behavior, but the effect was not stable, 

and the piezoelectric coefficient showed a 92% loss between the 1st and the 10th 

cycle. On the other hand, the poled sample’s response was stable over the 10 cycles, 

displaying a maximum d33 variation of ±5%, depending on the tested sample. In  

Figure 5.21b is represented a 100-cycle measurement over a poled sample. The 

measurement lasted more than 24 hours of uninterrupted mechanical stimulation. 

As can be observed in the graph in  Figure 5.21b the piezoelectric response was not 

significantly reduced over this span of time.  
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a) 

 
b) 

 
Figure 5.21: a) Performance loss over 10 cycles for the same sample before 

and after poling. During these cycles there is a 92% loss of the 
piezoelectric coefficient averaged across the different frequencies 
(excluding the peak between 400Hz and 700Hz). The measure is 
compared to an identical one done on the same sample gone through 
the poling process. b) A 100-cycle measurement over a poled 
sample. The measurement lasted more than 24 hours of 
uninterrupted mechanical stimulation. As can be observed in the 
graph on the right the piezoelectric response was not significantly 
reduced over this span of time.  

In Figure 5.22 and in  

Table 5.3 are reported the mean d33 values averaged over the whole spectra and at 

least 3 different measures.  

Table 5.3 reports also the averaged d33 percentage loss from the first to the fourth 

cycle as a stability evaluation. As can be observed in Figure 5.22d the piezoelectric 
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coefficient increased with the nanoparticle loading in one of the two configurations, 

while it had a different behavior in the other. This could be ascribed to a structural 

anisotropy, similar to the one found in PVDF, which could be both originated by 

nanoparticle dispersion inside the polymer matrix and to a non-uniform poling.  

 
Figure 5.22: Mean d33 values averaged over the whole spectra and at least 3 

separate measurements. 

 

 

 

 

 

Table 5.3:  Piezoelectric charge coefficients calculated averaging the 
piezoelectric response between the different frequencies, excluding 
the interval 450-650Hz where the response is highly influenced by 
the system resonances. Stability is represented as the averaged d33 
percentage loss over 4 cycles. 

In order to compare the performance this nanocomposite with the results obtained 

in literature some open-circuit voltage measurements were conducted using the 

same experimental set-up and protocol of the previous measures, by connecting the 

electrodes directly to the Arduino ADC converter, which has an input impedance 

of 20MΩ. The voltage coefficient spectra for the tested samples can be observed in 

Figure 5.23.  Except for some mechanical resonances similar to the ones found in 

the charge coefficient, the samples exhibited a piezoelectric linear response between  

Loading 
d33 ↑ 

(pC/N) 

d33 ↓ 

(pC/N) 
Stability 

0% wt. 0,6 0,7 -80% 

5% wt. 2,8 1,6 -20% 

10% wt. 2,5 5,2 -1% 

15% wt. 2,1 5,3 -2% 

20% wt. 3,0 5,7 -1% 
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50 and 200 𝑚𝑉/𝑁 depending on the stimuli frequency, with higher responses at 

lower frequencies (20Hz). The voltage response of the sample was not significantly 

influenced by the sample loading and is comparable to the ones found in literature 

for similar nanocomposites [61]. 

a) 

 

 

 

c) 

b) 

 

 

Figure 5.23: a) and b) Open circuit voltage coefficient spectra of PDMS-
BaTiO3-DDA nanocomposites, measured in the two configurations 
(same side facing up, in green, and down, in blue). The 600Hz peak 
is an instrumental resonance, it does not give information about the 
piezoelectric behaviour of the nanocomposites. c) Mean g33 values 
averaged over the whole spectra. 

5.3.5 Conclusions  

A novel piezoelectric PDMS/BaTiO3 nanocomposite was fabricated and 

characterized. The material architecture is simple, the main novelty of the 

nanocomposite being the surface functionalization of the nanoparticles to improve 

their dispersion in the polymeric matrix. Nevertheless, the nanocomposite shows a 

voltage performance in line with similar nanocomposites in literature, although a 

comprehensive comparison is not possible due to the lack of reliable and 
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reproducible measurements in this field, as described in Section 3 and Appendix A. 

The material, due to its fabrication simplicity and output performance, is therefore 

a promising base for further developments, for example the implementation of 

better electrodes, an example of which will described in Section 5.5. The presented 

nanocomposite was also used to demonstrate the capabilities of the measuring 

instrument described in Chapter 3.  
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5.4 PIEZOELECTRIC: 3D PRINTED PIEZO RESINS 

Additive manufacturing or three-dimensional printing (3D) is a computer aided 

production process that enables the creation of 3D pieces directly from digital 

models depositing the material layer by-layer. Since the advent of polymer-based 3D 

printing technology, the scientific community has directed great effort towards the 

development of new polymeric formulations that would allow applying this 

technique to various fields of application, ranging from materials science to tissue 

engineering. Among the various techniques that can be employed for the 

construction of 3D objects, stereolithography (SLA)[199,200] plays a major role, as 

it allows building structures by selectively photocuring layer-by-layer a well 

formulated monomeric liquid ink [201].  

5.4.1 Nanocomposite fabrication 

3D printed discs containing piezoelectric BaTiO3@DDA NPs have been 

manufactured at the Universidad de Cadiz (Spain) using a XYZ SLA resin as the 

polymeric matrix. The discs were printed in 16mm-diameter discs 1mm thick, with 

layer height of 0.1mm. To control the effect of height and layer height, 0.5mm thick 

discs and 1mm thick discs with 0.025mm layer height were printed as a control. The 

samples were subsequently UV-cured at 60°C for 1 hour.  

In order to characterize the nanocomposites’ piezoelectric performance at different 

BaTiO3-DDA concentrations, samples with 0.5%, 1%, 3%, and 5% w/w 

nanoparticle loading (named respectively p3D_0.5, p3D_1, p3D_3 p3D_5) were 

produced. The loading percentage is calculated with respect to the weight of the 

polymeric part employed. A pristine sample (p3D_0) and a sample without post-

curing (p3D_0*) were used as a reference, in order to identify any additional 

contributions to the electro-mechanical effect different than the piezoelectric one. 

Samples with poor dispersion (p3D_0,5*, p3D_3,5*) were used as a control for the 

effect of the nanoparticles’ dispersion on the piezoelectric performance of the 3D 

printed piezoelectric nanocomposite polymer. 

The samples were poled accordingly to the poling procedure reported in Section 

5.3.2: the nanocomposite samples were placed between two metal plates, forming a 

plane capacitor in contact with both sides of the samples. The plates were heated at 

130-140°C through resistive heaters. Once the plates reached the desired 

temperature, a voltage difference of (1kV, -1.2kV) was imposed between the two 

plates, generating an electrical field. The system was kept in this configuration for 2 
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hours. After this, the temperature was slowly decreased from 140°C to 110°C, under 

the imposed electrical field. This first cooling phase took three hours. The heaters 

were subsequently turned off, and the samples cooled from 110°C to room 

temperature, still under the effect of the electrical field. This second cooling phase 

took another 2 hours. In order to prevent ionization discharges in air the whole 

process was performed inside a vacuum chamber at the pressure of 3 ∙ 10−5𝑏𝑎𝑟.   

Two different poling procedures were applied, one with a poling field of 10kV/cm 

imposed for a total of 5 hours and one with -12kV/cm imposed for a total of 7 

hours. The poling procedure introduced a directionality in the samples. The samples 

orientation with respect to their polarization is notated as “↑” for concordant 

directions and “↓” for opposed direction. 

5.4.2 Characterization and Results 

The charge measurements were performed with the instrument described in Section 

3 between the frequencies of 200-1200Hz with oscillating forces between 0 and 1N 

applied to the sample. The preload force imposed across the samples was 5N and it 

was necessary to keep the sample in place and to minimize the triboelectric 

contributions to the charge collected by the electrodes.  

The linearity of the charge response was assessed by force-charge measurement 

(Figure 5.24). The software imposes force stimuli oscillating at a given frequency 

with increasing force. If the amplitude of the oscillating charge response is linear 

with the force amplitude the piezoelectric coefficient can be calculated as the angular 

coefficient of the force-charge line.  

The sample with 0% loading that was not post-cured did not exhibit a significant 

piezoelectric behaviour (Figure 5.24b). The charges collected by the electrodes are 

considerably small (of the order of 10-14 Coulombs) and the electrical response does 

not have a significative linearity with the applied force, except for a correlation that 

can be ascribed to electromechanical noises. The sample with 0% loading (p3D_0) 

exhibited a linearity between force and charge with a low response for some 

frequencies, and a non-linear response for others. The samples containing Barium 

Titanate nanoparticles (p3D_0,5, p3D_1, p3D_3, p3D_5) exhibited a good linearity 

of the response at all the tested frequencies (one example in Figure 5.24a).  
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a) 

 
b) 

 
Figure 5.24: a) Linearity of charge-force response at different frequencies for 

two samples for p3D_3, b) The charge-force response for the 
sample without nanoparticles that was not post-cured is not linear. 

One of the most important indicators of a piezoelectric response is the phase 

inversion under sample switching, that indicates the directionality of the sample 

polarization. In Figure 5.25 are depicted the phase difference for some of the tested 

samples. Before the poling procedure the samples were very different one from the 

other, since the electrical dipoles were randomly oriented. Some exhibited a phase 

inversion, some did not. The samples without piezoelectric nanoparticles did not 

exhibit a clear phase inversion for the sample switching (Figure 5.25b), while the 

samples with nanoparticles exhibited a clear phase inversion (Figure 5.25a) with rare 

exceptions to this trend relative to some critical frequencies. 
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a) 

 

b) 

 

c) 

 

d) 

 

Figure 5.25:  Phase inversion under sample switching for samples with and 
without piezoelectric nanoparticles. Force and charge signals (a: 
p3d_3, c: p3d_0), and phase difference between force and charge 
signals (b: p3d_3, d: p3d_0),). 

For the linear response regime, the piezoelectric coefficient was computed for every 

tested frequency. In the figures in the following pages are reported these 

piezoelectric spectra. In particular in Figure 5.26 are depicted the piezoelectric 

spectra for some of the tested sample under different poling conditions. As can be 

observed in Figure 5.26a,b the samples that were not poled exhibited a small and 

casual piezoelectric behaviour, due to the random orientation of the single dipoles 

inside the matrix. In many cases it was not possible to compute a piezoelectric 

coefficient due to the absence of a measurable response. As can be seen in Figure 

5.26c,d,e,f the samples without nanoparticles (in black) that went under the poling 

procedure exhibit a low electro-mechanical coupling behaviour, and, in some cases, 

they also exhibit a phase inversion under sample switching. By confronting the 

second and third row it should be apparent that the samples poled at -1200V/mm 

for 7 hours show generally a higher performance than the samples poled at 

+1000V/mm for 5 hours. This result suggests the increased efficacy of the poling 
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procedure conditions with poling voltage and time. In the following Figure are 

reported samples of different kinds that were poled together at -1200kV for 7 hours. 
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Figure 5.26:  Piezoelectric spectra of similar samples under different poling 
conditions measured in the two configurations (polarization ↑, in 
orange, and ↓, in red). The data are not presented if the charge 
response is not linear, for example in some curves and points of a) 
and b). The 600Hz peak is an instrumental resonance, it does not 
give information about the piezoelectric behaviour of the 
nanocomposites.  
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In Figure 5.27 are reported different samples under the same poling conditions: in 

orange and red the standard samples (height 1mm, layer-height 0.1mm), in green 

samples with layer height of 0.025mm, in blue samples with height 0.5mm and layer-

height 0.025mm, and in pink samples that showed poor nanoparticle dispersion.  
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Figure 5.27:  Piezoelectric spectra of different kind of samples under the 
same poling conditions measured in the two configurations 
(polarization ↑ and ↓). 

In Table 5.4, Figure 5.28, and Figure 5.29 are reported the average piezoelectric 

coefficients obtained for the various samples. The measures reported are the average 

coefficients over the whole spectrum, excluding the resonant frequencies where the 

phase response is deviating from the general trend, where different effects affect the 
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measurement (in particular around 600Hz, as discussed in detail in Section 3). The 

observations made observing the piezoelectric spectra were confirmed by the 

average piezoelectric coefficients. 

As can be observed in Figure 5.28 the piezoelectric coefficient of the samples 

increases with the nanoparticle loading up until a threshold, then decreases. The 

samples printed with 0.025mm layers exhibited a low piezoelectric behaviour 

compared to the ones printed with 0.1mm layers. The two tested samples with 

poorly dispersed particles showed a completely different behaviour. These results’ 

high scattering can be ascribed to the poor dispersion of the nanoparticles, that can 

result in very different samples within the same batch. The 0.5mm thick samples 

showed a similar performance dispersion. This could be ascribed to poor poling due 

to the height of the samples, which did not assure contact with both the poling 

plates, and therefore a non-uniform poling and heating.  

 
Figure 5.28: Average piezoelectric coefficient d33 for 3D printed piezo-resins. 
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a) 

 

c) 

 
b) 

 

d) 

 
 

 
Figure 5.29:  Average piezoelectric coefficient d33 for 3D printed piezo-

resins, showed in different plots for more efficient comparison. The 
samples plotted two times are referred to replicas, fabricated under 
similar conditions. 
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Table 5.4: Average piezoelectric coefficients obtained for the various samples 

with bars representing the piezoelectric performance (d33). 
One of the 5% samples poled in the last batch showed a piezoelectric 
performance significantly higher than the other tested samples with 
the same loading: two poled in different batches, and another one 
that went under the same poling procedure. This higher 
performance could be caused by a difference between this particular 
sample and its copies, for example a lower actual nanoparticle 
loading or a higher cross-linking of the polymer matrix, which lead 
to different mechanical properties. This result cannot be replicated 
and is treated here as an outlier. 

 

[BaTiO3] 

(wt%)
label

Post-

curing
Poling

Disc  

thickness 

Layer 

thickness 
d33(pC/N) ↑ d33(pC/N) ↓ Δϕ inv

0% ○ no 1kV/mm 1mm 0.1mm 0.14 0.16 no

0% • 60°, 1h 1kV/mm 1mm 0.1mm 5.8 7.4 yes

0.50% • 60°, 1h 1kV/mm 1mm 0.1mm 16.6 18.5 yes

1% • 60°, 1h 1kV/mm 1mm 0.1mm 16.9 23.4 yes

3% • 60°, 1h 1kV/mm 1mm 0.1mm 27.5 17.1 yes

5% • 60°, 1h 1kV/mm 1mm 0.1mm 1.2 1.2 yes

1% ••• 60°, 1h 1kV/mm 1mm 0.025mm 0.8 0.8 yes

3% ••• 60°, 1h 1kV/mm 1mm 0.025mm 1.2 3.3 vague

0% • 60°, 1h no 1mm 0.1mm 0.2 0.1 no

0.50% • 60°, 1h no 1mm 0.1mm 2.3 1.2 yes

1% • 60°, 1h no 1mm 0.1mm 1.4 1.3 no

3% • 60°, 1h no 1mm 0.1mm 4.0 1.1 yes

5% • 60°, 1h no 1mm 0.1mm -

0% ○ no -1.2kV/mm 1mm 0.1mm 0.08 0.07 no

0% • 60°, 1h -1.2kV/mm 1mm 0.1mm 0.5 0.3 no

0.50% • 60°, 1h -1.2kV/mm 1mm 0.1mm 15.0 6.5 yes

1% • 60°, 1h -1.2kV/mm 1mm 0.1mm 22.0 34.0 yes

3% • 60°, 1h -1.2kV/mm 1mm 0.1mm 43.0 22.5 yes

5% • 60°, 1h -1.2kV/mm 1mm 0.1mm 2.3 2.4 yes

1% ••• 60°, 1h -1.2kV/mm 1mm 0.025mm 6.7 5.9 yes

3% ••• 60°, 1h -1.2kV/mm 1mm 0.025mm 7.6 5.6 yes

0.50% * 60°, 1h -1.2kV/mm 1mm 0,1mm 0.35 0.25 yes

3.50% * 60°, 1h -1.2kV/mm 1mm 0,1mm 0.31 0.53 yes

1% •• 60°, 1h -1.2kV/mm 0,5mm 0,1mm 1.5 2.13 yes

3% •• 60°, 1h -1.2kV/mm 0,5mm 0,1mm 1.56 1.56 yes

0% • 60°, 1h -1.2kV/mm 1mm 0,1mm 0.67 0.75 yes

0.50% • 60°, 1h -1.2kV/mm 1mm 0,1mm 0.53 0.58 yes

3% • 60°, 1h -1.2kV/mm 0,5mm 0,1mm 16.22 20.00 yes

5% • 60°, 1h -1.2kV/mm 1mm 0,1mm 0.48 0.27 yes

5% • 60°, 1h -1.2kV/mm 1mm 0,1mm 16.87 17.09 yes

0.50% * 60°, 1h -1.2kV/mm 0,5mm 0,1mm 1.96 1.94 yes

3.50% * 60°, 1h -1.2kV/mm 1mm 0,1mm 14.90 12.11 yes

1% •• 60°, 1h -1.2kV/mm 0,5mm 0,1mm 22.32 48.50 yes

3% •• 60°, 1h -1.2kV/mm 0,5mm 0,1mm 18.64 10.33 yes

1% ••• 60°, 1h -1.2kV/mm 1mm 0,025mm 5.51 10.28 yes

3% ••• 60°, 1h -1.2kV/mm 1mm 0,025mm 5.74 10.45 yes
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5.4.3 Conclusions 

A 3D printed nanocomposite based on a photopolymerizable resin for 

stereolithography and surface functionalized BaTiO3 nanoparticles was developed 

and its piezoelectric performance was characterized.  During this stage of the project 

a  SLA commercial resin matrix was employed, but the results are encouraging for 

the application of the same methodology to different and novel polymeric matrixes, 

for example biodegradable and biocompatible resins [202,203]. 

The results indicate that the 3D printed discs were piezoelectric, and their 

piezoelectric coefficient is comparable to the one of PVDF. This good performance 

compared to the soft piezoelectric nanocomposites reported in the previous 

Sections can be in part attributed to the sample rigidity, which transmits efficiently 

the vibrations to the nanoparticles. The loading threshold observed in Figure 5.28 

could be caused by the softening of the matrix, or by the efficiency of the 

nanoparticle dispersion inside the matrix. 

The effect of the printing layer height and the non-zero piezoelectric behaviour of 

the 0% loading sample suggest that there might be a double effect: piezoelectric on 

one side (due to the nanoparticles) and triboelectric / voided charged polymer, due 

to micro air bubbles inside the 3D printed material charged during the poling 

procedure. 
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5.5 NANOSTRUCTURED SCBD ELECTRODES 

For polymeric nanocomposites the choice of the electrodes is an essential aspect to 

be addressed during the fabrication process. Since piezoelectricity is an electro-

mechanical effect, coupling adhesion and compliance between the polymeric 

nanocomposite and the electrode is pivotal to enhance the material response. In 

order to enhance the efficacy of the electro-mechanical conversion of these 

materials the nanocomposites were equipped with monolithically integrated 

nanostructured electrodes, fabricated by means of supersonic cluster beam 

deposition of gold nanoparticles (SCBD, [154–156]). The procedure is described in 

Section 4.2.  

The use of SCBD allows to obtain large surface area electrodes, physically 

interpenetrating with the polymer, which morphology is expected to dramatically 

increase the electrode/piezo-polymer interface area [169,204]. This was expected in 

turn to significantly increase the charge collection and transportation in response to 

the application of compressive loads.  

5.5.1 Ionogel 

An electrical resistance of about 100Ω/cm  was reached at a thickness of the 

deposited gold layer corresponding to 150nm. The feasibility of the approach was 

preliminary assessed through a static measurement, performed by manually applying 

compressive loads at the sample. This was sandwiched between the two planar 

charge collectors previously employed. The load was applied by regulating the 

micrometric screw controlling the dynamometer motion using the apparatus 

described above. For comparison, an IG/BAT-Nc without the integrated electrodes 

was tested in the same conditions. The output voltage was measured by using a 

charge amplifier elaborating the signal acquired from the charge collectors, using a 

classical circuit layout as the one reported in [134]. Due to variations of the input 

resistance introduced by the presence of the ion conductive ionogel, the voltage 

output is affected by an undetermined gain factor. Therefore, the measurements 

readout has merely a qualitative and comparative meaning in order to investigate on 

the effect of the cluster-assembled electrodes on the nanocomposite response.  

As shown in Figure 5.30 the static tests showed a significant difference in the 

response between the bare IG/BAT-Nc (Figure 5.30, top) and the same material 

provided with the integrated electrodes (Figure 5.30, bottom). In fact, the 

nanocomposite having gold nanostructured electrodes required the application of a 
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compressive load equal to one tenth of that applied to the bare material in order to 

reach the same output response. This increased sensitivity is related to the presence 

of the integrated electrodes, which probably both enhanced the charge accumulation 

at the nanocomposite/metal interface and favoured the electrical contact between 

the sample and the charge collectors, decreasing the overall charge dispersion. This 

enhanced response was also confirmed by subjecting the samples to the same 

compressive load and by recording the output voltage, as shown in Figure 5.30. 

 

Figure 5.30: Static measurements to qualitatively evaluate the piezo-response 
of a bare IG/BAT-Nc (top row) and an IG/BAT-Nc provided with 
gold nanostructured electrodes (bottom row). Same output voltage 
with different compressive loads (left column), same compressive 
load different output voltages (right column). 

A further assessment of the suitability of the SCBD approach was carried out by 

performing finger tapping measurements to obtain quantitative operative voltage 

values of the integrated electrodes conversion efficiency. For this purpose, the static 

load imposed by the dynamometer was removed and the upper charge collector was 

repeatedly tapped with a finger, exercising a force of about 1N, corresponding to a 

pressure of 10 kPa. The voltage readout took place by directly connecting the charge 

collectors to a multimeter and acquiring the voltage profile in time using a dedicated 

LabView program. An output voltage ranging from 30 mV to 40mV was measured 

Figure 5.31a. 
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Figure 5.31: a) Finger tapping tests performed on an IG/BAT-Nc sample 

provided with integrated gold electrodes.  

The observed output values were higher than those reported for purely piezoionic 

materials provided with nanocomposite surface electrodes, physically interlocked 

with the polymer [115,116,122]. Finger-tapping perturbations of the nanocomposite 

showed an improvement in the electromechanical transduction of the 

nanocomposite due to the presence of the metal electrodes, revealing an output 

voltage up to 40 mV for compressive stresses of about 10 kPa. 

5.5.2 PDMS / BaTiO3 – Au 

Gold nanostructured electrodes were deposited with the SCBD technique on the 

PDMS/BaTiO3-DDA samples described in Section 0. 

 
Figure 5.32: a) Evolution of the gold nanocomposite sheet resistance with 

deposited thickness. b) The PDMS-BaTiO3-DDA/Au 
nanocomposite is still a flexible and free-standing material. The 
nanostructured electrodes fabricated with this technique maintain 
the base material flexibility and stretchability without compromising 
their electrical properties. They are efficient in compression mode 
(minimal loss due to the nanostructure compression). They have 
several advantages in a free-standing environment in comparison 
with standard techniques electrodes because they maintain the 
mechanical characteristics of the substrate.  
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A resistance of about 100Ω was reached at a thickness of the gold layer 

corresponding to 320nm, and was maintained stable until the final thickness of 

450nm. The percolation curve can be observed in Figure 5.32a. The thickness of the 

gold layer was measured using as a reference the gold nanoparticles deposited on a 

reference sensor (microbalance). 

The nanostructured electrodes did not significantly alter the piezoelectric 

performance of the nanocomposites. This occurs due to the morphology of the 

nanostructured layer, which is compliant with the polymeric matrix: in the 

compression configuration of the characterization instrument the nanostructured 

electrode is not only compressed, but also stretched in the longitudinal direction, 

increasing its sheet resistance and dispersing part of the electrical charge generated 

by the nanocomposite. The nanostructured gold electrodes are particularly 

promising for free-standing applications since they allow to collect and transport the 

generated charges without limiting the nanocomposite flexibility and stretchability.  

 
Figure 5.33: Mean d33 values averaged over the whole spectra and at least 3 

separate measurements. 

5.5.3 Summary and conclusions 

The fabrication of cluster-assembled gold electrodes produced by SCBD was 

assessed for two different materials.  

For the piezoionic/piezoelectric nanocomposite the integration of such electrodes 

resulted in an enhancement of the charge accumulation efficiency by a factor of ten, 

compared to the bare material, as demonstrated by static electro-mechanical tests. 

Finger-tapping perturbations of the nanocomposite also showed an improvement 

in the electromechanical transduction of the nanocomposite due to the presence of 
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the metal electrodes, revealing an output voltage up to 40 mV for compressive 

stresses of about 10 kPa.  

For the PDMS/BaTiO3 the integration of the nanostructured implanted electrodes 

did not significantly alter the piezoelectric performance of the nanocomposites, due 

to the morphology of the nanostructured layer, which, in the compression 

configuration of the characterization instrument, is compressed and stretched in the 

longitudinal direction, increasing its sheet resistance and dispersing part of the 

electrical charge generated by the nanocomposite. Nevertheless, the limited 

performance loss and the unaltered mechanical properties of the material are 

promising results in view of applications in free-standing configurations, in which 

the nanostructured electrodes are essential to obtain the mechanical compliance 

without sacrificing the electrical conductance.  
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CONCLUSIONS AND FUTURE OUTLOOKS 

In this thesis work four different kinds of soft electro-mechanical transducers, based 

on different transduction mechanisms, have been fabricated and characterized and 

a dedicated instrument for their electro-mechanical characterization has been 

designed and developed. 

The modular measuring system and characterization approach developed enabled 

the quantitative and systematic characterization on the electro-mechanical 

transduction ability of piezoelectric polymers and soft piezoelectric polymeric 

nanocomposites, which have potential applications for the development of wearable 

devices, distributed energy harvesting elements and soft robotic systems. The system 

allowed to measure samples with a piezoelectric coefficient down to 0,5pC/N, and 

the measurements were performed under controlled and reproducible conditions 

for a selected range of stimuli frequencies. Its modularity allows to expand the 

measurement range to higher frequencies if needed, by simply substituting the 

mechanical components, and it allows to increase the system functionalities by 

developing different signal conditioning circuits for other measurement types. For 

example a rectifier for charge accumulation, a voltage amplifier that amplify 

regardless of the input impedance, etc might be developed and integrated in the 

system. A damping of the mechanical resonant frequency of 600Hz that reduces the 

bandwidth of the instrument would furtherly increase the measurable frequencies. 

An optimized procedure for the production of mechanically reproducible PDMS 

sample with the desired mechanical properties was developed. The study of 

percolation curves during the thin film growth of Supersonic Cluster Beam 

Deposited metal on various elastomer matrixes allowed to gain insight on the 

implantation process on such materials, and to develop an optimized process for 

the fabrication of an elastomer/metal nanocomposite, to be applied in a 

piezoresistive sensorized membrane. The electro-mechanical measurements 

performed on sample specimens and a membrane mock-up show promising results 

and demonstrate the concept of the sensorized membrane. 
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The fabrication and electro-mechanical characterization of a novel 

piezoionic/piezoelectric polymeric nanocomposite material based on a chemically 

cross-linked ionogel with embedded barium titanate ferroelectric nanoparticles was 

demonstrated. The composite responded to low frequency (0.1 Hz to 1 Hz) 

mechanical compressive stresses in the low-pressure regime (< 10 kPa) generating 

output voltages up to 8 mV. The combination of the piezoionic and piezoelectric 

activity resulted in an anisotropic electrical response to quasi-static mechanical 

perturbations, enabling to dis-criminate the sample orientation with respect to the 

load direction by monitoring the phase and amplitude modulation of the output 

signal. These results suggest that the piezoionic/piezoelectric nanocomposites 

constitute an interesting solution for the development of smart devices for 

discriminative touch sensing and objects localization in physically unstructured 

environments for soft robotics and wearable electronics applications.   

A novel piezoelectric PDMS/BaTiO3 nanocomposite was fabricated and 

characterized. The nanocomposite showed a voltage performance in line with 

similar nanocomposites in literature, although an effective comparison was not 

possible due to the previously discussed problematics of the characterization 

measurements in literature. The main novelty of this material lies in its thorough 

characterization, including charge and mechanical measurements, and in the 

description of the measuring methodology. Furthermore, the simple and 

straightforward material fabrication could be a useful base for further developments, 

for example for the integration of conformable implanted nanostructured 

electrodes, a topic that was discussed in a specific section of the thesis. 

The 3D printed resins showed a piezoelectric behavior with a low nanoparticle 

loading, and their piezoelectric coefficient is comparable to the one of PVDF. This 

good performance can be in part attributed to the sample rigidity, which transmits 

efficiently the vibrations to the nanoparticles. The data collected suggest the 

possibility of a double transduction effect: piezoelectric on one side (due to the 

nanoparticles) and piezoelectrects on the other, due to micro air bubbles inside the 

3D printed material charged during the poling procedure.  

The fabrication of cluster-assembled gold electrodes produced by SCBD was also 

assessed for two different materials. For the piezoionic/piezoelectric 

nanocomposite the integration of such electrodes resulted in an enhancement of the 

charge accumulation efficiency by a factor of ten, compared to the bare material, as 

demonstrated by static electro-mechanical tests. Finger-tapping perturbations of the 
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nanocomposite also showed an improvement in the electromechanical transduction 

of the nanocomposite due to the presence of the metal electrodes, revealing an 

output voltage up to 40 mV for compressive stresses of about 10 kPa. For the 

PDMS/BaTiO3 the integration of the nanostructured implanted electrodes did not 

significantly alter the piezoelectric performance of the nanocomposites, due to the 

morphology of the nanostructured layer, which, in the compression configuration 

of the characterization instrument, is compressed and stretched in the longitudinal 

direction, increasing its sheet resistance and dispersing part of the electrical charge 

generated by the nanocomposite. Nevertheless, the limited performance loss and 

the unaltered mechanical properties of the material are promising results in view of 

applications in free-standing configurations, in which the nanostructured electrodes 

will be essential to obtain the mechanical compliance without sacrificing the 

electrical conductance.  
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APPENDIX A:  PIEZO-NANOCOMPOSITES 

In the following table are reported some of the state-of-the-art piezoelectric 

nanocomposites presented in literature and their performance, with a focus on the 

characterization techniques used to assess their functioning. As can be clearly 

deduced from the table, there is currently no standard methodology for this 

measurement, and every research report different parameters to evaluate the 

behaviour of the presented material. 

Year Ref Material Output performance 

2010 [132] 
Polyetherimide / 

BaTiO3 

Model ZJ-3A d33 piezometer, frequency fixed at 

5Hz. The d33 value increased from 0.18 pC N−1 for 

pure PEI to 37.8 pC N−1 for the nanocomposite 

with 40 vol.% of BaTiO3. But the d33 value slightly 

decreased at higher filler content (>40 vol.%). 

2012 [89] 

BaTiO3 

nanoparticles / 

CNT/PDMS 

composite  

The NCG device generates an output voltage of 

∼3.2 V and a current of ∼350 nA under periodic 

mechanical deformation to a strain of 0.33%.  

2012 [131] PVDF-TrFE / ZnO 

Piezoelectric properties are measured by applying 

electric fields while measuring their response using a 

Sawyer-Tower circuit. 

2012 [205] 
PE / ZnO 

nanorods 

Open-circuit voltage is 4 V and short-circuit current 

density is 0.15 μA/cm2 when excited by acoustic 

vibrations at 100 dB. 

2013 [206] ZnO / SU-8 d33 = 5–8 pC/N for 20% wt. loading 

2013 [207] 

PMN–PT 

nanowire/PDMS 

nanocomposite  

Output voltage up to 7.8 V and an output current up 

to 2.29 μA (current density of 4.58 μA/cm2); 

2014 [134] 

3D PEGDA / 

BaTiO3 / TMSPM 

or CNTs 

d33∼40 pC/N. Custom circuit, static measure. 

2015 [208] 
PVDF-TrFE / 

BaTiO3 

Output voltage up to 9.8 V and output power density 

of 13.5 µW/cm2 under cyclic bending with tensile 

strain of 0.5%. 
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2015 [209] 
P(VDF-TrFE) / 

NKN 

Output voltage is 0.98 V and output current is 

78 nA at 10 vol% NKN loading 

2015 [210] PVDF-HFP/Pt 
Open-circuit output voltage is 18 V and short-circuit 

current is 17.7 mA under 4 MPa compressive stress. 

2016 [211] PDMS / MWCNT 

Open circuit output voltage is ~30 V and short 

circuit output current is ~500 nA, and power density 

is ~9.0 μW/cm3 under repeated human hand 

punching. 

2016 [212] 
P(VDF-TrFE) / 

GO 
Output voltage is 4 V and power is 4.41 μW/cm2. 

2016  [213] PDMS / BiFeO3 
Under human hand impacting, the output voltage is 

3 V and current density is 0.12 µA/cm2. 

2017 [126] 

PVDF-HFP / Ni-

doped ZnO 

nanocomposites 

A maximum generated output voltage of 1.2 V is 

achieved at 0.5 wt% Ni-doped ZnO. 

2017 [133] 
3D printed PVDF / 

BaTiO3 

d31=18pC/N calculated from peak-to-peak voltage 

at peak force. Excitation frequency of 45 Hz. Output 

4 V upon gentle finger tapping. 

2017 [136] 
PDMS / ZnO / 

MWCNT / EGO 

Qualitative studies: maximum voltage of 7.5 V 

Quantitative studies with bibrational apparaturs, 

maximum of 15.25 V is obtained  

Irregular finger assisted tapping, press-release 

operation and human footsteps yielding an output 

voltage of 36 V, 40 V and 50 V respectively 

2018 [135] 

PVDF / BTO-

microstones / Ag 

nanowires 

open-circuit voltage (VOC)of∼14 V and short-circuit 

current (ISC)of∼0.96 μA upon the application of a 

low pushing force of 3 N, cyclic pushing-releasing 

frequency of 5 Hz. 

2018 [214] 
P(VDF-TrFE) / 

BaTiO3 

Peak open circuit voltage (Voc) of 9.3 V and short 

circuit current (Isc) and 189 nA. 40% uniaxial 

stretching strain. 

2018 [215] PVDF / BT,GO 

At 0.15 wt% graphene nanosheets and 15 wt% BT 

nanoparticles loading, open-circuit voltage is 11 V 

and electric power is 4.1 μW under a loading 

frequency of 2 Hz and strain of 4 mm. The peak 

voltage during a finger pressing-releasing process is 

112 V. 

2018 [216] BT2 / PVDF 
Output power density is 27.4 μW/cm3 across 22 MΩ 

load at 10 g acceleration. 

2019 [129] 

PVDF-TrFE and 

filler NPs: niobium-

doped Pb(Zr,Ti)O3) 

Enhanced remnant polarization of 9.1 μC/cm2 at 

100 Hz and high longitudinal piezoelectric 

coefficient of 101 pm/V. Output of 10 V in 

response to mechanical bending. 
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2019 [217] 

Electrospun PVDF 

/ ZnO / graphene  

oxide 

Finger tapping 1.2V, mechanized tapping 2.5V. Input 

strain measured qualitatively. 

. 

2019 [218] PVDF / Fe-RGO 
Output peak voltage is 5.1 V and short circuit 

current is 0.254 μA by human finger touch. 

2019 [219] 
P(VDF-TrFE) / 

BNNT 

At 0.3 wt% BNNTs loading, the peak output voltage 

is 22 V and power density is 11.3 μW/cm2 under 

0.4 MPa maximum pressure. 

2019 [220] PVDF / Vitamin B2 

Output current is 12.2 μA and voltage is 61.5 V. The 

peak power density is 9.3 mW/cm3 and energy 

conversion efficiency is 62%. 

2019  [221] BLF-PT / PI 

Output voltage is 110 V and current density is 

220 nA/ cm2 at room temperature, with the impact 

from a human hand. The peak open-circuit voltage is 

110 V and short-circuit current is 310 nA under 

0.18 MPa pressure. The generator exhibited a voltage 

output 30 V at 300 °C 

2020 [222] 

P(VDF-TrFE) / 

(polydopamine-

functionalized BT) 

Output voltage is 6 V and current is 1.5 μA. Peak 

power density is 8.78 mW/m2. 

2020 [223,224] PVDF / Ag-pBT 

Peak output current is 142 nA and voltage is 10 V, 

which were 50% and 40% greater than those of 

PVDF/pBT-based scaffold, respectively. 

2021 [128] 

BCZT bioceramic 

and PLA 

biopolymer. 

Open-circuit voltage and short-circuit current of 14.4 

V and 0.55 µA, respectively, under gentle finger 

tapping. Maximum power density of about 7.54 

mW/cm3 at a low resistive load of 3.5 MΩ. 
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APPENDIX B:  
SOFT AND FLEXIBLE GOLD MICROELECTRODES BY 

SUPERSONIC CLUSTER BEAM DEPOSITION AND 

FEMTOSECOND LASER PROCESSING 
 

The results reported in this Appendix are reported in [170]. 
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