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1. INTRODUCTION

The nature of progress is that what begins as a
luxury for the rich becomes a necessity for
the poor as i1itodés deve

- Milton Friedman

1.1 CONTEXT

Today we are at thegeof the Fourth Industrial Revolutiotharacterized by a
range of new technologies that are fusing the physjtaland biological worlds,
impacting all disdipes, economies and industries. Internet of Things, big data,
cloud robotics, artificial intelligencggnotechnology, quantum computiagg
additive manufacturirage some of thieeytechnologies that are enabtimgnext
generatiomdustry

Thecoreconcept behind the Fah Industrial Revolution reliea Cyber Physical
Systems: computbased systems that integrate physical components with cyber
spaceto perform advanced automation and control .t&kbedded 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 efficiencilmost all devicasecessary for these taakstypically
encompassdul the Interneof Things[1].

Internet of Things

The term Internet of things (I0T) is used to destitdaetworked interconnection

of sensors and actuators embeddedenyday objecf®] allowinginformation to

be shared between systems that aféatt otherin order to provide thetetter
awarenesmdimprove theiefficiency, reliability and sustainalp8ityr he Internet

of Things can be applied to multiple environmé&igsiel.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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6 Introduction

PET, ASSET, PERON & VEHIOLE
MONITORNG & CONTROLLING

SMART HOMES & ATIES
EVERYDAY OBECTS

Figurel.1l: Thelnternetof Thingscan potentially be integrated in every
aspect of the human life.

loT-poweredsmart cities aim at improving the quality of life of their populations in
a variety of wayghrough measures that promote -gmndly, sustainable
environments and the deliveryheélthcarservices to citizens at home araind

the city [4], public and environmental health surveillangsis management
applicationg5] and the improvement of the performanceublic servicesas
transport,traffic, energy and healtBmarthomesand buildingsre one of the
essential building blocks of smart clie8] whilesmart grids focus mainly on
energy saving for homes and businesses based on the power grad tsagde
data from applianceéSmartindustryis expected to revolutionize manufacturing as
we know i8], while smart sensor networks enpi®eision agriculture and smart
farming increasing productivishile reducingesourcesonsumptiorfwater, light,
pesticides etd9011]

Medical care represents one of the most attractive application anéexsétof

Things 10T is expected to transform healthcare industry by increasing efficiency,
lowering costs and put the fobask on better patient c§t@] 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 consisteupervisiojl3] One good example phtient

6
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basedoT are the widely commercialized health monitoring smart watches. These
devices present different monitoring functionalities depending on the patient
necessities, i.e. step count, activity levey, temnperature, hearth rate, blood
pressure, posture, eating and sleeping behavipiMoreover, the ones dedicated

to special needs patients have typically the additional featuréootyep the
patient and alerting the caregivers. In some fmas®sample seizures and tremors

in epilepsy patien{d5,16] the constant monitoring can be a crucial factor in
treatment and prevention, and therefore improgaatity of lifeKigurel.2).

Mobile

<+

Seizure Likelihood

Figurel2: a) Data from clinical notes, wearable devices, and mobile apps
can be combined to obtain a deepederstanding of patient
specific risk factors and to model seizure likelifmodpilepsy
patientd16] b) Examples of implantable medical devices.

Thisaspecis even moreruciafor implantable medical deviggsme examples in
Figurel.2b), since thegan be used to diagnogesventand cure diseas@svivo
by performing tasks like drug releasimgpitor health parameters, life-saving
tasks as insulinjections oheartdefibrillations

Especially for implantable or wearabldicationgsome examples of which can be
observed ifrigurel.3), whichneed to be in constant contact with human batlies,

is crucial that these devices adapt to the physical motion in order to have a
seamless integration between body and déhediuman physical sensation is
maintained under lardeformaibns;thus,softness andompliancénave been the

main technological obstacle in fabrication of sensory devarethe past two
decades, the research on stretchable physical sensors have made great technologi
advances, and have beeamployedn various applications such as electronic skin,
haptic devices, bionics, wearable/implantable healthcare sen3dws,regearch

field that deals witthesesoft devices as actuators, stretchable electronics, sensors,
wearables, implantahland eskinsis called soft robotics
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a) b)
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Figurel.3: Some examples of soft deviag¥/eaable and wireless sensors
designed to monitor health conditions of premature bddies
Conformal soft robotic sleeve that can support heart furfcton
[17] c) Smartartificial skin covering a prosthetic hgr&]

Soft robotics

Soft Robotics ithebranch ofobotics that deals with the design, development, and
construction of soft, flexible robots with movemantsmechanical characteristics
similar to that of théiological organisnj&921] 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
[19,2224] biomedical ais®e wearable and implantable devj2dd27] smart

sensor networks in precision agriculfd831] and manipulating and grasping
fragile objects.

Conventionatobotics employsgid materials to fabricate precise robotic systems,
easy to model andth limited degrees of freedalatermined by rigioints[32]

The advantages of this approachpageeision, speeahdrobustnesscapacity to

bear high loadend large mechanical wakimportant features for repetitive tasks

as, for example, factory assgrtibésConventional robots are not capable to adapt

to changing conditions within the tasks they are designed for, or to operate in fully
unstructured environmen{83] In contrag natural organisms exploit soft
structures to move efficiently in complex natural environi3déhtSoft robotics

aims to equip robotsith theseskills by providing them with capabilities that are
basedon material properties and body morphgldggusingon the mechanical
gualities and on the integration of materials, structures, and software in the same
way that natural organisms integrate neural and mechanical ¢ofiglsel.4

is represented briefly the concept of bioinspired robotics and soft (35086%

using a popular culture reference, and théfecapplication of the same concept

[37}
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Figurel.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 tentahles wi
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. ¢) An actual soft
robotic actuator based on octoflike tentaclef is soft, flexible,
and continuous. The arm is able to elongate, shorten, and bend in
any direction, as well as to stiffen selectively in differenBFqrts
Imagesd), e) and f) contaiexamples of soft robot prototypes
developed in the last few yedl) An entirely soft, autonomous
robot based on an integrated design and fabrication stifadégy
allowed untethered operatidid38] e),f) Soft robotic hand with
fluidic and tendon driven actuatf33]

In this framework mechanical properties caaformability flexibility and
stretchability are fundamerfedturedor the materials in order to be suitable for
theselecte@pplicatin [40,41] as well ahé absence of compliance matgf£]
causessurface damages and mechanical limijtatioe to interfacial stress
concentration anthe nonruniform distributon of internal loadsMost of the
materials constituent complex bvarganisms, such as skin and muscle tissue, have

9



10 Introduction

a modulus on the order of&DFPa Figurel.5) [43]40] Advances soft materials

(e.g., elastomershydrogels, electroactive polymers, etc.) and advanced
manufacturing technologies (e.g., 3D printing) are fuelling the rapid dexelbpme
soft roboticg[44] as well as the progressed in science and technology of smart
material§42] i.e. materials that change their behavicairresponse to specific
stimulus (e.g. magnetic and electric fields, stress, acoustic waves, tgAtplerature
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Figurel5: 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, asayd flexibility46] of all of

their elementsoft actuators and sensors, power supply, energy storage and wireless
communicationWhile 3D printing and the miniaturization of the electronic
integrated circuits f ol blaogws forgachivptioer e 6 s
desireddesign flexibility and portability, a sustainable power sosatitleaikey
technical challenge for practical applications of soft robots. Autonomous robotics
can potentially benefit from renewable resources, by hgressigy 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).

10
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1.2 MOTIVATIONS AND AIM OF T HE THESIS

Many ofloT andsoft roboticapplicationsely on autonomous devices with energy
production and storage, mechanosensing, and data processing capabilities
[25]26]47148] 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 devid&852] In this contextbio-mechanical energy can

be a quantity to be measu28] but it can also represent a viable source of power,

in particular for wearable or implantable def2@égs

Soft electremechanical transducense receiving a widespread intei@sboth
sensing and energy harvesting applicdtiahe last decadhe research on novel
nanocompositebased on polymeric hanocomposites has been very active, and
many materials with diversed innovative compositions and architechaes

been fabricateand reported\Nevertheless, there are still some critical aspects that
affect this research field particular for what regaritheir characterization.

Despite tle widespread intereghat these smart materials are attracthmg
methods commonly used to charactetii|am are frequently qualitativeand
unreliableMoreoverthe description of the testing conditionsfiesn ncomplete,

so thatthe data cannot be reproducedther researcherand theperformances

of the various materials cannot be compateriknoviedge 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 applicationthis frameworkthe
development of guantitative and relialfeasuremem¢chnique is crucial in order

to to assesthese materiafiggure of merit, theneliability and reproducibility

During my PhD | worked on the development of a reliableqaadititative
measurement instrumerind on thedevelopmenbf somenovel soft electre
mechanical transducers based on different plejeatadtransductioreffects.

1.3 THESIS OUTLINE

Thisthesis work will be focused the fabricatioandcharacterizatioof materials
with electremechanical conversion capabilittes applications in both energy
harvesting and pressure and strain sefgingdifferent kinds of materials were

11



12 Introduction

developed and tested, thraetive materialbased on piezoeleic BaTiQ
nanoparticlesn different polymeric matrixebat can be applied both assses

and as energy harvesters, and a passive material based on a piezoresistiv
polymer/metal nanocomposite&hichcan be applied as a strain serisar the
characterization of such nanocompositesst@mexperimental sefp to measure

the piezoelectric coefficients in a wide frequencywasdeveloped and validated

In Chapter 2he different mechanisms that allow eleo&ohanical conversion are
presated. After a brief introductioan the conceptthe principal classes of
transducersised in this thesis wore discussed in detail, presentingrthe
conversion mechanisand the mathematical formalism used to describe their
behaviour, the principal reatlsthat belong to these classasd the typical
solutionsconventionally used to make them compatible with soft systems.

In Chapter 3sexaminedhe statef-the-art for the characterization of piezoelectric
materials, in particular soft nanocontpssiAfter a brief review of the principal
techniques and how they are applied in current regbartimitations of the

current approach to piezoelectric nanocomposite characterization are discussed. In
the rest of the Chapténe experimental seip designed and developéat the

robust and reproducible characterization of these materfissented and
describedh detail with specifics regarding the hardware and electronit, tesig
calibration of the instrument and the validatiocoommercial standard samples.

In Chapter 4is presente@ piezoresistive sensor based aonelastomer/metal
nanocomposite, developed in the framework of a project fupdeshdazione
Cariplo and Regione Lombardia (Smart Valves based on Active Soft Material
ASSIST), in collaboration with Politecnico di Milano and two industrial partners,
Dolphin Fluidics s.r.l and WISK.I.

Section 4.1 describes tbptimization of a fabrication protocol targeting the
production of polydimethylsiloxane (PDMS) substrateh reproducible
mechanical properties

In Section 4.fthe Supersonic Cluster Beam Deposition technipeeto produce
nanostructured electrodes based on classembled gold thin films onto the
PDMS is presentedand theoptimization of the falration protocolwith this
technigueto produce nanostructured films with reproducible mechanical and
electrical characteristisseported

12
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In Section 4.3 the elecimechanicakess of such nhanocompositasediscussed,
and a brief moelp of the finahpplication of the project is presented.

In Chapter 5different piezoelectric materials based Bamium Titanate
nanoparticles are reportdedbricated in the framework of a collaboration with
University of Bologn&ection 5.1 reports theocedure used for the fabrication of
surface functionalized BaEi@anoparticles, for improved dispersion in lipophilic
and hydrophilic meali

In Section 5.2 smart materiehgineered to combine piezoelectric and piezoionic
effects is presented. Thaérication of this materiddased onraionogel matrix with
embedded BaTghanoparticlesand its electrmechanical characterizatath a
prototypeof the instrument presented in Chaptexr& described

In Section 5.2& piezoelectrinanocompositessed on PDMS and incorporating
lipophilic nanoparticless presentedlhe nanocomposite synthesis, polarization
procedure and ifsill characterizatiomsingthe instrument presented in Chapter 3
arepresented and discussed.

In Section 5.the polarizatioand the electrmechanical characterizatiomovel
3D printed piezoelectric resirfabricatedn the framework of a collaboration
including alsthe INANNOMAT research grougrom Universitad de Cadiare
reportedThe research on this topic is stilgming.

Electrodes are an essential aspect during the fabricasoft piezoelectric
materialssince they collect the generated ché&mg@sthe surfaceSince they
guarantee a high surfacea.electrodes fabated bySupersonic Cluster Beam
Depositon are supposed to increase the efficiency of charge colie@iection
5.5theexperimentperformedn the efficiency of such electrodes on the materials
presented in the previous sectamesdiscussed.

In thefinal Chaptetthe conclusions and the perspectives emerging from this work
are discussed.

13



2. ELECTRO-MECHANICAL TRANSDUCTION

Electremechanical transducars all the numerodsvices that are able to link the
electrical and mechanical energy domains, from the firsts electrostatic generators,
loudspeakers and microphor{Egyure 2.1) to the most advanceapplications
described in the Introduction.

Depending on the application some transduction mecharsm®re suitable

than others. For instance, in order to conwexthanical energy into 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 applicatiengpiread 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.

Figure2.1: 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
effectbetween glass and cloth to accumulate static charges in an
electrical conductor. b) The carbon microphone, developed at the
end of the 19th century, ugbeé piezoresistive effect of a layer of
carbon granules to reproduce electrically the sound gigriad. c
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, dueth&r higher
functioning frequencies.

14



15 ElectroMechanical ransduction

The prefix piezo comes from ancient g
therefore represents the mechanical portion of the transduction. Depending on the
transduction mechanism, the electrical counteragrthave different names. In
Figure2.2 can be observed some examples. In piezoresistive maigued2.2a)

the mechanical strain induces a change in resistivity, while in piezocapacitive
materialsKigure2.2b) 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 potenti
(Figure2.2c) caused by the-aerangement of electrical dipoles, and in piezoionic
materials Kigure2.2d), where the potential is caused by the movement of the
charged ions.

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

and piezoionimaterialsAn interesting effect that was not used during the work of
the present thesiss the triboelectric effect. Tinboelectriceffect is related to a
contact electrification due to the separationvofdifferent materials that were
previously in contadtigure2.2e), and it is the origin of most of the static electricity
in everyday life, even though its functioning is yet to be fully exjddjned

a) L] b) (. <) L d) L] 1
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a)Piezoresistivib) Piezocapaciti' c) Piezoelectric

d) Piezoionic

e) Triboelectric

Figure 2.2: Different mechanisms for eleetnechanical transduction
(images fronf55]and[56)).

After a theoretical introduction on the mechanisms and the principles that allow the
electremechanicatonversion thenost common solutionsecessary to integrate
these materials with soft systems will be introduugthe state of the art regarding
this type of materials will be discussed

15



ElectroMechanical ransduction 16

2.1 PIEZOELECTRIC EFFECT

The piezoelectric effect was discovered in 1880 by Pierre and Jacques Curie. B)
analogy with temperattireluced charges in pyroelectric crystals, they observed an
induced nepolarization 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 ahe 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 polazation of Rochelle Salt can be oriented by means of an electrical field.
These materials exhibit a hysteresis cycle of polarization versus electrical field, anc
were called ferroelectrics, in analogy to ferromagnets.

Many different materials, both natumall 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 develngexiudied. 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 différgrains, producing a ceramic material that
acted very similar to a singtgstal[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 suatenmls with improved performances.

In 1969 HeijKawai discovered the first and only case of piezoelectricity occurring

in a semcrystalline polymer, poly (vinylid8oeride)[58] which opened up a wide

range of new possible applications.

Piezoeldcic materials have been exploited as el@etchanical transducers for
many applications. The first application they were used for was the quartz oscillator,
used as time reference in quartz watchesfteutttee Second World War the
piezoelectric effe@volved from a laboratocyriosity to a multimillion dollar
industry with applications ranging from underwater sonars and medical imaging
systems to car accelerometargrobalances, igniters, up to more advanced
integrated microelectromechanicaksysi{MEMS|59,60used in the automotive
industry, smartphoneand many scientifical instrumental techniffilgsMore

recently they have been used as seastuatorsand energy harvestersam and

soft robotic devices, as the ones presemtbeé introduction

16



17 ElectroMechanical ransduction

2.1.1 Theory and constants

Real piezoelectric materials involve mechanical and electrical dissipation, along witf
strong nodinear behaviour, hysteresis effects, temptalbility,and various
magnetic electrical and mechanical intemackor examplpiezoelectric ceramics,

of major importance in applications, involve ferroelectric domains, which yield to
strong nonlinear effec{$2] Neglecting dissipation and dmear effects is
possible to obtain from thermodynamic considerations a lineaiquai theory,

of which the results are presented below.

The piezoelectric effect can be formalized as a linear and reversible relationship
between the induced electric displace@and the applied mechanical styegs
piezoelectric coefficienhrQ can be defined by the relationship:

O 77 O . Q

whereQO is the electric displacemédts the electric field, is the stress tenspr,
is the vacuum permittivity gnd is the relative medium permittiatya giver .

The two quantities more suitable to describe the performance of a piezoelectric
material are the piezoelectric coeffi§®rand the piezoelectric voltage constant
"Q, both 3x6 matrixes of which the coefficients can be defined as:

Direct effect Converse effect
. . . , 10 , Ty
Piezoelectric charge coefficient Q T Q o)
. . - 10 Ty
Piezoelectric voltage coefficient C — C —

o

These piezoelectric constants are defined as partial derivatives evaluated at constar
stress (subscrid)Z constant electrical field (subscript E), constant electrical
displacement (subscriptD)hes e condi t i on mechaaicallfiee r e
oshort cirauit aopencioduit r especti vel y.

Other quantities that determine the performance degree of a piezoelectric material
are lifetime and maximum operating temperature, along with mechanical properties,
as t he Yo ustfi(néssandiraddyu | u s ,

17



ElectroMechanical ransduction 18

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 fsxednae observed kigure

2.3a,h Out of the 21 norentrosymmetric crystal classes only one s non
piezoelectric (432), because the charges developed alongegraaf élxes cancel

each other out. Among these 20 classes, ten groups possess a unique polar axi
These materials contain therefore a-iujiolarization, that manifests itself in
temperature induced changes of the total dipole moment of the unalzstince

of an applied field. These materials are cpylexklectrass 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
revered by means of an external electric B8 Those materials are said to be
ferroelectric.

a ﬁ ﬁ ﬁ @ U @ b) wPowor eTit zre
o« [P8] [P (B2 |
@ P @@ & B
®o0 N\ \ 7 D)
Q/v) (@O ' & ! .
44_,
3oy ot
c) Voltage(Output) Voltage(Input) d) s’
©)
f t— i !
o A st ,__\d g P=0
r P ; + H % Rhomboedric
¥ W 7
\—r" T E
1 i 5\ e/
Strain(Input) Strain(Output) ﬁ_i ferroelectric

Direct Piezoelectric Effect Converse Piezoelectric Effect PbZrO, PbTIO,

Figure2.3: 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 axic) Piezoelectric effect and converse piezoelectric
effectschematic functioning) Phase diagram ¢(fZT) showing
crystallite structures in different regidnsage froni64}

Typically, ferroelectric materials exhibit their spontaneous polarization below a
phase transition temperature called Curie tempénatévethis temperature they
undergo a phase transition from a low temperature ferroelectric phase to a high

18



19 ElectroMechanical ransduction

temperature paraelectric ph#@Smgure 2.3d). The paraelectriphase 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 piezof&ttiomains -
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
intheearly 19400s. Piezoelectric ceramic
randomly oriented crystallite grakiigre2.4a). The piezoelectric pemses 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 ¢
roughly uniform direction, by means of a strong electric field, usuadii at hi
temperatures. This process, called poling, is unable to reorient grains, but can
reorient polarization domains within individual gréimggre2.4b) 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 dueallaigorierdtion

is the occurrence of the ferroelectric hysteresis loop, which measures the degree of
re-orientation of the domainkigure2.4c).
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Figure2.4: a) Microstructure of ferroelectric ceramics. SEM image of a
Barium Titanate sample with average grain size of 50nm. Image from
[66] b) A 10 Om 1T 10 Om PFM scan o
topogrghy (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[B8@ht) Ferroelectric
hysteresis loop and domains orientation. Imagg68jm

The piezoelectric effect in real materials has different contributions. The first and
intrinsicontribution is the one discussed at the beginning of this chapter, that
originates in the fieidduced lattice deformation. Teetrinsicontributiors are
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defined as all the other contributions, such as the displacement of domain walls and
interphase boundari¢s9] The tot al macroscopic ef
density, their orientation, polarization, the strain relationship within the domains
and, most importantly, the domain walls molifi®} The extrinsic piezoelectric
response results principally from 480° (for example 90°, deégure2.5b 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 domatiwinning depends on the grain size, in particular it was
found that in finegrained ceramics a lamellar structure is favoured, while in coarse
grained ceramics the minimum of free energy is reached with a banded lamellar
structure Eigure2.5b). This different domain structure affects the domain motion,
and therefore the extrinsic respdid¢ Microstructural investigations showed that
poled ferroelectric ceramics containgelaumber of ne80° domain boundaries,

which strongly affect their electromechanical behaviour.

‘LPEP =
<7 <«7 AN

Figure2.5: a) Domain configurations in tetragonal phase. On the left 90°
domain walls, on thregght 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 wglvagise tonost of the no-linear

effects, such as weak field frequency dispeisysteresisand nonrlinear
piezoelectric respongég] Some examples of linear andinogar behaviours can

be observed iRigure2.6.

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 chal[éagel]
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Figure2.6: Non-linear piezoelectric behaviour of different ceramic samples.
The first row (SrBTi.015 is a reference for an ideal linear
behaviour. Dynamic stress dependence on the left, hysteresis in the
middle and frequency dispersion on the right. Imagef6Bdm

2.1.3 Soft piezoelectric materials

Piezoelectric materials are a promising solution for mechanical energy conversion
via electranechanical couplinDespite the high piezoelectric propertiangsof

their limitations, such as rigidity, brittleness, toxicity, anol fackd esi gn y e
limit the range of their enengglated applicationsince the choice of a particular
piezoelectric material for a specific application depends on varimesguarsuch

as acoustic impedance, application frequency, mechanical properties, and availabl
volume.

For applications in the framework of soft robotics, however, portability, flexibility
and stretchability of the devices are fundanieataie$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-me@mstant tdaminar stress and strains.

They respond well to high frequencies, especially near to their resonant frequency,
and their Yo uusuglithe ordeood @’d1@'Ra Howevern, most of

the materials constituent complex living organisms, sikaoh @sdsmuscle tissue,

have a modulus on the order ofd1@®Pa[43]73] The mechanical mismatch
between the common piezoelectric materials and biomechanical soft environments
raises several issues linked to the absence of compliance,reatthasurface
damages and mechanical limitation. For applications in biomedical environments
softer materials are neededrderto minimize the interfacial stress concentration

and to distribute internal loads.

Piezoelectric polymers present many advairiagesparison 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.
Piezoelectripolymers also have a low acoustigedance, and they can have
various electrical properties and wi@adwidtls. The drawbacks of piezoelectric
polymers are a low eleein@chanical coupling coefficient and the fact that they are
unstable at high temperatures.

2.1.3.1 PVDF

The piezoelectric poneric technology has been dominated for many years by
ferroelectric polymers of the polyvinylidene fluoride family (P&iiF)ts ce
polymers with trifluoroethylene (PVDF-E). The piezoelectric activity of this
polymer wasliscovered in969by Heiji Kawai[58] followed by the finding of its
pyroelectricitypy Bergman et gf4]and by Nakamura and W4d8] Later, also
ferroelectricity was confirmed in thi
review of 198§76]

PVDFhas a Youngds [Avpahdi & piezoelectric c@nstanGd a
30pC/N [78] In comparison with ceramics the perforceas much smalldout

the advantages of piezoelectric polymers are flexibility, small acoustic impedance
androbustness.

The piezoelectricity of PVDF arises from the strong molecular dipoles in its
polymeric chainn the bulk form PVDF isemicrystallineKigure2.7a), i.e.it
consists in randomly orientddrroelectric crystallites dispersed within an
amorphous regio VDFds crystallite have four
apolar (the -phase), while the other three are polar. In particulaf irpthese the
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dipoles are all aligned along the backiieigerre 2.7b). Since the polymer is
ferroelectric, it is possible to orient the dipoles of the crystalline pbasefn
obtain an overall polarization of P.DPiezoelectricity in bulk PVDF arises from
variations in dipole density, so it is caliedle density piezoelectricity

Ordered o Hydrogen
—cr::;lol:‘ne © Fluorine
@ Carbon
Disordered
AMOrphous me—
region a_phase
B-phase
v-phase

Figure2.7: a) PVDF phases al ongphasdie pol y me
ferroelectric because the strong molecular dipoles are aligned. b)
Schematic of seraiystalline polymer.

2.1.3.2 Piezoelectrects

Piezoelectrect®iamely voided charged polynjédd arepolymers that contain

internal gas voidfor example cellulpolypropylene or Paryle@efFigure2.8). It

is possible to charge the internal polymer surfaces by applying a large electrical fielc
across the polymer film. The fieddizes 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 displacgénthe working mechanism is the
deformation of the charged voids.

gas voids
surrounded by |-+
charges

Figure2.8: a) Piezoelectrects, or voided charged polyarerpplymers that
contain internal gas voids. The piezoelectric effect is due to electrical
charges implanted in the polymer material surrounding the voids b)
Parylen® i nt er nal structueCei8sa SEM in
piezoelectrect.
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Piezoelectrectsan have a high transversal piezoelectric coefficient, that can span
from 20 to 1200pC/Ndepending on shape and density of the {@idsalthough

they lack in thermal stability, they age atde@grmationsa nd t hey dond
any longitudinal piezoelectric eff@@®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 poly6igrs

2.1.3.3 Piezoelectric nanocomposites

A widely explored solution to obtain flexible and stretchable piezoelectiadsmate

is to combine the mechanical characteristics of a polymeric matrix with the electro
mechanical conversion property of piezoelectric nanop{6i§83{84] This can

be achieved by developing composite piezoelectric materials througimglisper
nanosized ceramics ipaymer matrixThe properties of composites depend on

the connectivity of different phas&fany theoretical investigations on binary
systems have been performeth regardto the dielectric constant, piezoelectric
constant, and thedastic constaf85088]

They proposed twephase model as shownFigure2.9, compose of a non
piezoelectric continuous phase (phase 1) and a piezoelectric phasenpichse 2
can be spheric@8] ellpsoidal[87] or cubid85), wherelieapparent piezoelectric
constants can be expressed as:

Apparent pezoelectric

charge coefficient B, 0Q

Apparent pezoelectric
voltage coefficient

C B, 0Q

Wherel3 is the volume fraction dfie piezoelectric phadey Le and Lo are the

local field coefficientte=EJ/E, where Eis the field produced the piezoeldric

phasg and dis the piezoelectric coefficient of the piezoelectric particle. Yamada
also inserted polingratiofactor| . By deriving the local fietdefficient fomthe
permittivity constants and the connectivity opteeoelectric phase, it is possible

to write an expressidar the piezoelectric constamd the mechanical constant

for the composite systeithe electrical and mechanical interactions expressed by
two kinds of local field coefficients play important roles in the absolute values of
the apparentpiezoelectric constants and their frequency and temperature
dependencewhich are therefore the result of therptay between the different
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phases of th@anocomposite materi&th Figure2.9c the results froma finite
elmenet analyssmulations made onigiclassof materialsare presentedhe
imageshow tle calculated piezopotential for tensile strain of 0.33% Hatieix
generatedcross the top armbttom sides of the PDMS matrix by the piezoelectric

nanoparticle89]

a) b) DIRECT EFFECT CONVERSE EFFECT
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Figure2.9: a) Twephase modedf a piezoelectric composite matehbipl.
Piezoelectric effect f@ twephase system. Images frf88] c)
Simulation model for a piezoelectric polymer nanocomposite with
the calculatedpiezopotential for dispersed and -dsspersed
nanoparticle89]

In the last few years, the scientific community has developed an increasing interest
in polymer piezoelectric materials. Many different composites have been synthetized
and characterizebh Appendix A is reported the state of the arpferoelectric
polymeric nanocompositémth as formulations and measured performances.

2.2 PIEZORESISTIVE

The piezoresistive effect was first discovered in 1856, when Lord Kelvin found that
the electrical sistivity 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 geometrinchmaterial property dependent changes. Later, in 1954,
Charles S. Smith discovered that the piezoresistive effect regarded also
semiconductorsuch as Silicon and Germani[@@] andthat for this kind of
materials the piezoresistive effect can beatenagnitude orders larger than in
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metals Furthermore, theisensitivitycan beincreased furthahrough suitable
doping Technological advances in the fabrication of ICs including doping, etching,
and thin film deposition methods, have allogigdificant improvements in
piezoresistive device sensitivity, resolution, bandwidth, and miniaty@zhfon

the same time r@ew class opiezoresistive compositesnsisting of conducting
nang@articles dispersed in an insulating mamergedThese polymer/metal
nanocompositesan incorporate a variety of conductive fillers (carbon nanotubes
graphenanetal nanowirgsandhavethe potential to fulfil the requirements of soft
sensors.

Due to theirhigh sensitivity and linearity, piezoresisemsorshave been
extensivelysed in commercial mieetectromechanical systems (MEMS) devices
and inmacroescale single sensors amthsor arr&gyasaccelerometergpressure
sensors, stragaugesiisplacement sensors, flow sensorgue sensofs} They

have been very pervasive in different fields (e.g. biological and biomedical
applications, harsh environments, heavy industry), aeddgheprogressesthe
development of flexible and stretchable piezoresistive mateal@dshem
promising candidatésr the wide range ofearablend implantablapplications
described ithe Introductionsuch as electronic skiostactile soft robots.

2.2.1 Conversion Mechanism crystals

In a bulk material the resistance is connected to the resistivity by theé¥Yormula

" —, where | is the length, A is the surface ar€aiarite resistivity. If the material

is subjected to a tensile stress the material will deform, reachingod dengtin

Because of the elastic properties the surface area will shrink accordingly to the
Poi ssom® s—*;kaitwiillbe reduced from 71 toOe ] 030 .

Considering small straifis, 3g aL p, the relative variationf the other
dimensions can be writterf ag] 07 O so the relative variation of the
resistance caused by the geometrical change can be written as:

TY pl Y _pT Y ra 171 T a , .

v .YT‘G.Y.HTW d% dp L T p QU
This yields a measure for the piezoresistance calléduye factbat can be
calculated as the relative resistance change per unit strain:

— 1P
O ——
Y
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Therefore, taking into account only the geometrical effect, the gauge factor is
O p cb

which,deending on the Poi ssonB3@93rAathe o, o
beginning of the 20th century, the observation of an additional resistance change on
top of the geometric change was difficult to exdainn ce 3% was t hou
constant, accod i ng t o Drudeds cl as s.iMetal$ mo ¢
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 ondbd mddulation

of the electric field generated by the charge trarf8pprit is typical of elastic
semiconductor bodies, such as siligermaniunand gallium arsenide, and leads

to substantial diff er en cok0d tinesdargerthean g a u
the geometric terrf®3] The change in resistivity can be written as a change in
conductivity, & 1, where¢ is the number of free electronsis the unit
electronic charge ahds the mobility of the electrof®2] Thereforethe 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 &fctive mass of charge carrjedg

2.2.2 Conversion Mechanismd nanocomposites

The tool employed for the description of electric conduction in polymer
nanocomposites is called the percolation th@s}yAt 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 arduacglectric resistance
comes about, defining thedsoa | peecalatian thres[6a08]

Percolation phenomena are present in different kind of systems, such as porous
media, spread of diseases and fires, gelation and glass t{@3$itionsarticular

the percolation formalisoan beused to describe the metal/insulator transition in
nanocompositefl00,101&nd the thin film growth process froilscontinuous to
continuous statg96398]

Percolation theomyescribea system of interconnected metallic nanoparlibles
evolution of electrical conductividy this systenfollows thevariation of the
connectivityof the particlesn the insulatingmatrix During the growth process
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these materials undergo three electrical conduction(Bigge=2.10). The first

one isan insulating ongyhereelectron patharenot presentand the insulating

matrix dominates the electrical conducBefow the percolation thresheldthe
resistivityis infinite because there is no spanning cluster network of connected
particlesThis notion of a sharp caff applies well only to composites made of

large conducting particles (in the micrometric scale), for which two particles can be
considered eleatelly connected only if they essentially touch each other. However,
when the nanostructured system is formed by elements and structures having size:
limited to a few nanometres, the presence of this shadfpisuess clear. As often

it happens in suatases, 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 {@2y103]n particular, below the critical
transition point the tunneling process is the main mechanism that contributes to
the conductivity of the systemhelsecond is thepercolation stage, where
continuous electron pathsr conductive networkstart to form, and the
conductivityof the composite jumpeveral orders of magnituttethisinsulator
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 insulatorductor mixtures, once a critical
volume fraction of the conductive phase is reached, a sharp increase of the

conductivity is observégigure2.10).

a, b4 e$
« RN

Resistivity (Q m)

conductivity
Insulator region
Percolation region
Continuous region

#
20 40

. 0
thickness Carbon black (vol%)

Figure2.10 Dependence of the electrical conductifd@)yand resistivity
(image fron101) (b) of a composite with the concentration of

conductive.

The electrical conduction is due to bp#hncolation along the forming metallic
network and electron turiiieg between isolated particles. By further increasing the
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volume fraction of the metal fillers tuling effects becomkess and less
compared witlthe contribution of percolatidgi04,16]. The lastphaseis the
continuous stage, whehe further increase in concentration of fillers results in a
small increase in conductivity approaching a maximum Inaliés stagea
continuous layer is formeand an ohmic type conduction should rfeachd.
Neverthelesghe presence of defects and grain boundaries may have a profound
influence of the conduction reginidnis happensvith cluster assembled films
(more details can be found in Secti@[96398]

The relationship between the electrical conductivity of the insulating matrix with
filling conductive nanoparticles above the percolation threshold is described by an
empirical powelaw:

Where,  is the effective nanocomposite electrical condugtivigythe filler
electrical conductivity is the fraction of conductive filler, is the fraction of

fillers at percolation threddpandois a fitting parameter called critical exponent
it hasa universal value, and it depends only form the dimensionality of the system
[96,98,106,1Q7]

The typical sensitivity obtained with thearticlebased piezoresistive
nana@omposites is laively 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[A%&3 In reality, different parameters are
involved in the conduction mechanisms (e.g. geometries and properties, insulating
matrix properties, and poly@gearticle interaction].he percolation network can

be controlled by changing the geometrical shape ofithective fillers and their

volume fraction in the elastomer compogif9] Typical stretchable sensors
monitor large deformations but cannot sense gaditle strains with high
precisior{110]

2.3 PiEzZOIONIC

lontronic is an interdisciplinary concept that bridges electronics and
electrochemistry, which devices are based on ions as signals carriers. It is found ir
nature, for example information transduction inside the brain is based on ion

29



ElectroMechanical ransduction 30

transport across cetlembranes and it is intrinsically compatible with deformable
and soft applicatiorf$11]

lonogels are a kind of hybrid materials composed of ionic liquids (ILs) and solid
polymer network matrixlhey have excellent mechanical propertigse hidn
stretchability andnechanicatoughnessionic conductivityand they can have
additional  properties  like thermoresponsiveness,selfhealing,  mixed
ionic/electronic properties,and photoluminesceec[112] which makes them
suitable for avariety of application¥heyfind usesasflexible supercapacitors,
electrochromic devices, catalgsid sensindevice$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 stifidktion

2.3.1 Conversion Mechansm

lonic 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 sol{tits] 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
[1159118] The redistributiomf the ionic chargeinside the polymer is driven by

the matrix volumetric changes at the microscopic level induceditpdbed
mechanical stress, which locally alter the ions concentiféegiare2.11). The
electremechanical 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 polaatien
electrically poled nanofill¢ggs]

Simulationg[119] and experimentq120] have show that the origin of the
piezoionic effect is the pressure gradiatiter than the Donnan potenfi21]at

the interface between the conductive polymer artkthimlyteT he ke difference

with piezoelectrics is thahs (free charges) are mobile, unlike the dielectric charges
in piezoelectricand theeforethe sign of thgeneratedoltage is deterimed by

the transport of the faster iofi20] 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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Figure2.11 Schematic diagram for the mechanism of themedred
sensing in piezoionic strain sensor due to redistribution of the ions
under local pressure [B)l6]and bending (§122]

o

2.3.2 State of the art

The research on this kind of composites is rather newnntitw articles are
presenin literatureln generalthesegels have low output voltaged QinV)and
respond well to low frequeesi(<1Hz)In the following paragraphs are presented
the piezmnic materials reported in literature.

Dobashi et al[115,116](20152016)fabricated a polyurethangdhogebased
touch sensor swollen with electrolytiedresponded to a fing&appingpressure
(30kPa) with a voltage of 10mV ancurrent ofLl0OOnAand a PVDFHFP based
ionic polymewith a maximum sensitivity 26 uV/Pa at 10 mHz

Liu et al[122](2016)engineered wearablpiezoionicstrain sensor that generates
an output of 1.3mV under a bendinduced strain of 1.8% 50msand was used
to monitor human activities, as whehding antieartrate

Adjaoudat al.[123](2021)formulated a sensor basedAxguivion® conductive
membyanes and PEDOPSSlexible electrodes that proviaie electrical output
signal oR.9mV.

Li et al.[124](2021)manufactured knittableslectrolytecoated higisurfacearea
carbon nanotube yarfihe yarn canemerate voltage signals b8 mV with
low noise (0.024 mV) between its two et stretched asymmetricallye
voltage amplitude is vesgnsitive to tensile stretchefrequencies dd.1 10
Hz andstrains of 880%.
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If you canmogasure it,
you cannot improve it.
-Lord Kelvin

Despitethe numerous studies on piezoelectric compaosjfiestedin literature,
nowadays the main focus remains on the maximization of the piezoelectric output
by varying the different ingredients (polyeneatrix, nanofiller, electrode types

and other additives), while characterization techniques suitable for the quantitative
measure of the piezoelectric performance of nanocomposites @asistently

applied in this research topithe measure of piegectricity presents many
challenges and technical issues, caused mainly by the lack of a standard an
universally recognized mett{sde referencésl,128136]and Appendix A)This

topic has beeaxploredextensivelglsoby g u tekah if137].

In the following chapters is presented the characterization approach developed
during the PhD. This method allows to perform a thorough eheetizanical
characterization of soft piezoelectric nanocomposites in the compression mode,
enabling quantitativend reproducible measurementshef piezoelectric charge
constantQ and providing high sensitivity and the spectral distribution of the
electremechanical conversion capabilities. In partitegsresented experimental
setup allows to perform relile measurements of the piezoelectric coefficient
spectrum over a selected frequency range for piezoelectric polymeric
nanocomposites with a piezoelectric coeffi€entdown to 0.5pC/N. The
technigue was validated on a commercial sample of PVDF, mangse¢leto
characterize the pieteglric performance some novepiezoelectric polymeric
nanocomposite asreported in Chaptéx.
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3.1 PIEZOELECTRIC CHARACTERIZATION

3.1.1 Piezoelectric coefficients
In SectiorR.1.1the piezoelectric coefficiemtereintroducel as:

Direct effect Converse effect
Piezoelectricharge o ro 0 rry
coefficient T, 10
Piezoelectric voltage c ro c rry
coefficient 1. 10

The piezoelectric charge coefficient relates to the electric charge generated by uni
area for applied stress, and therefore the generated charge for applied force (C/N)
It is the most crucial figure ofent that characterize the performance of a
piezoelectric material.

70

Q
The two constant® andQ are of particular importance. The transverse
piezoelectric coefficiei?, , is employedvhen the force is applied along the
polarzation axis, and the charge is collected from the same surface the force is
applied to. The longitudinal piezoelectric coefficigns, @mployedhen the force
is applied perpendicularly to the polarization axis, and the charge is collected from
the same surfaces a¥lin. The piezoelectric charge constant is one of the most
crucial characteristics to evalt@ate 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).

q 2
5

These constants can be related to the piezoelectric charge coefficients by the simpl
relation:

—

Q —

where- is the relative permittivity.
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3.1.2 Standard Characterization Methods

The most reliable method neeasureéhe piezoelectric coefficient&zoelectric
materials is the dynamic methardpiezoelectric resonance methduchexplots

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 reasonabl
accuracy (around 1%) by strain gauges or interferometric techniquesdfarthe

a dynamic excitation prevents the driftdygroelectric charges, and thierefore
moreprecise. The problem, for this kind of characterization, is to excite the samples
and measure their response in different directions, or to excite amd pexasgiar
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-spadis) piezometef138,139]
For the practical measuremerif©of, the equation can be altered as:
6 0
z

0 o v
0 O

o:l (el

Since the measurements of the areas cancel out, it is evi@enicdrabe simply
determined by measuring the applied force on a sample surface aretatezigen
charge on the same surfadee constant electric fieddnditionis fulfilled in the
shortcircuit configuration To achieve this condition a large capacitor should be
placed in parallel to the piezoelectric sapfdying a mechanical stresshie
piezoelectricthe 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 capackagure3.1l). This method, which is very simple, is
subjected to many errors and imprecisiansly due to a pyroelectric thermal drift

and charge loss due to internal conduction,itarsd not used anymore for
characterizatigsinceit is difficult to control the electric boundary conditions.

ELECTRODE~_

SAMPLE —/ I l
DE

Figure3.1: Static method for piezoelectric coefficient measurement. Image
from [140]
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The most widely used characterization method is thestgiasimethod, or
Berlincourt method. This method exploits the direct piezoelectric effect using a
small oscillating foe, 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 circuifThere are currently no standards for this measurement method,
and consequently each sysperforms 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. labaratory tests have shown systematic
differences between results on the same samples, those differences are reduce
under the same measurement condifi3¢]

A BerlincourtQ -meter comprises two parts. The fiFsgre3.2a) 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 andegmplit

and a load cell, i.e. a piezoelectric sensor or a strain gauge, to measure the forc:
applied to the sample The second is the charge measurement electronics, that
comprises the contact electrodes to extract the charge and the signal conditioning
electonics, that must operate under constant field conditions (for example
exploiting a virtual mass amplifier or a large capacitor). The piezoelectric coefficient
‘Q is simply obtained dividing the charge measurement by the force measurement,
either in ampiide or in RMS. This ratio might be done both with digital smnals
electronically using a differential amplifier. There are some confherters

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, Static Preload Force b)

Figure3.2: a) Schematic of the fofitead component of a Berlincourt
measurement sap. b) A commerci@ -meter (OPiezoTest)
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3.1.3 Soft piezoelectric materials measurements

Despite the fact that piezoelectric polymeric nanocompositea wandely
researched topic, there is no common recognized method for the characterization
techniques used to evaluate their performance, differently from when piezoelectric
bulk materials are concernatiere the material Figofévierit isdetermined based

on their piezoelectric charge coefficient

The three most common reported tests carried out in piezoelectric literature are
piezaforce microscopy (PFM)nimorph cantilever beam testing, and tapping with

a human finger. These technigeash have limitations, PFM measures only
nanoscale response, unimorph cantilever beam testing only considers one mode of
motion, and human finger tapping results in an undefinedaiddagonallyt can

introduce static charges (see Triboelectric effgmttion2) [137]

The absence of a standard set of measures that describe the performance of this
type of materials, coupled with the absence of reliable oletfiesito assess the
classic piezoelectric constants for soft nanocompasisedts in sets of non
comparable qualitative measurements of different quantities under often
unreproducible mechanical stimuli. In fact, most of the work presented ireliteratu
report operative values of voltage and current as a performance assessment, usuall
without a detailed description of the experimental method used to obtain them.

Manyr esear chers report ofinger tappingé
or curret measurements made with a single éod& single stimulation frequency

(see references froiB,108114]and Appendix Aor examples of such broad
scattering of different characterization techniquBsg¢se 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 thevhole measurement, or signal conditioning circuiteutséde their

range, as in rgfL34), on the other hand the quantities that are usually characterized
are operating voltages and currents, sometimes not even put in relation with the
applied forceMoreover, aslso reportedby g u t &k al.[137] piezoelectric
measurements done under uncontrolled conditions may be affected by other effects,
such as contact electrificatitoiipoelectricityelectrostriction or dielectric charging.

Only for few piezocomposites the value of the piezoelectric caefdicies
presented, usually measured with a commercial system operating at a single
frequency and with a single-jor@&d force, whiléhis class of materials has usually
lowerQ than that of PVYDH83]and present a ndnvial dependency to the
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stimuli frequency, due to the complex elangohanical coupling mechanism
[143]144] Due to these sensitivity issues these systems are usually employed to
measure the piezoelectric coefficients of RV&8BEd nanocomposit¢$45]or
piezoelectrects, namely voided charged polyi®&fswhich have a high
piezoelectric constant, even though they lack in thermal stability, they age at high
deformationsand they do not show any longitudinal piezoeleffeat [2582]

There isonly one case of a measure @f concerning a piezoelectric
nanocomposite with a polymeric base different than PMAFThemeasure was
performed applying specific loads orthogonal to the substrate, and the charge was
measted using an thouse built electricalonditioning circuit; thebtained
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 nptovide reliable information on the effective electrical
charge generated by the nanocomposite, due to the specific configuration of the
circuit and components employed (see for ex@tdgior technical details).

This lack of reproducibility in clhaterization techniques suggtss 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 isPhD project suitable system thiemeasuremeif soft
polymeric nanocompositessdesignednddevelopedThe approackwasbased

on a Berlincoutype apparatugrovidng spectral information on the eleetro
mechanical response widerange of frequencies of compressive loads, with high
sensitivity and automated datauisitionmodalities, enablingpeatabilityand
reproducibility of the electroechanical characterization in theflmee regira.

The system was designed to be modula can be developed to codigferent
measurememangesA schematic of tameasurement system is reportédgare
3.3, while some pictures ofiet development steps (first prototype, project,
realization of the final system) are reportétjure3.3b, c and d
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LABVIEW = | FARADAY CAGE
AUTOMATION g
SRR _‘ z TRANSLATION STAGE
ARDUING _ FORCE SENSOR
. ELECTRODE
ELECTRONIC
CIRCUIT BOAR
__ VIBRATING PLATE
FUNCTION ELECTRDYNAMICAL EXCIT
GENERATO

Figure 3.3: a) Experimental sep used to measure the piezoelectric
coefficient spectra of the piezoelectric polymer nanocomposite.
b),c),d) Progressive development of the eledohanical
characterizatiosystem. First prototype (a), CAD project of the
system (b) and final realization (c).

3.2.1 Hardware

The systens designed to operate in a gsaatic or dynamic regime, in line with

the Berlincourt techniq(E34 A vertical oscillating force is applied perpendicularly

to the sample by means of an electromechanical exciter, while the force is measurec
by a force sensor and the output charge is collected by a dedicated electronic circuit
The system is modular, atedcomponents 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,&ovksaton EX 60S loudspeaker

and a TE Conrectivity FS205000%1500G force sensofrange of 14.7/dn
accuracy of p P wereused These two components allow to explore the range
0.1N-3N for the force signal amplitude and from below 1puHz up to over 1200Hz
for the signal frequency. Both componergsraunted on a structuff@gure3.4)
appropriately designed to maintain the various eleatigmisd and positioned
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inside a Faraday cage to avoid ¢edsisig with electromechanical noise from the
environment.

A - MICROMETRIC TRANSLATOR
B - rAIL

C - ALUMINIUM PROFILE
AND BRACKETS

D - LOUDSPEAKER
HOLDER

F - LoAD CELL
HOLDER
E - BAsE

G - LOAD CELL

H - LOUDSPEAKER

Figure 34: MechanicalCAD design of theassemblyf the measuring
instrument

The main structure mposed of a solid basgbrationally insulated from the
ground, and a vertical colunstable enough &void bendingvhen the exciter is

in function This structur@dabelled as C in the CAD desiga¥built using®Bosch
Rexroth aluminium profileand angle brackets, to ensuapid and precise
assembling with a solid fastening. The vertical psafdgiipped with dovetail
optical raiend twodovetailrail carrierg®Thorlab$ for vertical gross positioning
of the measuringead.A singleaxistranslation stage with standard micrometer
(®Thorlabs)s connected to the rail carris¥rsegulate théne positioning of the
measuring head.

In order to optimize he system design, to redube final dimensiosn and
connect ilength andatddswestlie vertical alignment of the elemants,
custom element wdssigne@nd 3D printedThis elemenfFigure3.53) serveso
holdthe load celind to house the etacal contactsecessary for the measurement.
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As can be observedHigure3.5c, this elemens groovedn order to fit the load
cell sensorHigure3.5b), which is kept in place byframe. Thdoad celholder
shapeavasstudied taesist the mechanical strains imposed by the etexth@anical
exciter and tgtop against theanslation stage.

Figure3.5: a)Load cell holdedesignThe groove (A) idesigned to house
the load cell, while the hole is designetlotesse the electrical
connection for the charge signia). Load cellshape (®TE
Connectivity. ¢) Load cell holder mounting.

The electrical connectors of the load cell can be connected theohgle 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 iRigure3.5). The cable housingcigticalin order to reduce the electrical
noise coming from cable vibrations in the electonetic field generated by the
electremechanical exciteMoreoverall the cableased inside thEaradayage

were shielded wittraidedsleeves connected to ground.

The force sensor and the eleclyoamic exciter are equipped with suitable
lightweight electrodes fabricated Witiminium(Figure3.6) andelectroplated with
gold in order to avoid dielectric layers that would introduce spuriouslaerble
capacitances that interfere with the charge measur@éimeribp electrode is
fasteredto the force sensdread through a cyanoacrylate glue, that guarantees
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rigid constrainandthe electrical insulation from the seriBloe bottom electrode

is secured to thabrating surfacesingfour screwsThe electricatabledetween

the electvrdes and the measuring ciratgt connected using screladts and cable
lugs.The bottom electrodes, connected to the vibrating surfgueynsied, while

the top electrode is connected to the measuring circuit (which will be described in
detail in Sectio®.2.2.

a

Figure3.6: a) Top and bottom electrodes CAD design. b)andgottom
electrods before a measuremefts can be observed in the picture
the system ensures the alignment of the two electrodes, sandwiching
the samml.

The conditioning circuits converts the electrical chaoge voltage anal@ignal,

and it idesigned in an Arduino shield configurdiierto be mounted directly on

top of the Arduino boajdin order to minimize the distances betweemwbe
components and therefaeducehe noise picked up by the connection. Arduino

and the circuit are fastened to the Faraday cage next to the measufguhead

3.7). The force and charge electronic signals are collected and converted by an
Arduino Mega ADC, and then analysed by a dedicated LabVIEW progran. The pre
load force can be selected manually by regulatiicgoanetric 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
simgde way by defining a measurement protocol.
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4
Figure3.7: The electrical circuit on top of the Arduino MEGAe electrical
conditioning component is fastened to the Faraday cage wall next to
themeasuring 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, schematizedFigure3.8, is a charge amplifigrcuit[147]148]with

some alterations to the classic layout, introduced in order to filter out the DC signal
coming from the natural polarizatidn ot he sampl es and avo
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 forceghhege 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:

Vgt iy o 8% 0 0 B0

This implies that the feedbackpacity and the ADC set both the instrument
sensitivity and range. In order to be able to read charges as small as fractions of
picocoulombsfeedback capacitors as small asatp@eededvhich is also the
magnitude of the stray capacities for a prowtedit board. These stray capacities

not only enhance the noise, but, since they are parallel tel@indetsKigure

3.8), they also affect thaigp by a factgp ——, which is not negligible since

0; o1 anslopare 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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capac#ncs, the circuitboard was equipped with a ground plane, and the layout
was designed 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 satmaitihe 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 laiffer cut
frequency at:

p
‘'Y 6°

0

sy | 10k0 1 | 4.7pF
+ +V

. 22pF

100pF [ + —| |—L

47WEL . | 150pF

22pF
j v +V

| |
ll VOUT
A%
sampte [___1 5 5

Figure3.8: 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.

Thechoice 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 (100uV), 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 P&. In order to incorporate different measurement
ranges four feedback capmasiwere used: 1p8&1=2 pC/N), 4.7pF1=10pC/N),

4.7pF (5+5@C/N) and 150pF (30+7RC/N).
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The circuitwas prototyp@ with through hole component® adouble sided
perfboardwith a ground plane on the top siflbe ground plareervel to reduce
theground loopsind avoidhoises that would hide the signal. In this configuration
the multirange capability wasichieved througliemalemale pinconnectors
soldered on the boartihe circuitserved as a proeof-concept, but its behaviour
was not stable iime, so a stabler prototype version was implemented.

@ef

In Figure 3.10 and Figure 3.11 are reported the CAD designs of the board,
implementing four switedctivated relays fgain selectioiThe circuit was realized

in two different versions with improvepdecision and reduced noi$ée first
version of the circuitvas fist etchedfrom a copper board by means of
photolithographic procesthe boardFigure3.10a) was designed withsuitable
software (Autodesk Eagle) and the negative of the Baan®8.1(b) was printed

on a transparent sheet and then impressed poshiephotoresist of a copper
photoresist board via Uight. Thecuredresistand the copper were etched with
chemical acid¢hen the norcured photoresist wateaned and the holes for the
electrical components were manually dréled the componentgeresoldered on

the two sidesF{gure3.10c). Once the functioning of the complete design was
assessethe circuit design was modiffeain 1-layer to dayer(Figure3.11a)and

the final PCB wasbricatebn a standarBR4 supportwith a LeadFree HASL
RoHS compliant surface finish &PCB manufacturer websitehe different
versions of the circuit board were calibrated in order to assess their performance
and stability.
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QO000000

y -
Figure3.10 a) CAD design of the PCB, Bhotolitography mask, c¢) Final
realizatiorof the board photengraved on a copper board.
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Figure3.11 a) CAD design othe PCBand both sides of its realization
printed by ®ILCPCB.
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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 arf@kiudle
frequencyQgenerated with waveform generator (Agilent 32210A) coupled in series
with a bias capacitor, so that the input AC sigasihtegratedn the capacitor
becoming an oscillating charge ( "Ofc* QR which sendkas an input for the
electronic signal conditioning circuit, which readit as 3@ (Figure3.12).

CHARGE
@_{ AMPL. N\
Qy =1"/2nf Vour-Qu/aCe

Figure3.12 Experimental setp for circuit calibration.

The calibration procedure was necessary to assess the effect of both the percentag
charge loss due to contact resistance at interconnections between components anc
to evaluatéhe stray capacitance responsible for the error on the circuit gain. These
contributions result in a linear loss factor, whigpresented with a parameter

The prototype circuit iRigure3.9b wascalibratedt five different frequencies and
the parametér was evaluate@he first measure showed a good linearity between
input charge and outputltage, with linear loss factbesween and 7, depending

on the feedback capacity andARefrequency. Thepetition othe measurement
after several montlsbowed @onsiderablastability of the circuiF{gure3.13).

Y XY Graph
a, 8,5E-12- 4 b) 40
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Qn
Figure3.13 The @alibration measuremehe prototype circuit (a) repeated
after seven montto highlighteda circuit instability (b).
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The circuit fabricated through photolithographgs calibrated with the same
procedurgthe result of one of these measurements can be obs€igadshlsa

Its better performance allowed to observe better thehknge regime of the
curves, wherefunction generatarsed tqroducehe input signaloes nohave
alinearbehaviouwith theapplied voltaggue to a current limitation at 100mAis

was confirmed with avoltageu r r e nt  me a s u IFigured.ldb). Thé 0 MY
input chargeouldbe thereforealculated from the 1QA current, and therefore it
waspossibletomeasuie f or | ower charges and, t he

a, 25612 b) 9E07
L 8.E-07
2.0E-12 7.E-07

6.E-07
< S5.E-07
£ 4E07

3.E-07

1.5E-12

2.E-07
1.E-07
0.0E+00 0.E+00
0.E+00 SE-11 1E-10 2E-10 0 2 4 6 8 10
Q;, (pC) Vamp (v)

Figure3.14 Calibration measuremefthe etched PCB (a) and Horear
function generator
These measurements allowedaidgom an evaluation of the stray capacitance in

the feedback loopFigure 3.15. It was possible to evaluai@ from
measuremesiof the loss parameter using different feedback capiacities

Byanalyzing the curyveversust it waspossible tmbtain an approximate value
for the stray capacitaraned an absolute value for the loss parameter, not dependent
from the feedback capacitgr fhe etched circuit the resutre

6 php g0
| 18
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The value of stray capacitawescomparable with the value of the lower feedback
capacityhence its contributiomasstill considerably high.

a) b)

AT Sao T ST = 1,83pF

Figure3.15 a)Circuit schematic with stray feedback capacitance, b) By fitting

the| versus# plot it is possible to obtain a value for stray
capacitance.

Thefinalcircuiton the printed circuit boawhscalibratedor different frequencies,
using four different feedback capacities, and the results are summeigzed in
3.16 As can be observeltetloss parameta decreaskwith increasing frequency
and for higher feedback capacities: this behaviouregttecstray capacitance in
parallel with the feedback capacitor and the gain behaviour near theofbw cut
frequencyQ of the charge amplifier circu

4.0 1

3.5 1

s 3.0 A

2.5 1

2.0 A

A A A & 4 & & & 4 & 24 2 o

250 500 750 1000 1250
Frequency (Hz)

Figure3.16 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 jremuaeisc
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 commerc@F Rivembrane (© Precision

Acoustics, thicknepsptit ). The resultsire reportedn Figure3.17 andFigure
318

a

0.2 1 r b) 1200

SRV ala Vol i VALV | 1100
TN et L e 1000
OjO 215 5f0 7?5 10'.0

—0.2 1 900
Time (ms)

Force (N)

800
700
600
500
400
300
200

0.2

—0.2

w
Charge(pC)

Frequency (Hz)

Force (N)

| o
w
Charge(pC)

0.0 2.5 5.0 7.5 10.0
Time (ms)

Force(N)

Figure3.17: a) Phase inversion under sample switching for PVDF, b)
Linearity of chargm®rce response at different frequencies for a
PVDF sample.

These measures allowed to define the measurement protocol and to identify the
resonant frequencies of the instrumeniyhath the measures are affected by a
systematierror.

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 sampkberefore it allows to exclude any other sourctgras
examplethe current induced on the electrode from the electromagnetic signal
powering the exciter. The phase inversion for PVDF can be olisgured17a,

while inFigure3.18athe 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 sigreadefinitely in

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

roughlyx p m i d)%é( excluding the outliers, can be ascribed to the delay
between the two signals readings. Since the twowipesismpled using the ADC

of a singd 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 #daft is
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—-— Tipd i, and the ADC of the Arduino Mega has a 9600Hz sample rate,
that is converted inGalms time difference between the two measurements.

a, b)
PVDF up 50 4 PVDF up
300 ~®- PVDF down = , ® PVDFdown
£
2 40 .
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Figure3.18 g Phase difference between the force and charge signals for the
measure ifrigure3.17a. The drift with increasing frequency can be
ascribed to the delay between thereadings 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 investigatedtieaeffect of the predal force imposed
across the sample. Figure3.19 some PVDFQ spectra with preload forces
ranging from 1N to 10N are presented. As can be obsertlee graph the
spectrumwasshifted downwith increasingreload force, and this shiftings
particularly evident for preload forces from 1 to 5N, while in the rFA0fetbe
signalwasmore stable. T@nalyzemore accurately this behavior, the average
piezoelectric coefficient versus the preload ¥eeoe plottedFigure3.1%).

Another observation that can be made looking at the spectra plottéayiren

3.1% is that a sharp peak of the piezoelectric ¢eeffaround 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 differendelisenssegreviously.

Since all the measured samples presented this sharp peak around 600Hz, and th
phase difference between the two sigmas significantly far from the
phase/counterphasehaviodiscussed befgrewas inferred that this peaiisan
instrumental resonance and does not reflect the reatelechanical response of

the sample. Since te values for the frequencies around 600Hz are not relevant

to our analysis the stability evaluation doReure3.19c was repeated excluding

the frequencies around 600Hz. In order to find the conditions for a stable and
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reproducible behavior, the aver@gecoefficient was plotted with different-cut
off widths Figure3.19d), and measurements were subsequently performed with a
minimum preload of 5N and thieequencies between 550Hz and 650Hz were

\
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Figure3.19 a) Piezoelectric coefficient spectra of PVDF with different
preload forces. b) Phase difference between the force and charge
signals for the measure in a. ¢) Avé@agef PVDF for different
preload forces. In d) is represented the same as in e, &vitage
is computed excluding the spike around 600Hz which is an artifact
caused by a mechanical resonance of the measuring instrument.

The averaged coefficient obtained over the considered spectrum for
commercial PVDF is (28,3 £ 0,3) pC/N on omesand (31,6 = 1) pC/N on the

other, which is compatible with the PVDF technical she@2(Z3N). This
measurement system allows to test the performance of a single side of the sample
allowingto distinguish possible anisotropies in the thicknessiotiret the

material.
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Averaging over 40 different measures made with different parameters (low forces,
high forces, different feedback capacitiegire3.20 a mearvalue of (30 + 1)
pC/N wasobtained.
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Figure3.20: ForceCharge measurement (a) and piezoelectric spectra (b) of
PVDF, measured using the four different gains of the instrument.

3.5 CONCLUSIONS

In the context dested at the beginning of the chapter emerged the need for an
instrument and a technique torfpem reliable and repeatable piezoelectric
measurements on spfezoelectrinanocomposites, also called nanogenerators.
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The modular measuring system and characterization approach dereloped
described in this chapenablsthe quantitative and systematic characterization on
the electranechanical transduction ability of piezoelectric polymers and soft
piezoelectric polymeric nanocompositethe compression mode, with possible
extension to the longitudinal modee measimg system allows to discriminate
the piezoelectric contributioltom the contact electrification charg#87]
Moreover, itallows to measure samples with a piezoelectric coefficient down to
0,5pC/N, and the measurements are performed under cordaralleeproducible
conditions for a selected range of stimuli frequefdiesbandwidth and the
resolution of the measuring instrumar@limited, but it can be scalexhd the
reliability of the measurement can be controlled during the measure, allowing t
exclude from the results spurious effacksh as mechanical system resonandes
triboelectricy.
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The workpresented in this Chapierpart ofapr oj ect nadfndrt 0 AS S
valves based on active soft materials
Lombardia. Politecnico di Milano, W.I.S.ElLand Dolphin Fluidicaerepartners

of the projectThe final aim of the projestasthe redesigof a fluidc valve already

on the market to include a flux sensor integrated in the stretchable mérhkerane
sensowasbased on a piezoresistive metal/polymer nanocompositetEyeted
directly in t.he valveds membrane

The work presented in thellbwing chapter regards the process development of
the nanocomposite for the integrated sensor, in partfoularhat regards the
choice of the elastomer for the fabrication of the membrane and the optimization
of the implantation process to producdiabie 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 #ikebleehavior 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 lengtfi149] This kind of materials are typically polymergeatheir 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 polydimethylsl{(Sgigard® 184, Dow
Inc.). The crosslinked PDMS hiageresting physical and chemical properties most
of them common to the siloxane polym#rsan be used in a wide temperature
range (betweerl00 and about 200°C),haslow elastic modulus, it has low
chemical reactivity, it has a hydropbdltavioyit is transparent, it is biocompatible
and has a low cost. This material is widely useigriofluidics electronics, soft
robotics and for biomedical applications.
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4.1.1 Process development

In literaturd15@152]it is highlighted the change in mechahet@vior oPDMS
changing the producti@nd curingonditionsIn order toobtain a reproducible
fabricationprocedureijt is crucial to define a standardized synthesis and curing
procedurghatenables the production of samples with controilzhanical and
surface properties.

A Thermogravimetric analysiBsGA Q500 TA instrumeptwas performed to
evaluate the material stability during the curing prddesbquid mixture of
prepolymer and curing agevds subjected to two different thermatdnies: a
heating rampgémperature increased from 30°C to 600°C at a rate of 5y@hain

an isotherm (after a heating from 30°C to 150°C at 5°C/min the material was kept
at 150°C for 180min)he thermal histories of the samples can be observed in
Figured.la In Figured.1b is plotted the ratio between the mass of the sample and
its initial value versus the temperature during the isothertogester with the
relevant derivative curvihecorrespondinfpr theheating ramp te& plottedn
Figured.1c, with a zoom ifrigured.1d.
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Figure4.1: Thermogravimetric analysis RIDMS prepolymer.Thermal
history (a), isothermal test (b), heating ramp (dsaedmin the
0-200°C rangé).
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From the results of the TGA testiaispossible to state that the matesiatable

up to 200°C, and that most of thermaldegradatiomccurs between 300°C and
500°ClIn the isotherm the weight loss is very small (about 0.8%) and similar to the
one observed in the heating rampileduringthe isothernstep the weight loss is

only 0.3%These results suggeiihatthe material can be considered thermically
stable when the curing is performed under 200°C.

Rheological shear test during the curing preeegsgperformed witnAnton Paar
Modular Compact Rheometer (MCR 50%)arallel plate configuratioh.1lmm

thick layer otincured mixturevasdplaced between the two pldtest oscillaiat

1Hz, while the samplgasheatedvith an 8°C/min ramp up to 1WC or 150°C
followed by an isotherm stép.Figured.2 are plotted the two components of the
shear modulus, he conser v at (starame ncodumg eofidelinepd G
thedi ssi pati ve (lossomopguusdashdd lin€égéainst timeand
temperatureThe storage modulus is correlated with the structure of the polymer
network thus its change with time reflects the-tink#sg of the materialhe se
calledgel poing the crossover point between the storage modulus and the loss
modulus and it indicates the formation of a continuous network in the padhgmer.
can be observedhigured.2the gel poinlvasreached for both curing temperatures
afterten minutes of heating, and the final moduli deypemithecuring temperature

and not on the thermal history.
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Figured.2: a)Parallel plates rheometer test (100°C and 150°C)
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4.1.2 Mechanical characterization
For the uniaxial electroechanical testhe elastomer samplesrecut in a
dumbbell shapeith 25mm gauge lenghigure4.3).
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w

Figure 4.3: Sample shape for mechanical and el®eeicbanical tests.
Dumbbeliitype2 ISO 3)/(all quotes are expressed in miltiese

Uniaxial tensile tests were carried out on a dynamometer (Instron 5967) with a 2kN
load cell N. A nominal strain rater@f © & was applied. Normal forces and
displacements were automatically recorded by the machine. Nominal stresses were
evaluated ag: Q@0 , with 0 is the undeformed crossction of the
specimens ani@is the normal force. The tests were video recordieduiaye

camera and photographic lens Nikon AF Nikket@8nm in order to measure
accurately the effective strains. Four equally spaced lines were drawn in the specime
length perpendicularly to the loading direction to compute the actual deformation
ofthe gauge | engt h, by eval uathdunngthe he e
test.The deformation was therefore computed as:

00 00
00
As expected, the deformation resulted to be practically uniform in the gauge length.

A DOE (Design Of Experiment) performed by the project partners altowed
define thenfluenceof the variousuringparangersonthe mechanicakehavioof

the elastomeiThe curing condition were then defined as follows: tpolyreer

gel and the cross lemkare mixed at a 20:1 (w/w) ratio. The mixture is poured into
a metal mold and degassed thoroughly. The PDMS is curedheatgueoven at
125°C for 75min and cooled down at room temperat&réaO@m film was
obtainedand tested mechanically through uniaxial strainAestisown irFigure

4.4 the material pres@&ttan elastibehaviomup toa strain o#4(%, while at larger
strain he materiahad a hysteretibehavior Further, the material shedvthe
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Mullins effect typical of filled rubbgl83] in each cycle, the loading curve overlaps
the unloading one of the previous cyidies represents a softening of the stresses
up to he maximum strain value reached in the previous test.

\
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Figured.4: Monotonic loading and cyclic loading unloading ctPDMS
sample.In b) can be observethe Mullins effect, typical of
elastomers.

For the purposes of the projeat particular the necessity of a-dompatible
materiala different materithan PDMSwvas selectedilicon sheets of Sil540080T,
an elastomer already crlisked. The mechanical uniaxial tests were repeated
this materiafFigure4.5). As can be observedRigure4.5b this materiabdibits
the Mullin® effect up to the maximum strain reached in the previousTastie
performed after 24h and after one maitgmonstrated that this softening is not
reversibleCyclic tests demonstrated that the softening of the masagmpletely
reached after the first cycle
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Figure 4.5. Monotonic loading and cyclic loading and unloading of a
Sil540080Fample. In b) can be observed the Mullins effect, typical
of filled rubbers
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4.2 SCBDAND PERCOLATIVE CURVES

The Supersonic Clust&feam Depositiottechnique[154156]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 enerdygh deposition rate, high lateral
resolution compatié with planar microfabrication technolqggesd neutral
particle mass selection process by exploiting aerodynamic focusinfj. ®f{ects

This avoids thermal or chemical damage of the safgpdeesult, this leads to the
formation of large surfacerea nanostructured electrodes with controlled
morphology at the nascale. Thelectrodes deposited with this technique are
excellently adherent to the polymer matrix and do not significantly alter the
mechanical properties of the nanocompogitéchis asalient feature for the
desiredapplication.

4.2.1 Supersonic Cluster Beam Deposition

A typical SCBD apparatus is schematstadhywn inFigure4.6. Thesource usetb

obtain intense and stable neutral supersonic cluster beams is tMid?afedma

Cluster Source (PM{%)8,159]The PMCS principle of operation consists of the
ablation of a metal target rod by a plasma ignited during the injection ef a high
pressure pulse of an inert gaggohror Helium Thespeciesesulting from the

target ablation condense through collision with the inert gas to form clusters, then
the cluger-gas mixture is expanded through a nozzle generating a supersonic seeded
beam180]. The clustebeam is focused by an aerodynamic lenses gy&i¢and

directed on a substrate placed in a deposition chamber. The lenses force the gas flov
lines to abruptly change when the gas passes through the orifice, obtaining a serie:
of contactions and expansions during the passage through the focuser stages. Eact
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 oflepositednateriabnd thedeposition ratend it allows to make an
estimation of the nominal thickness of the fildigh directionality, collimation,

and intensity of aerodynamically focssgersonic cluster beamake them well

suited for patterned deposition of nanostructured films througtontact stencil

masks or lifoff technologiefl62,163]
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-/
([ xpansion chamber

Ceramic
body

Rod
(cathode)

Figure 4.6: Scheme of the SCBD experimental apparatuser€lase
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
sulstrate 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 anoldeéslpThe cathode,

a gold rod, is inserted into the cavity through one lateral hole.

4.2.2 PercolationCurves

The percolation theory describedSection2.2.2can be applied both tine
conduction mechanisms of the naanticles embedded inside the polymer matrix,
and thegrowth of the conductive layer of gold nanoparticles across the polymer
surfaceThe latter is of particular interst process optimization purposes

The evolution of the electricpfoperties of clustassembled films can be
characterized in situ during the fabrication procésgui@4.7 is shown a scheme

of the experimental setdfne PDMSsanple is mounted on a holaéguipped with
electrical contacts for theditu characterization of the evolution of the electrical
properties of the film during the deposition procHss.electrical resistance of
clusterassembled filmsmeasured in thevo-probe configuratiofl64]through a
digital multimeterAgilent34410A)remotely controlled by a computer and the
measurement is automatized through a LabView script.
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Figure4.7: Experimental setp used for isitu resistanceneasurements
during the Supersonic Cluster Beam Deposition process.

From the study of the percol atiitassn cur
possible to deriveome important insights on the growth process critical
thickness for the electrical percolation threshold, corresponding to the film
morphology, cabe determined by the occurrence of the maximum slope of the
conductivity vs. thickness cufi/@5] Beyond the percolation transition, the cluster
assembled film is fully connected. In order to determine the thitlateshich

the transition to an ohmic behaviour takes place, the minimum of th¥ccusve
searched, wheiéis the electrical resistance atitk thicknesgL66]

In order to highlight the differences that different processes can have on the
percdation curvein Figure4.8 have been plotted the evolution of the electrical
properties osometypicalsystems. Thatomassembled film osilicon (in blue)
showedapercolation threshold beld®nm the clusteassembled film dhe same
surfacetfie two curves green) shosdhigher percolation values, at thickd@ss
20nm. A cluster assembled fiheposited but not implantedRDMS (inyellow
showed a thresholdpercolation vakiat nominal thicknesses @fthm. Quster
assembled film implanted in PDMSBofange and r¢dhowed percolation values
respectively atominal thicknesses 48nm, 140nmand200nmdepending on the
PDMS mechanicgbroperties and the deposition conditigks can be observed
from the comparison plot not only the percolation thresasdlifferent, but also
thetransition to ohmibehaviouand thecritical exponeniintroduced in Section
2.2.2presergda significative difference from one curve to the other.
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Figure4.8: Comparison between differgrarcolation curves in logarithmic
scale (top) and linear scale (bottom).

The morphology of an ateassembled filran PDMSis reported irFigure4.9a,
showing the typical structure expected for a film assembled by E@msith
evident differences with respect to the cluster film morphology in the continuous
regime(Figure 4.9b). The images ka been acquiredsingan Atomic Force
Microscopy(AFM) in tappingmode using rigid silicon cantilevers mounting single

crystal silicon tip with nominal radiagd®nm and resonance frequency in the range
25350 kHz.
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nm

Figure4.9: 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 paraméteRgure4.10a and bare
plotted percolation curvasquired during different deposition wothi deposition

rates on PDM$vith different mechanical properties. The PDMSguare4.10a
wassofter(mixing ratio 1:2@uring temperature 125°C, curing time 75walilg

the one inFigure4.1(b wasstiffer (mixing ratio 1:10, curing temperature 80°C,
curing timel35min). InFigure4.10c and d are reported the percolation curves
acquired using as tar@db640080T. Ifigure4.10c the depdton parameters are

the same as Figure4.10a and b, while iRigure4.10d a different metal was used
(Platinum) and the process was performed with a high deposition rate.

As can be observed from the curwe&igure4.10s b and cthe processwas
reproducibleas the percolation thresholds and behaveyesimilar Theextreme
difference in the percolation thresholds of the percolation curves repéigedsin
4.10a and b suggest that the matrix stiffnessrigcial element in the implantation
process, i.e. the softer matrix allows a deeper nanopapialgation, therefore
the percolation threshold is shifted to higher equivalent thicknesses.

The sample deposited wifitatinum reported inFigure 4.10d, shoved a
percolation threshold before 20nm, therefore it is likely that there was none or very
little implantation during the procdsg-igure4.1(b the two curvewereacquired
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with different deposition parameters, and this explains the difference in their
percolation behaviowhich is furtherly analyzed in the next paragraph.
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Figure 410 Some percolation curves, various conditaorts different
elastomes. a) Soft PDMS (base : curing agent = 1 : 20, cured at
125°C for 75 minutes), low deposition rate. b) ABMS (base :
curing agent = 1 : 10, cured at 80°C for 135 minudiiéfeyent
deposition rateg) Sil54008QTow deposition rate, d) Sil540080T,
high deposition rate, platinum deposited.

The influence of the deposition ratethe percolative curve tltain be observed
in Figure4.1( has beestudiedalsoin terms of roughness, by means of AFM.

Roughness [nm]| Thickness [nm]
Glass high rate 97+ 0.1 122+ 8
Glass low rate 95+ 01 115+ 5
PDMS high rate 89+ 01 210+ 15
PDMS low rate 72+ 01 240+ 30

Table4.1: Roughness and thickness, AFM measured, of gold nanostructured
layers deposited on PDMS (the relative percolation curves are
reported irFigured.1() ard glass.
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Figure4.11 AFM maps of nanostructured gold deposited on glasgs
PDMS with two different rates.

As can be observedhigure4.11and inTable4.1 while the depositioconditions

have little or no effect on glass sample (both the roughness and the thérkeness
very similar), in PDMS the depositrate hd a significant effect. A lower rate
loweedthe roughness (in this case the roughness is lowered of 20% campared t
the 2% for glass) and incredsethickness (12,5% against 6%). This effect can be
ascribed to a deeper implantation, thatsmelle the elastomer, increasing the
thickness of the PDMS/elastomer interphase. Furthermore, it has been
demonstrated thdor this technique the thickness and the roughness of the
nanostructured layer are strongly correla6&8d thereforgthe lower roughness of

the sample deposited at low rate suggests that the emerged section of the
nanostructured goldasthinner tharthe 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 thémplantation is the shifting of tpercolation threshold towards
higher equivalenhicknessesind 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 atisgarticulaimany surface effects can
happen, that might generdveo differentpercolation thresholdeone 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 characseradtithe 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 iniplaptacess requires

further studies.

It should emergom the discussion of these reslui®/ percolation curves are a
usefultool to gain insights on what is happening at a nanoscopic level and to define
the most appropriate conditions for the condeatianostructured level growth
processk-or the purpose of the project a conductive matesaleededso itwas

crucial to reach a continuous laiyerthe third phase of the percolation process as
defined in Sectiah2.2 At the same time, in orderinoprovethe sensitivity of the
piezoresistive sensdegpositing too much after the reaching obtimaic regime
wouldhave beemeffective Therefore, the optiméhicknessvasexpectedo be

around the end of the percolative curve.

4.3 ELECTRO-MECHANICAL CHARACTERIZATION

The mechanical testereperformedasdescribed in Sectidnl.2 with a nominal
strainrate ofti® & and a 2kN load cellhe electrical resistance of the sample

was measured through a digital multimeter (Agi8ht10A)in two-probe
configuration. The measure was automatediégicated.abView progma. The

three acquisitions (force, displacement, resistance) were synchronized with a date
sampling of 10HZThin steéwires were secured on tlenostructured gold layer

with aconductive silicone based on Nickel particles (Soliani EMOrSgode) to

assure electrical conté€igured.12a).

4.3.1 PDMS

The first sample testedhs asoft PDMS (mixing rate 1:20, curing 75 minutes at
125°C)with a 200nm Au layeepositedvith high rates. Aisgle load tesip to

60% strairwas performedn order to assess the influence of the implanted gold
nanostructured layer on thea t e mechdniGsthe shape of the resistance
response and the stability of the electrical cortaetepectedhe gold implanted
layer @ not change the mechanicedponse of the materikigure4.12b). The
resistance of the matemabolvel significantly with the applied strai@aching
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maximum resistance kU at 60% straifrom the initial 430. The gauge factor
at maximum straifor this first cyclean becalculated as:

Y Y TY pT TrnT[Tn]nTrTr]nnn]U

- @ T
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\;Q
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05 1.0 1.5 0 20 40 60 80
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Figure4.12 a) Test setip b) Strairstress curve for pristine PDMS and

PDSM with an implanted gdlyer. c) Loadycle: straiesistance
curve.

A first multicycle testup to a nominal deformation di2 (Figure4.13), showed

a decrease the piezoresistive respanshis effect had already been reported in
[169]and has been explained asarangement of the nanoparticles inside the
polymer matrixand, asan be observed kigure4.13, the gauge factor decreases
with increasingycle number. It Bsxpected thawvith increasing number of cycles a
stable onductive patlrcan beformed anda maximum resistance plateau, and
therefore a stable gauge factor, cardshedA small hysteresis is also present.
The response of the sensor with strasnot linear, but it immonotonic andhas a
nonzeroslopein every pointso itwassuitable for sensor applications.
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Figure4.13 Uniaxial strainyclicalmeasurement®) Resistantine, b)
resistancstrain.
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4.3.2 Sil540080T

In order to define the best implantatjrotocolon Sil540080Fome tests were
performed with differentmplantation condition&nd similar thicknesses,
particularat the end of the percolation regiasediscussed in Sectif.3 The
samples were testetth 10-cycleuniaxial straimeastementswhich results are
reported inFigure4.14, in orderto assess their piezoresistive performance. The
gauge factoe45% strainatthe 10" cyclepresergdsimilar value§ éble4.2). The
conditions that provideithe most stable response was chosen for the production
of sample$or multiple cycle measurements.
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Figure 414 10cycle strainesistance measurements with Sil540080T
implanted with different deposition parameters.

Sample Cycle| R/IRO | @ m| GF=[RRQ RO] /

1 118.05| 0.47 251.17
SIL540080F A

10 53.7 | 0.47 114.25

1 68.43 | 0.42 162.93
SIL540080F B

10 48.01 | 0.42 114.31

1 79.84 | 0.42 190.09
SIL540080F C

10 4755 | 0.42 113.21

Tabled.2: Gauge factor attland 10 of strainrresistance measuremept
to 45% strain foSil540080T implanted with different deposition

parameters.
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In order todecouple the piezoresistive respoeseingrom thestretching of the
electrical contagtand therefort be able tisolate heresistancehange occurred

in the gauge section of the samgpleewshape for thepecimerunder test was
studied, in order tagsitionthe electrical contactssiteshat are subjected to a low
stressluring the tesThe chosen shapes alouble T specimemith 18mm gauge
length(Figure4.15, and the contacts were positioned along the gauge length axis,
separated by 30mm, compared tol8ram of the gauge length. The mechanical
simulation reported irigured.15a was performed using the MoeR&ylin model

with a 5mm displacement along the gauge length axis.
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Figure4.15 a) Mechanical simulation of the specimen desi§ohéinatic
of the sample, in orange the deposited layer, ¢) photograph of the
sample with electrical contacts placed in the designated spots.

With this configuration it was possible to obtain a stattiécalesignal. The sample
was tested for 50 cyc(ésgured.168), and then after 2 hours for other 150 cycles
(Figure4.16b). The acquired signal reneaistable for althe 200cyclesand it
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appeaedto bereaclng a plateau value for the maximum value of resistance.
Figured.16c can be observed, superimposed, the three curves of stress, strain and
relative resistance for this test. As can be obdkevpbzoresistive responges

almost linear, and the correlation betwleethree curvesasreallypromising for

a sensor application.
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Figure4.16 @ 50 loadunload cyclds) 150 loaelnload cycles) correlation
between resistance, strain and stress.

4.3.3 Sil5400807Platinum

For biocompatibility and scalability of the prooesdready operating industrial
facilitiesit was performed a trial with Sil540080T implanted with Platinum (Pt) with
high thicknesses. The results, reportedriguire 4.17, were not particularly
promising, malg because of the shape of the resistive response. In particular at
high strains the resistivity reathelateau (in this case the material was tested up
to 15 strain); moreover, the resistive respbiaska zereslope around the
beginning of the cunf@w strains) and thereforavgthe sensor a low resolution.
Another observation that can be made fragure4.17 is that resolution of the
sample with a higher quanof platinumwassignificantly lower than the one with
less platinum, which is in accordance witlhyhethesishat depositing over the

71



Piezoresistiv&lastomerGold 72

ohmic regime is ineffective because it minimizes the resistivity change for low
strains, which is inadequate fanss®g applications. The gauge factor was not
calculated for these two samples due to their high dependence on the applied strain.

Sil540080T Pt (250nm) 5il540080T Pt (250nm)
250,00 50,00
s 40,00
150,00 30,00
£ 100,00
S e 20,00
10,00
50,00 0,00
o0 2,50E+403  2,55E+03  2,60E+03  2,65E+03  2,70E+03
Si540080T Pt (350nm) Sil540080T Pt (350nm)
o 50000,00
120000,00
f— 40000,00
& anoooo0 30000,00
::z £0000,00 20000,00
a0 10000,00
20000,00 OJOO

0,00

2,50E+03 2,55E+03 2,60E+03 2,65E+03 2,70E+03

Figure 417 10cycle strammesistance measurements with Sil540080T
implanted witlplatinum (high thickness).

4.3.4 Device mockup

In the framework of the projeca mockup of the functioning device was
implemented and tested, in order to véréyfunctioning of the sengimembrane
integrated in the fluidic valve concept.

|
AIR SOURCE - >
DOLPHIN VALVE t -l ( “L
Figure4.18 Photographs and schemagpresentation of the system and the
mockup membrane (top row), functioning principle of the valve
(bottom left) and schematic (bottom center) and photograph
(bottom right) of the test saep.
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Themembrane witthe goldimplanted layawasintegrated in the valy@olphin
Fluidics 180-01) and contacted with the outside throufim wirespassing
throughtwo holes in th8D printedscaffold.The resistance was measured with a
MMOL1 digital multimetaevhile the fluidic circuit was activateth compressed air,
controlled through a mechanipatssure reducand measured with a Bourdon
manometerQ+4 bar)The test was performég increasing gradually the pressure
from O to 1.6bar and baakd reading the resistance response on the multimeter.

The resistance varied coherently with the predsom.2651 Y t 8 Y28 & nd
backto 278 Y, wi t h a ownane way anébback Bhe striirvef the
membran&vasnot known so itvasnot possible to calculate the gauge rate for this
test.

The results of the moalp testwerepromising and demonstrdtine concept of
the sensorized membrane integrated in the valve

4.4 SUMMARY AND CONCLUSIONS

The work presented inishchapter regasdthe process developmeoit the
fabricatiorof a sensorized membrane tanoerporatednsidea @mmercial fluidic
valve for integratgaressure sensing. In particular the work preseastdcused
on the choice of suitable bicompatibleslastomerand the optimization of the
implantation process tabricatea reliable strain sensor.

An optimizel 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 xeatrallowed to gain insight on the
implantation process on such materkalsthermore, it was crucial in order to
develop an optimized process for the fabrication of an elastomer/metal
nanocomposige for the piezoresistivemembrane. The electneechanical
measurements performed on sample specimens and a membrameshoad
promising results and demonstidle concept of the sensorized membrane.

45 FEMTOLASER / SCBDGOLD MICROELECTRODES

The process optimization and standardization presentedumrére Chapteras
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 patterai®PMS/Au nanocomposat 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 layer:
and the capability of processing a large range of materialsedfiocssd were
fabricated with a width down t@8. The printed metal line sheet resistance was
480Y /sq for the 100 nm thick film and 2¥Q/sq for the 200 nm thick film. The
calculated average film specific resistivity was found téhémEcm. It is~3

orders of magnitude higher than that of physical vapor deposited gold; therefore, it
wasnot suitable for high current interconnects but sufficient fecuawnt signal
transmission such as for electrical and electrochemical biosensardeeper
discussion see Appen8ixref.[170).

74



5. BATIO3NANOCOMPOSITES

As presented in Sectio2sl.3.3and 3.1.3the field of piezoelectric polymeric
nanocomposites is widely researched, and many materials are reported each yea
usually varying the fdifent ingredients (polymeric matrix, nanofiller, electrode
types and other additiveShe use of large volume fractions of the piezoelectric
nanofiller usually involves a drastic decrease in compliancy and flexibility of the
composite with respect to thegristine 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 thendisp#rsible in aqueous solutions
(5.1.2 and lipophilic solventS.(.3, and three different kinds of nanocomposites
fabricated and/or characterized during the PhD project employing such
nanoparticle§.he Barium Titanate nanoparticles were synthetized and provided by
the research group of Profesktmuro Comes Franchini, within Universita Statale

di Bologna (UNIBO).

5.1 PIEZOELECTRIC N ANOPARTICLES FABRICATION

Ferroelectric perovskites nanoparticles, such as barium titanate nanoparticles
(BaTiQy NPs) are one of the most exploited systems sincedhegsdy prepared

with good yields, and they present a net polarization due to their polar structure.
Unfortunately, BaTi©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 BaTiQ NPs surfacfl71] thus stabilizing the nanoparticles against aggregation,
whereas a longhain 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 BaTiOsnanoparticles

The nanoparticlesd size and crystal/]l
piezoelectric behaviour to polyrhased nanocompositgdl,13p1] BaTiQ

NPs were synthetized according to the literature with small modifidatgjvia

the solprecipitation method at atmospheric pressure and were obtained as a fine
white powder.

In a typical procedure, 938 pL of titanium tetraisopropoxide (900 mg, 3.17 mmol)
were dissolved under inert atmosphere in 1.5 mL of isopropanol at room
tenperature in a 5 mL round bottomed flask equipped with magnetic stirrer. Then,
lgofBa(OH)a M (37 mmol) was added, and BaNRs 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 reactiois cooled down to room temperature, the obtained nanoparticles
were centrifuged (15 min at 6000 rpm) and repeatedly washe®Dwtithidinove
solvent and bproducts. Finally, BaTi®IPs have been dried under vacuum to
afford a fine white powder storeatler inert atmosphere to avoid the formation of
carbonates on the surface.

5.1.2 Hydrophilic functionalization: BaTiO s-HCA

The BaTiQ NPs synthetized as described in the previous section showed poor
dispersion properties in water, mostly due to aggregatioedinolcsurface
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 watedispersing agerfigures.1).

OH

) i-PrOH HO. by O
Ti(i-PrO)y + Ba(OH),-8H;O0 ————— Ho OH
80°C.1h Ha ot

OH
BaTiO; NPs

OH

HO OH L in FtOH
4 i o
HO OH JL _
HO™ 60°C . overmeht
HO OH E)H b

OH

BaTiO; NPs HCA

BaTiO4-HCA NPs

Figure5.1: Schematic representation of the synthesis of BEPi©(top)
and the ligand exchange reaction with HCA (bottom).
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The reactive surface of BaTi© NPs has been covered with -3,4
dihydroxyhydrocinnamic acid (hydrocaffeic acid, HCA). 0.577 g ot B&EO

have been redispersed in 50 mL of absolute ethanol. In order to ensure complete
disaggregation of the NPs, the suspension has teeded twith tigrobe
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 mixtuweas performed by repeated
centrifugation (15 min at 6000 rpm) and esfth ethanol/water mixture (1:1),

until colourless supernatavdsobtained. Finally, the obtained BaiHZTA NPs

have been collected in 5 mL ofK leading to a uniform orange suspension of
NPs.

Indeed, after surface functionalization, the particles showed higher dispersibility in
aqueous media. Thermogravimetricyaisadnd 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 hyatioabe
corrected probe in a TEM (JEOL JARM200F). TEM revealed the presence of
particles of 380 nm in sizeHgure5.2a), with the crystal plandsatly visible
(Figure5.2b). The crystalline structure of the obtained NPs was confirmed by
powder Xray diffraction (XRD) on the dried NFsgureb.2c). However, the small

size of the BaTigxrystal domains caused XRD peaks broadening, thus limiting the
possibility to distinguish between the cubidltantetragonal crystalline phase, the
latter being the most stable at room temperature.

DLS measurements were performed on a Malvern Zetasizénwarking with a

532 nm laser bea@potential measurements were conducted in DTSITI68C
disposable zatcells at 25 °C. DLS analysis of BaHOA NPs revealed an
average hydrodynamic radius of 296.1 + 3.9 nm, high monodispersity (PDI = 0.112
+ 0.014) and negative surface Zeta potenda@lrqV), confirming the presence of
deprotonated carboxylic residaeghe NP surface.

As reported iffableb.1, differences in the XRD reflections of cubic and tetragonal
phases are only related to the peak splitting observed in the tetragonal phase due tc
the decrease in crystal symmetry; hence, due to the small crystallite size, XRD peal
broadeninglid not allowfor the discrimination between cubic and tetragonal phases

of BaTiQ NPs. However, the cubic structure is only stable above the Curie
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temperature of BaT¥dT = 133°C) and is not piezoelectric, while the synthetized
BaTiO; NPs have shown good piezoelectesponse at room temperature,
suggesting the presence of mainly tetragonal striitidies

Intensity (a.u.)

10 20 30 40 50 60 70 80
DT 7 ) 2theta (°)

Figure5.2. TEM images of BaT&HCA NPs. (a) Small globular particles

(3650 nm) grouped in biggassemblies of 1200 nm. (b) Detail

revealing the BaTi@rystal planes (indicated by arrows). (d) XRD

pattern of BaTi@NPs powder. X ay source: Cu( Ka).

20 nm

avaa (] spacn 4] ke o] et el e iy

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

Table5.1: Experimental XRD reflections with the corresponding reference
parameters for cubénd tetragonal BaTiO3.

Average crystallite size has been estimated as 20.2 nm by applying the Scherre
equation on thenost intense and resolved peaks:

~
g

F wéi —

where D is the mean size of crystallites (nm), k is crystallite shape factbr (a goo
approximation is 0.R)is the Xray wavelength, is thefull width at half maximum
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(FWHM) in radians of the-My diffraction peak asdis the diffraction andl&76]

A k value of 0.94 has been chosen as it usually &ppiesasispherical pécles.

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 BaTiQ NPs synthetized as described in the previous section showed poor
dispersion propertiga 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 synthesisin a 500 mL rourtbottomed flask equipped with a magnetic stirrer
and under nitrogen flow, 2.49 g (13.2 mmol) of dopamine hydrochlerale
dispersed in 100 mL of dry THF, then 4.5 mL of triethylamine (32.3 wer®l)
added. The solutiomascooled to 0°Gwvith an ice bath and a solution of lauryl
chloride (3.00 mL, 13.0 mmol) in 150 mL of dry T#Eadded dropwise in 3
hours. After complete addition of the acyl chloride, the mixigstirred at room
temperature for 45 minutes then 25 mL of wasseadded, the organic solvent
wasremoved by rotary evaporation and the aqueous \paseetracted 3 times
with ethyl acetate. The organic phassthen dried over dry NMaQ. and
concentrated under reduced pressure to afford DDA as a whitEigalie(3).
Yield = 85%. The product underwent NMR and-ESlanalysis to assess purity
and to confirm the structure ($égure5.3).

+
Ho CI > T, 0C :@N

Dopamine Lauryl Chloride Dopamine Dodecyl Amide (DDA)

| R

5.0 45 40 3.5 3.0 2.5 20 1.5 10
1H (ppm)

Figureb.3: Reaction scheme for the synthesis of the lipophilic DDA ligand
1H-NMR spectrum of the ligand.
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The reactive surfacéBaTiO; 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 BaTiéNPs have been redispersed in 50 mL of absolute ethanol. In order
to ensure complete disaggregation of P& Me 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 nd-baitomed flask and

stirred at 60°C overnight to ensure the ligand exchange.

Purification of the final mixturmeasperformed by repeated centrifugation (15 min

at 6000 rpm) and wash with ethanol two times then with hexane until colourless
supernatantvas obtained. Finally, the obtained BaiDDA NPs have been
collected in 5 mL of hexane, leading to a uniform brown suspension of NPs.

The solutiorwasdrop casted a perforated carbon film supported by a copper grid.
The preparation was then dried at 100 R€ Transmission Electron analyses were
performed with a FEI TECNAI F20 microscope operating at 200 keV. The
instrumentvasalso equipped with a dispersion masralysis of energy (EDS) and

the STEM accessory. The TEM image were taken in the phast cwdeand
Selected Area electron diffraction (SAED). STEM pictures were recorded using an
High Angle Annular Dark Field (HAADF) detectors: in this imaging mode the
intensity | is proportional to'Z , where Z is the mean atomic number and t is the
thickness of the specimen

The crystal structure of the prepared Ba@opowder was assessed by powder
XRD giving identical results to the ones already reported in the previous section for
BaTiO-HCA. Similarly to that case, the XRD peak broadening due sondil
crystallite size of the nanopowder did not allow for the assessment of the tetragonal
crystal phase of BaTi@anoparticles.

After ligand exchange reactibigre5.4b) the BaTi@ 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) BaTiO; NPs D)
OH
iProH HO OH
Ba(OH,)-8 H,0 + Ti(iPrO),
0°C,1h HO OH

OH

H

HO. NW

{00 =
~ N o EtOH

. 60°C
BaTiO;-DDA overnight BaTiO;  BaTiO;-DDA

Figureb.4: a)Reaction scheme for the of lipophilic barium titanate
nanoparticles by coating with dopamine dodecyl amide (BDA).
Optical camera picture demonstrating the efficient stabilization of
BaTiO3DDA nanoparticles in chloroform. While pristine BaTiO3
nanopatrticles (left) are efficiently dispersed in the upper aqueous
phase and do not diffuse into the lower organic layer, lipophilic
BaTiO3DDA nanoparticles show better dispersibility and inverse
solwility properties.

The obtained nanosystem was therefore deeply studied by TEM analysis which first
revealed the presence of crystallites having a size between 20 aRd)6(Ea6).(

The organic coating was also visible from TEM images as a thin layer that wraps the
surface of the entire nanopatrticles.

Organic
coating

Ceramic core

Figureb.5: TEM (top) and STEM (bottom) images of the prepBed iQ-
DDA. The organic coating is visible in TEM mode as casing the
ceramic cores.
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Moreover, selectetea electron diffraction (SAED) analysis was performed over a
200 nm area of the sample, revealing some crystal plane refl&igores.6).

Then, by software manipulation of the SAED pattern, it was possible to extract a
pseudediffraction spectrum where tkexis is attributed to threciprocal 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-distinct crystal plane reflections. At gasnt,

the position and relative intensities of the SAED diffraction peaks were extracted
from the pseuddiffractogram and compared to the literature values for tetragonal
BaTiG; reflections, giving a good degree of match between the two. As well as for
XRD analysis, the small crystallitedizeot 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 Igh tetragonality) of the nanopowder.

240
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160 +——
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Figure5.6: TEM analysis. Left: selecm@a electron diffraction (SAED)
pattern of a crystalline Bagi@anoparticle. Right: integrated
spectrum revealing main difftion peaks obtained by the SAED
analysis.

Finally, the elementary chemical composition of the nanopowder was assessed by
energydispersive xay spectroscopy (EDXIigure5.7). The irradiation of the

sample by higanergy electron cause for the formation of inner electron vacancies
in the specimen atoms, which then relax emitting characteagtioes that can

be unambiguously attributed to the element thatagede¢hem. The Ba and O

peaks are displayed. The Tpéak is superimposed on the Blanés, 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 e &teristic

line are due to the support grid.
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80

60—

Energy (keV)

Figure 5.7: Energydispersive -xay spectroscopy (EDX) of the region
highlighted by the yellow box in the upper STEM image. Tabulated
spectral lines fdyarium (pink), titanium (blue) and oxygen (green)
are reported for comparison.
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5.2 PIEZOELECTRIC / PIEZOIONIC :|1ONOGEL/B ATI10O3

The hydrophilic nanoparticles were employed in a nanocomposite based on a
chemically crodmked gel incorporating a highly conhecionic 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 nanopatrticles, respectively.

5.2.1 Nanocomposite Fabrication

The ionogel/BaTi@nanocomposite (IG/BAINc) was fabricated using a-qoé
synthesis approach, by means of arddieal UV phota@rosslinking reaction and

a simple molding process. The phmitymerization process is ceffective and
enables to print polymeric nanocosife layers (Imm thick) in a simple,
controllable, and reproducible fashion, with potential for future implementations in
UV-assisted 3D printing technologies (e.g. digital light projeasied
stereolithogragiL 77). The polymeric matrix was comhsg polyvinylpyrolidone

(PVP, 40000 Mw), physically intertwined with a chemicallfirdtedspolymer
network, constituted by a random copolymer of highly hydrophilic
(hydroxyethyl)methacrylate (HEMA) and acrylonitrile (AN), namely Edix-

co-AN. PVP vas 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 polymetse relative ratio of the compounds was set as
PVP : HEMA : AN = 1: 12.7 :Bwt. After addition of the ionic liquid and BaTiO

NPs, in order to trigger the crdsking reaction the photoinitiator solution
(ethylene glycol dimethacryl&&DMA, 5.5% wt with respect to the PVP and
acrylic monomers weight) was added to the mnifttois 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 iamicLi@-hydroxyethyd)
3-methylimidazolium tetrafluoroborate (HOEMIMBMptake equal to 45% wt) was
used, due to its good solubility in water, affinity with hydrophilic compounds and
high ionic conductivify78] A water suspension of custeymthesize®aTiO:s-

HCA nanoparticles (BaTi#PICA NPs, 2.5% wt with respect to the total polymer
mass) was also added (see Sécfidtor details of BaTi@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 pragthes activated

by means of UV light, generated by a BlackrayA&0np (100W, 0.15 W/én
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The exposte time was s&t 45 minutesAfter the cros$inking, the polymeric film

was demolded and dried in vacuum overnight to remove water residuals. The
optimal formulation and synthesis procedure were determined empirically, by
gualitatively evaluating theiaxmal stretching of the materiall reagents were
purchased from Sigma Aldrich, except the ionic liquid that was purchased from lo
Li-Tec. Afterdemolding, the polymeric film was dried in vacuum overnight to
remove water residuals. A detailed anafythis materials water uptake properties

is reported in next sectidn4.2.

The optimal formulation and synthesis procedure were determined empirically, by
gualitatively evaluating the uniaxial stretching of the material. The soft
nanocompositegxhibited elastometlike properties, which are beneficial to
enhance their electroomanical response under low frequency stimulations in the
guasistatic regimgL79]

After samples preparation, the nanocomposites were poled at room temperature
under an electric field of 3.3kV/cm for 7 hours in vacuumt@¢i) by clamping

the mateals 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 polyar backbone degradatif80] At the same time, it should be
feasible to obtain an adequate polarization of the piezoelectric material with lower
coercive fieldhanks to the presence of the ionic liquid, as previously demonstrated
by Fukagawa et 1381]

A schematic of the obtained poled piezoionic/piezoelectric hanocomposite is
reported irFigureb.8 along with a photograph of a typical sarhpleigures.9 are
reported SEM pictures.

- HEMA +AN @ lonic Liquid Anion
~~ EGDMA ) lonic Liquid Cation

() Batio; Nanoparticle

Figureb.8: Schematic representation of the p@&8AT -Nc (white arrows
indicate the nanopatrticles electrical dipoles) and picture of a typical
sample.
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Electrode :

4l Polymer . Polymer

—

Flgure59 Schematic SEM imaging of the ionogel/Bam#Ehocomposite
provided with nanostructuresdyelectrodes 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/BaTiQ nanocomposite, is shown at the middle row of the
panel. Details of the electroa®rphology in the crosectional
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 Zeiga&40.

5.2.2 Water uptake characterization

A quantitative characterization of the wabsorbance properties over time for

both the bare ionogel (IG) and the ionogel/BaTiIG/BAT) hanocomposite was
performed. Samples of both materials (surface area 2Q.@nmnx, 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 hourshemaoisl2n

the relaxed state after synthesis the IG and IG/BAT weights were equal to 0.41679g
and 0.5927gespectively. The differential weight, expressing the water amount
absorbed by the materials at different times, was calculated as

W ® jw ,withaw beingthe weight of the materials after dryingoaritie
weight of the materials at ambient conditions. The water uptake of both the 1G and
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IG/BAT nanocomposite showed to be low, with  ranging from 0.2 % wt up

to 1.2 %wt. Thigquite poor moisture sensitivity could be probably due to an
interplay of factors, such as the choging degree of the poly(HEM®-AN)
network and the high rate of the conversion reaction prompt by the amount of
radical initiator employed, as wellrasifthe specific fabrication conditions. The
measured weights for the IG/BAT samples (S1 and S2) are pres€abdebid,

along with a graph showing the material evolution over timeF{gure5.10).

YQaQ| w P |lw P | P |w P |Qii bi
0.0 0.2287 0.3252 0.00 0.00
0.5 0.2288 0.3256 0.04 0.12 0.2
15 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

Table5.2: Weight of the IG/BAThanocomposites after dryingo{Vind at
ambient conditions ()Y measured over time. The error, calculated
propagating the microbalance instrumental error, is also reported.
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Figure5.10 Water uptake curve expressed in termsaf-@wer 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-apart voltage measurements
under a low intensity periodical driving force, at low frequencies. -Ataji@si
method was usedemploying an earlier version of the cusiesigned
measurement apparatus presented in 158dseeFigure3.3a for reference)n

order to apply an o#lating component to the applied force, an elegtnamical

exciter controlled by a function generator was used as the mechanical actuator. The
compressive load was measured by a digital dynamometer (Sauter FH50) mountec
onto a micrometric translator apobvided with a planar copgmsed metallic
electrode (surface area was 1cm x 1cm), operating as a charge collector. A secon
electrode was glued to the actuator, operating as the -cbanger collector. All
measurements were performed with a staticoib@.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 mmaterial was
recorded using a digital multimeter (Agilent 34410A) connected to the electrodes.

Both ionogel and IG/BAINc were tested for comparison at the frequencies of
100mHz, 500mHz and 1Hz. In order to verify the isotropy or anisotropy of the
maerials response, all groups of measurements were performed twice, by flipping
the samples orientation with respect to the direction of the normal force, as
schematized iRigure5.11

A\t -

Figureb5.11 Isotropic piezoionic response of a pristine iontgel and
anisotropic piezoionic/piezoelectric response of a poled IG/BAT
Nc (bottom). Cark gray arrows indicate the nanopatrticles electrical
dipoles.
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The electromechanical stability of the materials was assessed through cyclic
measurements using the same ewpetal apparatus. The samples showed a good
signal stability for over 20000 cycles (more than 15 hours of operation), preserving
their responsivieehavioifor several months after fabrication.

5.2.4 Results
Both the pristine ionogel and IG/BANCc responded ttow frequencies, with no
frequencydependent output voltage in the range explbrgdrés.12).

Figure 512 lonogel/BaTiO3 nanocomposite response at stimulation
frequencies ranging from 0.1Hz to 6Hz (tofhe working
mechanism and sampling frequency of the dynamometer used did
not allow to measure the force over 1Hz. However, even at higher
frequencies the sponse does not seem to weaken for increasing
frequencies (bottom plots).

89
























































































































































































































